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Abstract: Increasing evidence has shown that introducing broadleaved trees into coniferous plan-
tations can regulate hydrologic stores and fluxes; however, the effects and regulatory mechanisms
of species mixing on the water conservation capacity of the litter–soil continuum remain poorly
understood, and differences among tree species may appear. Herein, we investigated and compared
the water conservation capacity of the litter layer (semi-decomposed and decomposed layer) and soil
layer (0–100 cm) in a monoculture plantation (Pinus massoniana) and five mixed plantations (Pinus
massoniana mixed with Cercidiphyllum japonicum, Manglietia chingii, Camellia oleifera, Michelia maudiae,
and Bretschneidera sinensis) and comprehensively considered their potential influencing factors. We
discovered that the identity of broadleaved tree species significantly affected the water storage of
litter and soil in the mixed plantations (p < 0.05). The effective water-holding capacity of the litter
(13.39 t·ha−1) was low due to the coniferous litter’s simple structure and challenging breakdown,
despite the fact that the litter stock of the monoculture plantation was substantially larger than that
of the mixed plantation (14.72 t·ha−1). Introducing deep-rooted tree species (e.g., Bretschneidera
sinensis and Camellia oleifera) into Pinus massoniana farmsteads improved the soil-pore structure and
aggregate stability, thereby significantly increasing the 0–100 cm soil water storage. Furthermore,
we found that litter storage, soil organic carbon, and litter thickness, as key influencing factors,
have complex effects on the water storage of the litter–soil continuum. Generally, these findings
demonstrated that mixed plantations can potentially improve the water conservation capacity of the
litter–soil system. Nevertheless, special attention should be given to the complementarity between
tree species combinations.

Keywords: mixed plantation; water conservation capacity; litter–soil continuum; tree species;
Pinus massoniana

1. Introduction

Water resource conservation in forests can help to retain precipitation and regulate
runoff [1], affecting hydrological regulation of the ecosystem and water purification [2],
which is one of the vital services of terrestrial ecosystems. Climate models usually predict
that there will be more drought events and changes in rainfall frequency in subtropical
regions by the end of this century [3,4]; therefore, improving the forest water conservation
function to cope with global climate change has a far-reaching impact. However, the
effect of forest management measures on the water conservation function of subtropical
plantations (e.g., through litter and soil) and its potential mechanisms are still unclear [5].
In addition, the prediction results of hydrological models in subtropical plantations are
often inconsistent with experimental observations [6], which makes the impact of forest
management measures on the hydrological balance (especially hydrological processes
below the canopy) very uncertain.
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Generally, precipitation not intercepted by the forest canopy and not evaporated
back to the atmosphere in the forest moves downwards in the form of penetrating rain
and trunk runoff, and finally enters the soil after redistribution by the litter layer [7].
Rainfall interception by the litter and soil layers accounts for approximately 2%–70% of
the total rainfall due to the differences in tree species and rainfall conditions [8,9], and is
an important source of soil water and groundwater, which indicates that the litter and
soil layers have a greater interception and smaller potential evaporation of water than
the canopy [10]. Previous studies have predominantly considered the water conservation
factors of litter and soil separately [11–14]; however, as a soil buffer layer, the litter layer
can not only lessen the erosion and compaction of soil caused by raindrop impact, thus
reducing surface runoff and sedimentation, but can also help to limit soil water evaporation
and enhance soil water infiltration [15,16]. In addition, litter decomposition also regulates
soil ecological processes [10], including carbon and nutrient cycling, which may change soil
physical properties (such as soil mechanical composition and porosity) to affect soil water
retention performance [17,18]. However, the role of the litter–soil continuum in hydrological
cycle processes, including infiltration, runoff, evapotranspiration, and drainage, has not
been fully considered because its water storage characteristics are not clear, which tightly
circumscribes our further understanding of forests’ hydrological processes.

The water conservation ability of the litter–soil continuum, as a result of long-term
forest floor ecological processes, is affected by many factors, especially plants and soil [17].
Yet, there has been little documentation of the variations in the water conservation ability
of the litter–soil continuum and its influencing factors under forest management practices
(i.e., forming mixed plantations by replanting broadleaved trees after coniferous plantation
thinning). Ecological theory shows that, compared with monoculture plantations, mixed
plantations are significantly different in their methods of coping with environmental
pressure [19], specifically in the differences in stand structure and the complementarity
of resource acquisition and utilization (including soil nutrients and water) [20,21]. This
will lead to changes in plant biomass, especially in litter and roots, and ultimately affect
the water retention process, infiltration, and consumption in the litter–soil continuum [7].
In addition, interactions between litter and soil could be affected by differences in tree
species. For example, tree species determine the speed of litter decomposition and the
root system’s vertical distribution (shallow roots or deep roots) [22,23], thus affecting
the soil characteristics related to water storage in the soil (e.g., the bulk density, porosity,
and soil texture) [23]. Furthermore, tree species vary in their impact on the soil organic
matter quality (e.g., the ratio of its hydrophilic and hydrophobic functional groups) and
the ways in which they affect water storage in the litter–soil continuum by variations in
carbon decomposition and nutrient release from litter [24]. Quantifying the interactions
between litter and soil can provide essential insights to understand the changes to the
forest water conservation capacity. These changes are caused by the increase in tree
species diversity, which will help to formulate forest management practices according
to the expected future climate change and reduce the uncertainty of the existing forest
hydrological model’s predictions [25].

Pinus massoniana Lamb. (PM), as the main pioneer species for forestation in the sub-
tropical region of China, is widely distributed due to its high economic value (e.g., timber
and rosin) and ecological service function (e.g., carbon sequestration and biodiversity
protection) [26]. Increasing evidence shows that with the development of single–species
PM plantations, ecological problems, such as soil degradation and water and soil loss, have
become prominent [27]. The establishment of mixed plantations, as a sustainable forest
management measure, can provide more wood production and better water resource pro-
tection than monoculture plantations [19], and this depends on the selection of broadleaved
tree species. Hence, our specific objectives were to (1) survey the difference in components
of water storage in the litter–soil continuum between mixed plantations with different tree
species combinations, compared with a monoculture plantation; and (2) find the major
factors impacting changes in water storage in the litter–soil continuum and determine the
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possible interactions between them. This study may help us to further understand the
water regulation services of mixed plantations and provide more effective suggestions for
improving the water conservation capacity of coniferous plantations in subtropical regions.

2. Materials and Methods
2.1. Site Description

Our research was performed at the Longli National Forest Farm (LNFF) in a subtropical
plantation ecosystem (N26.10◦, E106.45◦, 1150 m above sea level), Guizhou Province, China.
Among the sites, the annual mean temperature was 15.0 ◦C, the mean annual accumulated
precipitation was 1229.2 mm, and the mean annual relative humidity was 77%. The main
soil type in the study site was Inceptisol, according to the U.S. method of soil taxonomy. This
type of soil is acidic and nutrient-poor, and forms in sand shale; the average soil thickness
is more than 90 m; the soil gravel content is less than 2%; soil pH levels are from 5.0–5.5;
and the soil horizons were delineated as A (0–20 cm), B (20–80 cm), BC (80–100 cm), and
C (>100 cm). The primary vegetation in the study site consisted of coniferous plantations
and mixed conifer–broadleaf forests.

2.2. Experimental Design

The PM plantation was converted from desolate hills in 1957. In July 2004, part of the
PM plantation was selectively cut at a 60% intensity and interplanted with native broadleaf
trees; the experimental design was described in detail in a previous study [28]. Six forest
types in similar environmental conditions (e.g., geology, soil type, and topography), such
as pure PM plantation, PM and Bretschneidera sinensis (BS) mixed forest, PM and Manglietia
chingii Dandy (MC) mixed forest, PM and Cercidiphyllum japonicum mixed forest, PM and
Camellia oleifera Abel (CO) mixed forest, and PM and Michelia maudiae Dunn (MM) mixed
forest, were utilized at the study sites. The pure stand was designated as a control compared
to the other mixed stands. A more detailed description of the stand characteristics is given
in Table S1.

2.3. Data Collection

For each forest type, three 20 m × 20 m plots with similar canopy structures, slopes,
and light penetration were established in November 2019, and were located at least 500 m
from one another to avoid spatial autocorrelation. Three duplicate sampling quadrats
(0.5 m × 0.5 m) were chosen randomly along the diagonal at each plot. The samples, from
the same soil and litter layers of the three duplicate sampling quadrats in each plot, were
mixed to form a composite sample. The litter layers, including semi-decomposed litter
(OF) and undecomposed litter (OL), were collected separately, and the litter thickness and
fresh weight were recorded. The contours of the OF were broken and the color changed,
but the shape and color of the OL remained unaltered. In the laboratory, the water-holding
ability/capacity and dry litter mass were determined by the indoor immersion method and
the drying method, respectively [7]. The wet mass of the litter reached a maximum after
soaking for 24 h, and this was considered the maximum water-holding capacity of litter
(MWHC) [12]; the effective water-holding capacity of litter (EWHC) was roughly 85% of
MWHC in the forest base using the immersion method [29]. The MWHC and EWHC were
calculated using the equations:

MWHC = W24 − W0 (1)

EWHC = MWHC × 0.85 (2)

where W24 is the wet weight of litter dipped in a soaking bath for a day, then removed
from it and weighed again after 5 min; W0 is the dry litter mass; and 0.85 is the adjustment
coefficient to estimate the EWHC.

Second, undisturbed soil samples were obtained from the 0–100 cm soil layers using
a 200 cm3 coring ring in 20 cm increments to determine soil water storage. The bulk
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density and capillary porosity of these samples were measured based on the volume–
mass relationship [30] and using the cylinder soak method [31], respectively. In addition,
soil-saturated water storage (SSWS; t·ha−1), capillary water storage (CWS; t·ha−1), and
noncapillary water storage (NCWS; t·ha−1) were used as indicators to evaluate the soil
water storage [32].

SSWS = 10000 × Pt × h (3)

CSW = 10000 × Pa × h (4)

NCWS = 10000 × Pb × h (5)

where Pt is the total porosity of the soil (%), Pa is the capillary porosity (%), Pb is the
noncapillary porosity (%), and h is the thickness of the soil (m).

Finally, 1 kg of undisturbed soil was obtained by a shovel from each soil layer to
determine the soil aggregates and the soil organic carbon (SOC). The potassium dichromate
oxidation technique was used to calculate the SOC [33]. The dry sieving method was
adopted for the separation of soil aggregates; that is, undisturbed soil was taken from
each soil sample and sieved into 5 particle-size groups, including >5, 2–5, 1–2, 0.25–1,
and <0.25 mm. The mean weight diameter (MWD; mm), mass fractal dimension (D),
and geometric mean diameter (GMD, mm) were used to evaluate the stability of soil
aggregates [26]. These parameters were calculated according to the following equations:

MWD = ∑n
i=1Wi × Xi (6)

GMD = exp [∑n
i Wi × ln(Xi)] (7)

mi
M

= (
Xi

Xmax
)

3−D
(8)

where Wi denotes the proportion of each aggregate class to the total (%), Xi denotes the
mean diameter of the classes (mm), mi denotes the cumulative mass of the aggregates
smaller than Xi, M denotes the total mass of the aggregates, and Xmax denotes the mean
diameter of the greatest aggregate class.

2.4. Evaluation Method of the Water Conservation Capacity of the Litter–Soil Continuum

In this study, a coordinated comprehensive evaluation method was adopted based on
multidimensional space theory to assess the water conservation capacity of various forest
types [34]. Specifically, the evaluation object was regarded as a space point determined by
multiple vectors, and the distance between each point was compared with the best point
to eliminate the impact of dimensional differences on the evaluation results. We selected
MWHC, EWHC, SSWS, CSW, and NCWS as evaluating indicators. First, dimensionless
processing was performed by Formula (9) to eliminate the difference between indicators;
second, Mj, the maximum value of each index, was used for comparisons to form the
relative value Dij, the “matrix coordinate”; thirdly, Formula (10) was used to calculate the
distance from the ith processing to the standard point; lastly, Formula (11) was used to find
the sum of the distances from each evaluation indicator to the standard point. The specific
calculation was performed using the following equations:

Dij = Sij/Mj (9)

Pij =
√(

1 − Dij
)2 (10)

M = ∑n
i=1Pij (11)

where Dij is the evaluation indicator set (i represents different forest types, and j represents
different indicators), Sij is the raw dataset, Mj is the best value of the raw dataset, Pij is
the distance from the ith evaluation indicator to the standard point, and M is the sum
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of the distances from each evaluation indicator to the standard point, representing the
comprehensive evaluation score. The smaller this score is, the better.

2.5. Statistical Analysis

All statistical analyses in this study were carried out using R software version 4.1.1.
The data were firstly tested by a normal distribution test and a homogeneity of vari-

ances test. Then, the significant effects of forest type (PM, PM+BS, PM+MC, PM+CJ,
PM+CO, and PM+MM) and litter layer (OL and OF) on MWHC and EWHC were deter-
mined using analysis of variance (ANOVA) followed by a least significant difference (LSD)
test, as were the significant effects of forest type and soil layer (0–20, 20–40, 40–60, 60–80,
and 80–100 cm) on SSWS, CWS, and NCWS. We selected MWHC, EWHC, SSWS, CSW, and
NCWS as evaluating indicators in the coordinated comprehensive evaluation method. The
correlations between the various environmental characteristics, including litter thickness
(LT), litter stock (LS), MWD, GMD, D, and SOC, and the water conservation ability of
various forest types were uncovered using redundancy analysis (RDA) and Pearson correla-
tion analysis. The water-conserving potential of the litter–soil continuum was determined
by using the random forest (RF) algorithm to identify the relative relevance of various
environmental elements.

3. Results
3.1. The Water-Holding Capacity of Litter in Different Forest Types

In comparison to the OL layer, the OF layer had reduced EWHC and MWHC values
(Figure 1a,b). In comparison to the other forest types, OF and OL layers’ MWHC and EWHC
in PM+CO were lower. The OL layer’s EWHCs in PM, PM+BS, and PM+MM were much
greater than that of PM (9.71 t·ha−1), at 14.47 and 17.05 t·ha−1, respectively.
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(b) of litter in different forest types. Note: OF: semi-decomposed litter; OL: undecomposed litter. 
The lowercase letters illustrate significant differences among different forest types in the same litter 

Figure 1. Comparison of maximum water-holding capacity (a) and effective water–holding capacity
(b) of litter in different forest types. Note: OF: semi-decomposed litter; OL: undecomposed litter. The
lowercase letters illustrate significant differences among different forest types in the same litter layer
(p < 0.05). Pinus massoniana (PM), Bretschneidera sinensis (BS), Manglietia chingii (MC), Cercidiphyllum
japonicum (CJ), Camellia oleifera (CO), and Michelia maudiae (MM).

3.2. Soil Water Storage in Different Forest Types

The SSWS and CWS in PM+CO and PM+MM at 0–20, 20–40, and 40–60 cm increased
compared with those in PM (Figure 2a,b); the NCWS in PM+MM at 0–20, 20–40, and
40–60 cm was significantly higher than that in the other forest types (Figure 2c), at 148.47,
113.76, and 96.27 t·ha−1, respectively. The SSWS in PM+BS and PM+CJ at 60–80 and
80–100 cm decreased compared with that of PM; however, there was no difference in NCWS.
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Figure 2. (a) Soil–saturated water storage, (b) capillary water storage, and (c) noncapillary water
storage in different forest types. Note: the points denote the overall mean values, and the shaded
regions represent the 95% CIs. Pinus massoniana (PM), Bretschneidera sinensis (BS), Manglietia chingii
(MC), Cercidiphyllum japonicum (CJ), Camellia oleifera (CO), and Michelia maudiae (MM).

3.3. Comprehensive Evaluation of Water Conservation Capacity in the Litter–Soil Continuum of
Different Forest Types

The contributions of litter and soil to the water conservation ability/capacity of the
litter–soil continuum were significantly different among the six plantations (Figure 3).
The comprehensive evaluation score of soil in PM+BS, PM+MC, and PM+CJ increased
compared with that in PM, while PM+CO and PM+MM decreased. The comprehensive
evaluation score of litter only increased in PM+CO compared with that in PM. Overall, the
water conservation capacity of the litter–soil continuum in PM+MM, PM+BS, and PM+CJ
increased compared with that of PM.
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Figure 3. Comprehensive evaluation of water capacity function in the litter–soil continuum of
different forest types. Note: the lower the comprehensive evaluation score, the higher the water
conservation capacity in the litter–soil continuum. Pinus massoniana (PM), Bretschneidera sinensis
(BS), Manglietia chingii (MC), Cercidiphyllum japonicum (CJ), Camellia oleifera (CO), and Michelia
maudiae (MM).

3.4. Effects of Environmental Factors on the Water Conservation Capacity of the
Litter–Soil Continuum

The water conservation capacity of the litter–soil continuum between the six forest
types, especially those in PM+MM and PM+CO, formed separate clusters (Figure 4a), and
the investigated influencing factors explained 49.20% of the total variation. They showed
that CWS, NCWS, and SSWS had positive correlations with SOC and negative correlations
with D (Figure 4b); LT and LS were positively correlated with MWHC. In addition, the
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relative importance of each predictor was plotted (Figure 4c), revealing that LS and SOC
were the two most important predictors.
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dancy analysis (RDA) for the associations of environmental factors with water conservation capacity.
(b) Correlation between environmental factors and water conservation capacity. (c) Independent
effects of environmental factors on water conservation capacity. Note: SOC: soil organic carbon;
LS: litter stock; LT: litter thickness; GMD: geometric mean diameter; MWD: mean weight diameter;
SSWS: soil saturated water storage; D: fractal dimension; CWS: capillary water storage; MWHC:
maximum water–holding capacity of litter; NCWS: noncapillary water storage; and EWHC: effective
water-holding capacity of litter. Pinus massoniana (PM), Bretschneidera sinensis (BS), Manglietia chingii
(MC), Cercidiphyllum japonicum (CJ), Camellia oleifera (CO), and Michelia maudiae (MM).

4. Discussion

Forests play a vital role in regulating the water cycle of terrestrial ecosystems [35].
Generally, the relationship between the supply of and demand for forest water resources is
closely related to forest changes. For example, forest disturbance will transform the forest
from a water–supply area to a water-demand area and minimize the water use efficiency
in downstream regions [36]. However, planned forest management measures are more
conducive to improving the ability of the forest to conserve water and provide high-value
hydrological ecosystem services [37]. Our results showed that mixed-species plantations
with both coniferous trees and broadleaved trees were more conducive to maintaining the
litter–soil continuum’s water storage compared with monoculture plantations (Figure 3),
but the tree species used to cope with regional water resource pressure varied greatly,
especially when the water-holding capacity of litter or soil was considered separately. In
our study, the MWHC and EWHC in PM+MM were higher than those in PM (Figure 1),
and PM+CO was the lowest, whether in the OL or OF layer, which may be related to the
heterogeneity of litter structure in different tree species [38]. The structure included the
area and density of leaves to adjust the amount and rate of water immersion to improve
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the MWHC of litter [12]. Although the litter stock of the OF layer in PM was the largest
(Table S2), the EWHC was low because the simple structure of needles led to a lower
litter thickness per unit area; therefore, its spatial hydrophobicity is not conducive to
rainwater interception [16].

It is generally believed that changes in soil porosity and hydraulic conductivity caused
by vegetation change affect the soil water storage [31]. The accelerated decomposition of
mixed litter changes the surface soil–pore structure by increasing the SOC content in the
mixed plantation to enhance soil moisture retention (Table S3) [39,40]. Our study showed
that except for PM+CJ, the SSWS and CWS at 0–20 cm in other mixed plantations were
significantly higher than those in PM, which showed the effect of tree species identity on
surface soil water storage. In addition, the increase in soil aggregate stability caused by soil
carbon accumulation reduced the impact of rainfall splash on soil [41], protected the soil-
pore structure from being compacted, and increased the soil water retention capacity [11].
Interestingly, our study also found that the tree species had significant variations in the
water storage of the soil profile (Figure 2). In this study, the SSWS and CWS in PM+CO
and PM+MM significantly increased compared to those in PM, which may be related to
the rooting depth and root depth distribution of CO and MM [42,43]. Root distribution
in deep soil and the release of root exudates not only provide a rich source of organic
carbon for deep soils, but also facilitate the cementation of soil particles, the formation
of capillary pores, and soil moisture retention [26,44]. At the same time, better soil–pore
connectivity and aggregate stability in mixed plantations may become the main channel for
the movement of groundwater (Table S3), increase the recharge of groundwater, attenuate
soil water evaporation, and alleviate the drying effect of plantation soil in arid and semi-
arid areas [45].

Our research demonstrated that the hydrological features of the litter–soil continuum
were altered by different tree species compositions (Figure 3); therefore, it is necessary to
consider the selection of mixed broadleaved tree species from the perspective of coniferous
plantation transformation. MM is probably suitable for a kind of broadleaved tree species
mixed into PM plantations, but the mixed CO and PM plantation reduced the water-holding
capacity of the litter–soil continuum, indicating synergistic or antagonistic mixed effects
depending on the tree species. Globally, LS and LT have positive effects on the hydrological
cycle in forests [46], which is similar to the results of this study. Our findings also suggest
that LS and SOC were the major factors influencing the litter–soil continuum’s ability to
store water (Figure 4), which may be due to the interplays between these two variables.
On the one hand, greater litter storage can lead to more carbon input for soil [43,44]. High
carbon input can improve soil characteristics by lowering soil bulk density, elevating to-
tal porosity, and enhancing field capacity (especially the stability of soil aggregates) [47].
On the other hand, higher litter stock and better soil properties can improve the rainfall
interception and water-holding capacity of the litter–soil continuum [14,16], alleviate the
pressure of plantations to address drought stress, and promote tree growth and biomass
accumulation [48]. Furthermore, LT regulates the entry and movement of soil water by
influencing the process of interception in forests, including water permeability and hy-
draulic conductivity. Ultimately, it affects the water conservation capacity of soil [15], which
explains the phenomenon in which LT was also a key factor for the water conservation
capacity of the litter–soil continuum observed in our study (Figure 4).

5. Conclusions

We concluded that in subtropical regions, compared with monoculture plantations,
the mixed plantation changed the characteristics of the litter and soil properties to affect the
water storage of the litter–soil continuum. Mixed planting of PM and MM promoted the
decomposition of litter and the vertical distribution of the root system, thus improving the
water conservation capacity of the litter–soil continuum; however, CO is not a suitable tree
species for water conservation forests because of the strong hydrophobicity of its leaves. In
addition, our study also found that LS, LT, and SOC were crucial to the water conserva-
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tion capacity of the litter–soil continuum, which indicated that complex biogeochemical
processes between the litter and soil regulate changes in forest hydrology. Overall, when
determining the water conservation capacity of a mixed plantation, it is essential to take
into account the comprehensive effects of tree species traits on litter and soil rather than
consider them separately.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/f14020431/s1, Table S1: Stand characteristics of the experimental sites. Table
S2: Effects of forest type on litter thickness and stock. Table S3: Effects of forest type on soil properties.
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