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Preface to ”Afforestation and Reforestation: Drivers,

Dynamics, and Impacts”

Afforestation and reforestation have been implemented worldwide as an effective measure

towards sustainable ecosystem services. The conversion of grasslands, croplands, shrublands, or bare

lands to forests can dramatically alter forest water, energy, and carbon cycles, e.g., through carbon

sequestration, soil erosion control, and water quality improvement. Large-scale afforestation/

reforestation is typically driven by policies and, in turn, can also have substantial socioeconomic

impacts. To enable success, forestation endeavors require novel approaches that involve a series of

complex processes and interdisciplinary sciences. For example, exotic or fast-growing tree species

are often used to improve the soil conditions of degraded lands or maximize productivity, and it

often takes a long time to understand and quantify the consequences of such practices at watershed

or regional scales. Maintaining the sustainability of man-made forests is becoming increasingly

challenging under a changing environment and disturbance regime changes such as wildland fires,

urbanization, drought, air pollution, climate change, and socioeconomic change.

This book is a collection of 11 papers published as a Special Issue of Forests in 2018.

These studies provide an in-depth understanding of the ecosystem changes and driving forces

following afforestation and explore how plants regulate water consumption, energy utilization,

and carbon exchange in different phenophases and climatic conditions, in addition to proposing new

quantitative models and appraisal approaches for sustaining forests under a changing environment.

We have organized the 11 papers into four major themes that address emerging issues about

afforestation/reforestation in several unique regions. The first theme provides an overview of

the grand challenges and opportunities facing vegetation greening in the Loess Plateau region

of northern China and Yangtze River basin of southern China [1–3]. The second theme presents

process-based studies on the effects of vegetation cover change on ecohydrological processes,

including evapotranspiration [4] and net primary productivity [5] by remote sensing, transpiration

by Granier’s sap flow [6], surface runoff and base flow [7], and chlorophyll fluorescence [8]. The third

theme is represented by a case study that uses modeling to demonstrate land cover change and

vegetation dynamics under environmental changes [9]. The fourth and last theme covers studies

that focus on innovative research methodology that are being used in ecological engineering [10]

and nursery production [11]. In summary, these studies provide an update on the scientific advances

related to forestation and show that human-dominated vegetation restoration activities will further

exacerbate vegetation water demand, resulting in contrasting effects on ecosystem services in

both magnitude and direction. We recommend that future ecological restoration programs pay

more attention to maintaining the balance between ecosystem restoration and water resource

demand to maximize the benefits of human activities and ensure that vegetation restoration

is ecologically sustainable. We hope that the information provided by this book is timely and

helpful for land managers and policy makers to better manage forest resources under rapidly

changing environments. We would also like to thank the authors for sharing their research, and the

reviewers and editors for their dedication, which were vital to the success of this Forests Special Issue.
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Relationship between Soil Characteristics and
Stand Structure of Robinia pseudoacacia L. and
Pinus tabulaeformis Carr. Mixed Plantations in the
Caijiachuan Watershed: An Application of Structural
Equation Modeling
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Abstract: In order to study the multi-factor coupling relationships between typical Robinia pseudoacacia

L. and Pinus tabulaeformis Carr. mixed plantations in the Caijiachuan basin of the Loess Plateau of
Shanxi Province, West China, 136 sample plots were selected for building a structural equation model
(SEM) of three potential variables: terrain, stand structure, and soil characteristics. Additionally,
the indicators (also known as observed variables) were studied in this paper, including slope,
altitude, diameter at breast height (DBH), tree height (TH), tree crown area, canopy density, stand
density, leaf area index (LAI), soil moisture content, soil maximum water holding capacity (WHC),
soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), ammonia-nitrogen (NH3-N),
nitrate-nitrogen (NO3-N), and available phosphorus (AP). The results showed that terrain was the
most important factor influencing soil moisture and nutrients, with a total impact coefficient of 1.303
and a direct path coefficient of 0.03, which represented mainly positive impacts; while correspondingly
stand structure had a smaller negative impact on soil characteristics, with a total impact coefficient
of −0.585 and a direct path coefficient of −0.01. The terrain also had a positive impact on the stand
structure, with a total impact coefficient of 0.487 and a direct path coefficient of 0.63, indicating that
the topography factors were more suitable for site conditions and both the stand structure and the
soil moisture and nutrient conditions were relatively superior. By affecting the stand structure, terrain
could restrict some soil, water, and nutrient functions of soil and water conservation. The influence
coefficients of the four observed variables of DBH, stand density, soil water content, and organic
matter, and potential variable topography reached 0.686, −0.119, 1.117, and 0.732, respectively;
and the influence coefficients of soil moisture, organic matter and stand structure were −0.502 and
−0.329, respectively. Therefore, besides observing the corresponding latent variables, the observed
variables had a considerable indirect influence on other related latent variables. These relationships
showed that the measures, such as changing micro-topography and adjusting stand density, should
effectively maintain or enhance soil moisture and nutrient content so as to achieve improved soil and
water conservation benefits in the ecologically important Loess Area.

Forests 2018, 9, 124; doi:10.3390/f9030124 www.mdpi.com/journal/forests1
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Keywords: structural equation model; Robinia pseudoacacia L. and Pinus tabulaeformis Carr. mixed
plantations; stand structure; soil characteristics; soil and water conservation function

1. Introduction

Large-scale afforestation in the Western Shanxi Loess Area started in the early 1990s, and the area
has been covered by larger-sized plantations over the past 20 years. Mixed afforestation methods—with
plantations consisting of two or more tree species—are often used. In the mixed plantations, tree species
other than the main tree species represent over 20% of the plantation, in terms of number of trees,
cross-sectional area, or volume. The impact of vegetation construction on soil and water resources
has also aroused great attention, both at home and abroad, particularly in the Loess Plateau—an
area known for soil and water loss, a lack of water resources, a fragile ecological environment, and a
lack of a strong conservation ethics. The main reasons for the creation of large-scale plantations in
this region, and their impacts on soil and water conservation, water resources security, and regional
sustainable development, have been a particular cause for concern. The relationships between the
stand structures of the plantations and soil and water conservation have also gradually become the
foci of academic research.

Many studies on the stand structure and soil and water conservation functions of the Loess
Plateau, as well as other ecologically sensitive areas, have been carried out, usually aimed at one, or
several, dimensions. For example, Bi Huaxing et al. utilized the principle of water balance to establish
a suitable coverage calculation model based on spatial and temporal differentiation of soil moisture
and water consumption [1]; Brzostek et al. proposed that chronic water stress could reduce the tree
growth of forests, and also considered the extent to which forests ameliorate climate warming [2]; and
Panagos et al. presented an assessment of soil loss due to water erosion in Europe, and also suggested
some policy measures that should be targeted [3]. Other scholars have also presented research results
on some factors related to the stand structure, soil moisture [4,5], and soil nutrients [6] in the Loess
Plateau. However, research on the multi-factor coupling relationships between stand structure and
soil moisture and nutrients [7] is relatively lacking. Traditionally, the main functions of water and
soil conservation in gully areas of this type are regarded as water resource conservation and erosion
reduction [8]. Water conservation has manifested as soil water storage capacity and soil conservation
often incorporates the preservation, storage, recycling, conversion, and acquisition of soil organic
matter, nitrogen, phosphorus, and other nutrients [9].

Structural equation modeling (SEM) has become increasingly precise and is now widely used
in ecological studies [10–13], mainly for the purpose of quantifying the relationships between
multiple factors. Essentially, SEM aims to generate strong and distinct links between theoretical
and experimental ideas [14]. The ability to disentangle causal relationships and to test competing
models and theories (as opposed to null hypotheses) are key strengths of SEM methods [15]. Due to
their statistical strength and applicability, SEM approaches have been employed in a wide range of
environmental and ecological studies [16–19]. For example, SEM has been applied to evaluate the
effect of grazing on ecosystem processes [20,21]; the relationships between fire and edaphic factors and
woody vegetation structure and composition [22]; the sensitivity of soil respiration to environmental
factors [23]; the impacts of land uses on stream integrity [24]; the factors that affect plant richness in
recovering forests [25,26]; the relationships associated with the decline in species richness, as natural
landscapes undergo conversion to human-dominated landscapes [27]; and both the direct and indirect
association of plant species richness to landscape conditions and local environmental factors [28,29].
However, to our knowledge, SEM methods have not been applied to study stand structure impacts on
soil and water conservation.

In this paper, the covariance SEM is used to quantify the multi-factor coupling relationship
between soil moisture and nutrients in typical plantations. Soil moisture content and soil maximum
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water holding capacity are taken as water conservation indicators, and organic matter, nitrogen,
and phosphorus are used as conservation soil indicators. These indicators are all used to study soil
characteristics and their relationships with the topography and stand structure in order to reveal the
role of stand structure on the conservation of water sources and soil function mechanisms, and to
further provide references of control technology regarding the practical and suitable slope stand
structural adjustments in the Loess Plateau.

2. Materials and Methods

2.1. Site Description

The Caijiachuan Watershed served as the study site; it is located on the Loess Plateau in Ji County,
Shanxi Province, China (35◦53’–36◦21’ N, 110◦27’–111◦7’ E; elevation 904–1592 m), and is a typical
gully area. Meteorological records indicate that the long-term mean annual air temperature is 10.2 ◦C
and the frost-free period is 172 days. The average annual precipitation is 571 mm, with an uneven
distribution. The average annual potential evapotranspiration (PET) is 1724 mm, which far exceeds
the rainfall. Inside this area, the type of soil is mainly Haplic Luvisols (Soil classification of the
Food and Agriculture Organization of the United Nations) and is mostly alkaline. There are mainly
artificial shelterbelts of black locust (Robinia pseudoacacia L.) and Chinese pine (Pinus tabulaeformis

Carr.) in the nested watershed, with an area of 38 km2 and a forest cover rate of 72%. The main
shrubs under the forests are periploca (Periploca sepium Bunge), yellow rose (Rosa xanthine Lindl.),
sophora viciifolia (Sophora davidii (Franch.) Skeels), meadowsweet (Spiraea salicifolia L.), lilac (Syringa

linn.), elaeagnus umbellata (Elaeagnus pungens Thunb.), etc. Through the investigation of forestland,
shrubland, and grassland in this area, dominant species of artificial R. pseudoacacia and P. tabulaeformis

forests with different slopes, aspects, and altitudes were selected as objects and studied.

2.2. Data Acquisition and Processing Methods

Thirty-four standard plots of 20 m × 20 m were set up at the plantations and 136 sample plots
of 10 m × 10 m were set up with shady, semi-shady, sunny, and semi-sunny aspects (one standard
plot was divided into four equal sample plots to reduce the heterogeneity) The slopes of the plots
ranged from 15◦ to 45◦, and were distributed at an average elevation of 1133.5 m above sea level
(Table 1). The mixture of plantation species consisted of R. pseudoacacia and P. tabulaeformis at a
ratio of 8:2, as R. pseudoacacia was the dominant species. Using individual field measurements in
these plots, the varieties of trees, diameter at breast height (DBH), tree height (TH), and tree crown
area were measured, and then the canopy density and stand density were calculated. The leaf area
indices of the quadrats were determined using a LAI-2000 (LI-COR Company, Lincoln, NE, USA)
vegetation canopy analyzer. According to the trophic classification scheme for functions of soil and
water conservation [8], indicators of water resources and soil protection were confirmed. Mixed soil
samples, 0–60 cm, were collected using the cutting ring method and were representative of forest
soils in this area; soil moisture content was determined using the drying method; and water holding
capacity (WHC) was measured using the soil infiltration method [30]. After air-dried soil was sieved
(0.15 mm sieve), indoor experiments were conducted. The contents of soil organic matter (SOM),
total nitrogen (TN), total phosphorus (TP), ammonia-nitrogen (NH3-N), nitrate-nitrogen (NO3-N),
and available phosphorus (AP) were measured with a SmartChem-200 (AMS/Alliance Instruments,
Paris, France) discrete wet chemistry analyzer. The major geographical and biological characteristics
of the investigated plots are summarized in Table 2.
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Table 1. The distribution of aspects, slopes, and altitudes of the sample plots in the
Caijiachuan Watershed.

Aspect Shady Semi-Shady Sunny Semi-Sunny

Sample quantity 7 11 6 10

Slope/◦ f15 16–25 26–35 g36
Sample quantity 2 15 15 2

Altitude/m 900–1000 1000–1100 1100–1150 1150–1200 1200–1300 >1300
Sample quantity 2 6 15 8 3 0

Notes: (1) The distribution of aspect tends to be mostly homogeneous. (2) The lands featuring gentle slopes (f15)
are usually cropland and those that are dangerously steep (g36) are difficult sites to access, as such, there are
very few of either type of these sites for afforestation, whereas many sites with deep slopes (16–35) are used for
afforestation in order to restore vegetation and improve the environment in China. (3) In the watershed, low-altitude
(900–1000 m) areas are mainly agricultural lands or areas where people are living, so there are very few low-altitude
sites for afforestation; high-altitude (>1300 m) areas are mainly distributed with natural forests, so there are no
high-altitude plantations; the mid-altitude areas (1000–1300 m) are the main afforestation areas of mixed plantations,
and can therefore be regarded as being representative of the mixed plantations in the region.

Table 2. The survey of the species of Robinia pseudoacacia L. and Pinus tabulaeformis Carr. mixed
plantations in the Caijiachuan Watershed, Shanxi Province, West China. DBH, diameter at breast height;
LAI, leaf area index; WHC, water holding capacity; SOM, soil organic matter; TN, total nitrogen; TP,
total phosphorus; NH3-N, ammonia-nitrogen; NO3-N, nitrate-nitrogen; AP, available phosphorus.

Stands and Soil Characteristics Maximum Minimum Average

Slope (◦) 45 15 26.50
Altitude (m) 1220 960 1133.53

DBH (cm) 18.54 6.37 10.85
Tree height (m) 13.4 3.0 8.2

Crown area (m2) 16.74 2.80 8.12
Canopy density 0.88 0.38 0.64

Stand density (trees·hectare−1) 4400 500 1679
LAI 4.50 0.88 2.06

Soil moisture content (%) 40.03 5.66 13.71
WHC (%) 122.88 25.54 50.41

SOM (g·kg−1) 122.55 1.31 16.08
TN (g·kg−1) 4.65 0.01 0.69
TP (g·kg−1) 7.60 0.03 0.66

NH3-N (mg·kg−1) 66.84 2.79 20.99
NO3-N (mg·kg−1) 88.40 0.12 10.27

AP (mg·kg−1) 117.64 0.16 36.00

2.3. Structural Equation Modeling

SEMs (also known as path analyses) are statistical multivariate models that are used to estimate
causality and direct or indirect relationships between multiple variables [31]. These models are less
restrictive than regression models in that some variables may play the role of predictor variable and
dependent variable simultaneously [32,33]. SEM starts by constructing an a priori schema: an analytical
model that represents all hypothetical causal links between the predictors and the response variables,
based on previous knowledge of the ecological system [34].

Thus, SEM in ecology is a method to test ecosystem structure and function [35], which is closely
related to (and is actually a more general form of) several types of statistical analyses, including
regression, principal components analysis (PCA), and path analysis [36]. Furthermore, it can explore
the relationships between observed variables, latent variables, and residuals to quantitatively describe
the influence of independent variables on dependent variables, including direct, indirect, and total
impacts [13]. However, in contrast to some other methods, SEM provides a means to evaluate both the
structure of the model as well as a specific parameterization of the model structure using data [37].
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By “model structure”, we mean the pattern of relationships among variables (correlations, direct,
and indirect relationships among variables). The structural equation model includes two parts of the
measurement model and the structural model; the formula is as follows [38–40]:

X = Λxξ + δ (1)

Y = Λyη + ε (2)

η = η + Γξ + ζ (3)

Equations (1) and (2) are measurement models, used to describe the relationship between latent
and observed variables, where X is the exogenous observation variable vector, Y is the endogenous
observation variable vector, Λx and Λy are the factor loadings of the indicator variables (X, Y), δ and
ε are the measurements of the exogenous observation variables and the endogenous observation
variables, ξ is the exogenous latent variable, and η is the endogenous latent variable.

Equation (3) is a structural model that can reflect the relationships between the potential variables,
where is the structural coefficient matrix of the relationship between endogenous latent variables,
Γ is the structural coefficient matrix of the relationships between endogenous latent variables and
exogenous latent variables, and ζ is the interference factor or residual value of the structural model.
The initial model with the aid of a path map reflects the relationships among the variables in the
structural model, and the path coefficients represent the extent of the relationship between the variables.
After the path diagram is established, the path coefficients of all the paths are usually calculated using
the maximum likelihood method [13], which is also used in this study.

The climate, hydrology, and other environmental conditions in the area were basically the same,
and the different topographical factors (ξ1) were used as potential exogenous variables. The slope,
aspect, slope position, and altitude were taken into account in the modeling. In consideration of
the aspect and slope position being subject to qualitative description and random selection in the
survey, the slope (x1) and elevation (x2) were determined to be the index of the initial model belonging
to the exogenous observation variables, because they are the indicators of accurate measurement.
Their corresponding errors are δ1 and δ2, respectively.

The differences between quadrats were also reflected in the stand structure (ξ2). The measuring
indices affecting the stand structure mainly included DBH (x3), TH (x4), tree crown area (x5), canopy
density (x6), stand density (x7), and LAI (x8), which were also exogenous observation variables as
well. The corresponding errors were δ3, δ4, δ5, δ6, δ7, and δ8. Soil properties (η) were taken as potential
endogenous variables, and their corresponding indices, such as soil moisture content (y1), WHC (y2),
SOM (y3), TN (y4), TP (y5), NH3-N (y6), NO3-N (y7), and AP (y8), were determined as endogenous
observation variables, of which the corresponding errors were ε1, ε2, ε3, ε4, ε5, ε6, ε7, and ε8. In addition,
the modeling process needed to consider the residuals of three potential variables as ζ1, ζ2, and ζ3.

After creating an initial model based on previous knowledge, site information, and background
data, a chi-square value (χ2) test was then conducted to examine whether the covariance structure
suggested by the model satisfactorily fits the covariance structures [19]. The χ2, degree of freedom (d f ,
0 f χ2/ d f f 3), probability level (p > 0.05), root mean square error of approximation (0 f root meant
square error of approximation (RMSEA) f 0.05) [40], and comparative fit index (0.9 f comparative
fit index (CFI) f 1.00) were given to determine the “best” model that has the highest predictive
performance, while the comparative fit index (0.7 f CFI f 0.90) was “tolerable” [41]. If the parameters
exhibit beyond the proper range after model running the model, we should use two methods for
model correction: “modification index” and “critical ratio (CR) for difference”, provided by the Amos
22.0 software (IBM/International Business Machines Corporation, Armonk, NY, USA) package. In the
model diagram, the double arrow (“<->“) section was the covariance correction index between the
residual variables, and the single arrow (“–>“) section was a regression weight correction index
between variables, indicating that if an arrow is added between two variables, at least the chi-squared
value of the model will be reduced. In addition, the CR statistic followed a normal distribution,
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so its value can be used to judge whether there is a significant difference between the two estimated
parameters. In this study, the former method was selected to modify the model, according to the
characteristics of the investigated measurable variables.

3. Results

3.1. Model Construction and Correction

SEM has been shown to be verifiable, therefore, the basis for the study of the coupling relationships
between stand structure and soil properties was taken into consideration when building the model.
The data in this research conformed to a multivariate normal distribution, and maximum likelihood
estimation was used to quantitatively analyze potential and observed variables. SPSS 19.0 software
(IBM/International Business Machines Corporation, Armonk, NY, USA) was used for data exploratory
analysis. Using Amos 22.0 software (IBM/International Business Machines Corporation, Armonk, NY,
USA) for drawing the path map and parameter estimation, the path coefficient between each variable,
the factor load of each variable, the measurement error of observed variables, and the residual of
potential variables could all be obtained.

The initial model was constructed based on generally-known experience. After running in Amos,
the chi-square (χ2) test statistic value was 414.592 with 101 d f , and a significant probability (p) value of
0.0001 (<0.05) in the model (Figure 1), which resulted in the rejection of the null hypothesis. The root
meant square error of approximation (RMSEA) was 0.152, under the null hypothesis of “close fit” (i.e.,
RMSEA is no greater than 0.05), as such, the adaptability of the hypothetical model to the observed
data should be modified (Table 3).

Table 3. The fitting parameters describing the coupling relationship between stand structure and soil
properties of artificial mixed forests in the Caijiachuan Watershed.

Index Name Evaluation Criterion Initial Model Modified Model

The chi-square (χ2) The smaller the better. 414.592 247.554

The ratio of chi-square and freedom
(χ2/df)

1~3. When the ratio is less than 1, the model is
over adapted; when the ratio is between 1 and 3,

the model is well adapted; when the ratio is
greater than 3, the model is poorly fitted.

4.105 2.782

Significant probability (p) >0.05 0.000 0.078

Normative fit index (NFI)
0~1. A value greater than 0.7 is acceptable, the

closer to 1 the better.
0.421 0.754

Incremental fit index (IFI)
0~1. A value greater than 0.7 is acceptable, the

closer to 1 the better.
0.490 0.747

Comparative fit index (CFI)
0~1. A value greater than 0.7 is acceptable, the

closer to 1 the better.
0.474 0.734

The root meant square error of
approximation (RMSEA)

<0.05. The smaller the better. 0.152 0.045

Akaike information criterion (AIC) The smaller the better. 516.592 373.554

Bayes criterion (BCC) The smaller the better. 531.287 391.707
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Figure 1. The initial structural equation model (SEM) used in the study. Note: The hypothesized initial
model used for predicting topography, stand structure, and soil properties is based on soil and water
conservation science. A rectangular box is used for each observed variable, with a measurement error,
and the numbers correspond to the standardized path coefficients of the initial model on the single
arrows in operation. A value outside of a rectangular box is the mean of the indicator, and a value
outside of a round box is the residual error before modification. In the figure, DBH is the abbreviation
for diameter at breast height; TH is the acronym for height of tree; LAI is the acronym for leaf area
index; WHC is the abbreviation for soil maximum water holding capacity; SOM is the acronym for soil
organic matter; TN is the is the acronym for total nitrogen; TP is the acronym for total phosphorus;
NH3-N is the acronym for ammonia-nitrogen, NO3-N is the acronym for nitrate-nitrogen; and AP is
the acronym for available phosphorus.

According to the current theoretical research and qualitative analyses of the conclusions, the model
correction was completed using the “Modification Indices” hints of the Amos software. Principally,
adding double arrows could express the correlation between the residuals of each variable, so that
the parameters of the model were within an allowable range. After being modified, the chi-square
(χ2) test statistic value became 247.554 and the degree of freedom (d f ) reduced to 89, with significant
probability (p) value of 0.078 (>0.05) in the SEM (Figure 2), which accepted the null hypothesis. The
value of RMSEA was 0.045 (<0.05), while normative fit index (NFI), incremental fit index (IFI), and CFI
were each greater than 0.7, inside the acceptable range, thus the model could be tolerated. Therefore,
the test of the fittest indicators also met the standard, indicating that the fit of the model and the
observed data were better after correction (Table 3).
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Figure 2. The modified model. Note: The numbers correspond to the standardized path coefficients
on the single arrows, and to correlation coefficients on the double arrows. A value outside of a
rectangular box is the mean of the indicator, and a value outside of a round box is the residual error
after modification. In the figure, DBH is the abbreviation for diameter at breast height; TH is the
acronym for height of tree; LAI is the acronym for leaf area index; WHC is the abbreviation for soil
maximum water holding capacity; SOM is the acronym for soil organic matter; TN is the is the acronym
for total nitrogen; TP is the acronym for total phosphorus; NH3-N is the acronym for ammonia-nitrogen,
NO3-N is the acronym for nitrate-nitrogen; and AP is the acronym for available phosphorus.

3.2. Model Explanation

3.2.1. Relationship between Latent Variables

The topography had positive effects on the stand structure and soil characteristics (Figure 2), and
the path coefficients were 0.63 and 0.03, respectively. Numerically, the effect of topography on the
stand structure was far greater than its impact on the soil. The stand structure had a negative impact
on soil properties, with a path coefficient of −0.01. Standardized influence coefficients characterized
the effects of the latent variables, which were calculated using the SEM method (Table 4). The impact
coefficient of topography on soil characteristics was 1.303, with a direct impact of 1.589 and an indirect
impact of −0.285; the total impact and direct impact coefficients of stand structure on soil properties
were both −0.585; and the total impact and direct impact coefficients of topography on stand structure
were both 0.487.

This showed that, after optimizing the stand structure, soil moisture and nutrients should be
slightly influenced. In practice, the stand structure should be optimized as much as possible so as to
increase the ecological function of stand. Simultaneously, the moderate stand structure adjustments
should also be observed in order to avoid heavier constraints for the soil water resources and fertility
when the negative impacts accumulate to a certain extent.
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Table 4. Standardized influence coefficients of latent variables in the structural equation model of
Robinia pseudoacacia and Pinus tabulaeformis mixed plantations in the Caijiachuan Watershed.

Effect Type
Influences

Topography Stand Structure

Standardized total impact
Stand structure 0.487
Soil characteristics 1.303 −0.585

Standardized direct impact
Stand structure 0.487
Soil characteristics 1.589 −0.585

Standardized indirect impact
Stand structure
Soil characteristics −0.285

3.2.2. Relationship between Latent and Observed Variables

The extent and effect of the influence between latent variables and observed variables were also
reflected in the calculation of the path coefficient of the fit model (Figure 2). First, among the observed
variables affecting the topographic factors, the slope showed a positive effect, but the altitude showed
an opposite effect, which had a great influence on the topographic factors from a numerical point of
view. Second, in the observed variables of influencing the stand structure, DBH, TH, crown width,
and canopy density showed positive effects, whereas stand density and LAI both showed negative
effects. The effect of stand density on the stand structure was much greater than the other factors.
Third, among all of the observed variables that affected soil properties, all of them showed positive
effects, except NO3-N, and the order of their impacts on soil characteristics were: SOM > NH3-N > AP
> TN > soil moisture > WHC > TP (Figure 2).

4. Discussion

The concept of SEM has been applied to many multivariable coupling studies in the
natural sciences and has achieved good results in forest ecology studies. Application studies in
forests [12,14,42,43], shrublands [13], wetlands [35], and other ecosystems [15] have proved the
scientific basis and reliability of the model. Its importance is that it allows for the detection of
topographic, stand structural, and soil characteristic factors that are responsible for structural and
functional changes. However, the correct interpretation of these models requires a strong supply of
ecological data and a good understanding of the characteristics of the topography–stand–soil system.

4.1. Topography Mainly Impacted Stand Structure

Topographical indicators commonly incorporate slope, aspect, altitude, slope length, and slope
position, while the basal impacting factors of stand structure were DBH, TH, crown area, canopy
density, stand density, forests diversity, LAI, and so on. Different topographic factors influenced forest
diversity, structure, and dynamic change by their respective influencing mechanisms as supported by
previous research that has demonstrated some aspects of these observations. For instance, tree height
had a remarkable dissimilarity based on the slope and aspect of sites [44]; there was significant
interaction between aspect and elevation in influencing forest structure [45]; and the vegetation should
be adapted to various elevations according to relevant temperatures and other conditions [46].

Examining the data of the mixed plantation, a path coefficient of 0.63 illustrated that the effect of
topography on the stand structure was the most important positive factor in the complex relationships.
Standardized influence coefficients characterized the effects of the latent variables between topography
and stand structure (Table 4). The total impact coefficient of the topography on the stand structure
was 0.487, all of which was attributed to direct impacts. Both of the results above demonstrated that if
the conditions of the topography in an area became more advantageous, the stand structure can grow
more favorably.
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In addition to representing the corresponding latent variables, observational variables indirectly
affected other related latent variables and further revealed the indirect relationship between the latent
variables [42]. The interactive relationship between the observed variables could preferably show
the focus of the interaction among the systems represented by the latent variables and explain the
current relationship of the latent variables more deeply. Observed variables such as DBH, TH, crown
width, canopy density, stand density, and LAI, could not only characterize the stand structure, with the
impact coefficients of 1.407, 0.424, 0.305, 0.234, −0.243, and −0.070, but also relate to the topographical
factors, with the impact coefficients reaching 0.686, 0.277, 0.144, 0.114, −0.119, and −0.034 (Table 5).
As such, a deeper relationship between the indicators of the stand structure and the topographic
factors could be clearly distinguished among them. The results showed that if the values of DBH, TH,
crown area and canopy density were greater then the stand structure was more favorable; conversely,
the direct influence of stand density and LAI on the stand structure was negative. Analogously,
the indirect influence coefficients between the DBH, TH, crown area, canopy density, and topography
were positive, but the others were negative.

4.2. Topography Significantly Influenced Soil by Stand Structure Indirectly

The soil characteristics studied in this paper were soil moisture content, WHC, SOM, TN, TP,
NH3-N, NO3-N, and AP. The relation of one or several dimensions of these soil characteristics to
topography have been found in past research. Slope has been shown to influence antecedent soil
moisture which can potentially lead to either an increase or decrease in soil erosion, and is therefore a
crucial consideration for recommending appropriate measures to protect soils [47]; there were some
significant effects of altitudinal zone and slope aspect on the vertical distribution of soil organic carbon
(close to SOM) density [48]. Topography usually has some form of direct impact on soil and, here,
topography influenced soil indirectly via stand structure.

Topography had positive effects on the soil characteristics, with a path coefficient of 0.03 (Figure 2),
which was a small absolute value. The most influential factor on soil characteristics was topography,
with a total impact coefficient of 1.303; the direct impact being positive, and the indirect impact being
negative (Table 4). This indicated that the majority of its impact on soil properties was through
an indirect impact by influencing the stand structure. Through the stand structure adjustment,
the topographic factors might change the formation of soil moisture and nutrients.

In addition to the representation of topography, the observed indicators, such as slope and
elevation, were also related to soil characterization, and every factor of the soil characteristics had a
positive impact on the topography, except for NO3-N. The absolute value of the influence coefficient of
soil water content on the topographical factors was 1.117, indicating that the impact of the factor on soil
moisture was quite high. The values of TP and AP were only 0.052 and 0.043, respectively, showing that
the impact of phosphorus was weaker than the other factors’ impacts on the topography. The results of
this study align with other recent research that suggests that soil moisture content was the key factor
for study site conditions and the status of stand structure. In the future, soil nutrient-related variables,
such as organic matter, nitrogen, and phosphorus, should also be given special consideration.
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4.3. Stand Structure Impacted Soil Properties to a Comparatively Smaller Degree

The relationships of the stand structure and soil properties were the essential issues. There have
been many studies on these factors in the field of ecological systems and soil and water conservation.
Soil variables have been observed to differ in terms of soil TN across the different canopy types [49].
Forest structure has effects on microbiological soil properties and nutrient content [50]; however,
a great many of these effects still remain in the realm of single-factor impact research. Additionally,
using the SEM method to explore the multi-factors, we found that the stand structure impacted soil
properties with a path coefficient of −0.01. The total impact coefficient of stand structure on soil
properties was −0.585, all of which was attributed to direct impacts. The results indicated that, under
the suitable conditions of topographic factors, the stand might negatively impact soil moisture and
nutrient conditions.

The effects of the observed variables on latent variables are also described in Table 5. Soil moisture
content, WHC, SOM, TN, TP, NH3-N, NO3-N, and AP were related to stand structure, apart from the
representation of soil characterization. Here, stand structure had a positive relationship to NO3-N,
but it had negative influence coefficients with all of the other soil factors, along with a small absolute
value. Soil moisture content was most sensitive, with an influence coefficient of −0.502 on the stand
structure. Adversely, the values of TP and AP were −0.023 and −0.019, demonstrating that phosphorus
was weakly influenced by the stand structure. These results verify that the benefits of studying stand
and soil moisture in an arid area are great, and that the soil nutrients also play a significant and crucial
role in forest stand research.

5. Conclusions

The soil characteristics of R. pseudoacacia and P. tabulaeformis mixed plantations in the Caijiachuan
Watershed were mainly limited by factors such as the regional topography and the stand structure;
SEM satisfactorily quantified the relationships between these factors. The modeling indicated that
if the topography was more suitable and the stand structure was more favorable then soil moisture
and fertility conditions would be better. This finding was consistent with the initial empirical
assumption [1–7,47,50], with the results of this study offering a more statistically accurate expression
than previously determined. The stand structure had little effect on soil properties, all of which were
negatively and directly affected, indicating that it imposed certain restrictions on the retained moisture
and nutrients in the soil. Observed variables also correlated well with the latent variables. The mutual
indirect influences between the observed variables and the two latent variables of topography and
stand structure were comparatively high.

Based on all the above, the quantification process should provide new insights into the
management and conservation of forests. In line with the quantified effective values of impact
between these interrelated factors, some measures may in fact adjust terrain and stand structure to
effectively maintain or increase the soil moisture and nutrient content in reality, such as changing
the gradient of micro-topography, or reducing the stand density. These measures could enhance the
functions of soil and water conservation. In the Loess Plateau, the conservation and forestry staff
can achieve this positive outcome by excavating level steps and fish-scale pits to lessen the slopes
or reduce runoff, or by artificial tree-tending in order to change the stand structure according to the
path coefficient of the modified model. The results can serve as a reference for determining care
and management measures suitable for the R. pseudoacacia and P. tabulaeformis plantations, as well as
for controlling the stand structure on the Loess Plateau and improving the region’s soil and water
conservation functions.
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Abstract: Our understanding of the mechanisms of plant response to environment fluctuations
during plants’ phenological phases (phenophases) remains incomplete. Continuous chlorophyll
fluorescence (ChlF) measurements were acquired from the field to quantify the responses in a desert
shrub species (i.e., Artemesia ordosica Krasch. (A. ordosica)) to environmental factors by assessing
variation in several ChlF-linked parameters and to understand plant acclimation to environmental
stresses. Maximal quantum yield of PSII photochemistry (Fv/Fm) was shown to be reduced by
environmental stressors and to be positively correlated to air temperature (Ta) during the early
and late plant-growing stages, indicating a low temperature-induced inhibition during the leaf
expansion and coloration phases. Effective quantum yield of PSII photochemistry (ΦPSII) was
negatively correlated to incident photosynthetically active radiation (PAR) irrespective of phenophase,
suggesting excessive radiation-induced inhibition at all phenophases. The main mechanism for
acclimating to environmental stress was the regulatory thermal dissipation (ΦNPQ) and the long-term
regulation of relative changes in Chl a to Chl b. The relative changes in photosynthetic energy
utilization and dissipation in energy partitioning meant A. ordosica could acclimatize dynamically to
environmental changes. This mechanism may enable plants in arid and semi-arid environments to
acclimatize to increasingly extreme environmental conditions under future projected climate change.

Keywords: Artemisia ordosica; chlorophyll fluorescence; energy partitioning; phenophase; photoprotection

1. Introduction

Photosynthesis is a fundamental mechanism in plant metabolism that converts light energy
into biochemical energy [1]. Excessive incident energy under high illumination usually leads to an
accumulation of excitation pressure, which can impair photosystem II (PSII) and its associated light
harvesting proteins, causing subsequent loss of PSII electron-transfer activity and finally inducing
Photoinhibition [2–4].

Various tolerance and/or acclimation mechanisms exist in naturally grown plants to prevent
damage to the photosynthetic apparatus from Photoinhibition [5]. For example, plants may (i) reduce

Forests 2018, 9, 176; doi:10.3390/f9040176 www.mdpi.com/journal/forests16
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the absorbed incident radiation; (ii) regulate photo-protective thermal dissipation of absorbed energy
by means of the xanthophyll cycle; and/or (iii) modulate the chlorophyll content and the ratio of
chlorophyll a to chlorophyll b [6,7]. The assessment of Photoinhibition and its tolerance and/or
acclimation can be accurately determined by a chlorophyll fluorescence (ChlF) measurement on a
long time scale using mostly PAM fluorometers [8,9] and by a measurement of the OJIP fluorescence
rise as reviewed, e.g., by Lazár [10]. A vast number of studies have shown that the activity of PSII
and its associated light harvesting proteins gradually declined during the entire time of exposure to
high illumination and that non-photochemical quenching (NPQ) increased in response to excessive
radiation energy [11–13]. However, such inhibition of photosynthesis can not only arise from exposure
to high light in the absence of other stresses, but also from too much light in the presence of other
stresses that limit photosynthesis and thus, plant growth [14]. Studies on extreme temperatures
suggested that heat stress significantly inhibited the maximal (Fv/Fm) and effective quantum yield of
PSII photochemistry (ΦPSII), and decreased the relative leaf chlorophyll content [15–17]. When facing
low temperature stress, however, plants showed a sustained NPQ and improved photo-protection,
which is associated with the reorganization of the light harvesting complex into aggregates [18,19].
Studies on water-deficit conditions showed a significant decrease in leaf chlorophyll concentration,
whereas decreasing Fv/Fm was only observed during the more advanced stages of dehydration [20,21].
For natural conditions, both processes of absorption and utilization of photosynthetic energy are
complicated when extreme temperatures, water status, and other stress factors become enmeshed [22].
On the other hand, acclimation of plants to a stressor (e.g., to high temperature) might cause some
resistance against acute action of the stressor—see, e.g., Lazár et al. [23]. It is commonly observed that
multiple stress factors in naturally growing plants synergistically reduce the photochemical rate and
cause greater stress than what would have resulted from a single factor [24,25]. Further understanding
of the mechanisms associated with photosynthetic tolerance and/or acclimation to multiple stressors
is needed for naturally growing plants, particularly for desert plants.

Deserts cover ~15% of the terrestrial surface and have been rapidly expanding due to climate
change and human practices [26,27]. Cold-desert ecosystems are characterized by harsh environments
and strong hydrometeorological gradients [28]. The absorption and utilization of photosynthetic
energy by cold-desert plants are usually inhibited by high illumination, extreme temperature, water
deficits, and other climatic irregularities [29]. Thus, plants in cold-desert ecosystems may produce
lower amounts of photosynthate and tend to exhibit lower resilience and resistance to disturbances
of similar severity than plants in environmentally-moderate ecosystems [30]. Most of the existing
studies have focused on plants of the Mediterranean region and North America, where ecosystems
are characterized by cold–wet winters and hot–dry summers [31,32]. The cold-desert regions in
semi-arid China, however, differed climatically by having cold–dry winters and hot–wet summers
due to the impact of the monsoon season, which could lead to different stress conditions. Spring and
summer droughts are mostly common stresses in this region [33,34]. Cold-desert plant responses
to environmental stress would provide additional insight into the mechanistic understanding of
photosynthetic energy utilization by terrestrial plants.

Artemisia ordosica Krasch. (hereafter, A. ordosica), a long-lived, deciduous woody shrub species,
is naturally dispersed throughout the Mu Us desert [35]. It is the main species providing wind and
sand protection in arid- and semi-arid areas of northwest China. A. ordosica usually buds in early
April and accumulates its greatest biomass in June, slowing its growth from July to defoliating in
October [36]. The functional responses of A. ordosica are known to vary with plant phenological
phases (or phenophases [37]) as diverse environmental conditions induce differential photochemical
responses in photosynthetic apparatus [38]. We hypothesized that photosynthetic energy utilization of
a cold-desert plant in response to environmental stress differs seasonally and varies as a function of
phenophase. To test our hypothesis, ChlF of A. ordosica was measured continuously in situ during the
growing season of 2014. The specific objectives of the study were to: (1) examine temporal dynamics
of several ChlF-associated parameters and their responses to environmental factors during different
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phenophases; and (2) to understand the mechanisms associated with defining the species’ tolerance
and acclimation to environmental stresses in relation to its phenophases.

2. Materials and Methods

2.1. Site Characteristics

The experimental site is located in the Yanchi Desert Ecosystem Research Station (37.68◦ N to
37.73◦ N, 107.20◦ E to 107.26◦ E, 1570 m a.s.l.), northwestern China. The site is in a transitional region
between the southern Mu Us desert and northern Loess plateau. It belongs to a mid-temperate,
semi-arid region with a continental monsoon climate. From 1954 to 2004, the region’s mean annual air
temperature was 8.1 ◦C. The mean Ta from spring to autumn was 9.3, 21.3, and 7.7 ◦C, respectively [39].
Mean annual precipitation (PPT) was 287 mm, showing large seasonal (~80% falling during the
June–September period) and inter-annual variation (133–572 mm year−1). The area’s soil type is
classified as a sierozem, with >70% fine sand (0.02–0.20 mm). Mean annual potential evapotranspiration
is >PPT. Subsurface water levels lie between 8–10 m from the ground surface and is currently decreasing.
The dominant native shrub species of the region is A. ordosica.

2.2. Environmental Measurements

Environmental factors were measured simultaneously over the growing season from 12 April
to 12 October 2014, including (1) photosynthetically active radiation (PAR) with a quantum sensor
(PAR-LITE, Kipp and Zonen, Delft, The Netherlands); air temperature (Ta) and relative humidity
(RH) with a thermohygrometer (HMP155A, Vaisala, Vantaa, Finland); soil water content (SWC)
with ECH2O-5TE sensors (Decagon Devices, Pullman, WA, USA) set at depths of 10, 30, and 70 cm
into the soil; and PPT with a tipping bucket rain gauge (TE525WS, Campbell Scientific Inc., Logan,
UT, USA). All meteorological variables were measured every 10 s, and averaged or summed to generate
30-min values before being stored on data loggers (CR200X for PPT, CR3000 for all others, Campbell
Scientific Inc.). Half-hourly values of vapor pressure deficit (VPD), representing air dryness, were
calculated as defined by Wilhelm et al. [40]

VPD = e − e × RH
100

(1)

e = 0.611 × exp
17.27 Ta
237.3+Ta (2)

where e is the partial water vapor pressure at the point of saturation.
Phenological observations were made using photographs taken twice each week. Phenophases

include three obvious phases, i.e., (i) leaf-expanding phase during day of year (DOY) 102–147;
(ii) leaf-expanded phase during DOY 148–247; and (iii) leaf-coloring phase during DOY 238–285.
For details concerning phenological observations at the site, consult Chen et al. [41].

Chlorophyll a and b content were measured approximately once per week using
spectrophotometry, UV-2100 (UNICO, China). Fresh south-facing leaves were collected from nearby
plants similar to those being sampled. Two grams of clean leaves were weighed, ground into
a powder with a small amount of quartz sand and calcium carbonate added. The powder was
dissolved into a turbid fluid with dehydrated ethanol. The turbid fluid was subsequently filtered and
calibrated to a volume of 200 mL. Finally, aqueous-chlorophyll extract was subsequently injected into
a spectrophotometer using the energy spectrum from 645 to 663 nm to assess chlorophyll content. The
values of chlorophyll content (ChlC, mg g−1) and the ratio of chlorophyll a to chlorophyll b content
(Chl a/b) were calculated with a modified Arnon equation set [42,43], i.e.,

Chl a = (12.71A663 − 2.59A645)×
V

1000 × W
(3)
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Chl b = (22.88A645 − 4.67A663)×
V

1000 × W
(4)

ChlC = Chl a + Chl b (5)

Chl a/b = Chl a / Chl b (6)

where A663 and A645 are the light absorption at 663 and 645 nm, respectively, V (mL) is the volume of
the extract, and W (g) is the weight of fresh leaves.

2.3. ChlF Measurements, Data Treatment, and Analysis

Field measurements of ChlF parameters were made from three fully-grown A. ordosica plants,
which averaged 50 cm in height and 80 × 60 cm in canopy size. Three Monitoring-PAM detectors
(MONI-head; Walz, Effeltrich, Germany) were individually set on a fascicle of randomly chosen leaves
(~12 leaves) in the middle of south-facing stems on each of three sampled shrubs. Three detector
heads represent three replicates of the same measurement. ChlF-associated parameters (i.e., effective
and maximum fluorescence values, F′ and Fm′ , respectively) were recorded with modulated light
pulses. The actinic light driving photosynthesis was the light from the Sun. The time interval between
measurements was 10 min. Measurements were stored in memory of the PAM analyzer (MONI-DA).
The PAM system was powered by a solar panel.

From the two basic fluorescence parameters (i.e., F′ and Fm′ ), defined by the mean of three replicate,
simultaneous measurements, other parameters can be calculated [44]. Effective quantum yield of PSII
photochemistry (ΦPSII, Equation (7)) is a light-adapted parameter that reflects the effective portion of
absorbed quanta used in PSII. Maximal quantum yield of PSII photochemistry (Fv/Fm, Equation (8))
is a dark-adapted parameter, which estimates the maximum portion of absorbed quanta used in
PSII. Stern–Volmer non-photochemical fluorescence quenching (NPQ, Equation (9)) is a parameter
that reflects heat-dissipation of excitation energy [45]. The three ChlF-associated parameters were
calculated as

ΦPSII =
Fm′ − F′

Fm′
(7)

FV/Fm =
Fm − Fo

Fm
(8)

NPQ =
Fm − Fm′

Fm′
(9)

where F′ is the steady-state fluorescence in ambient light and Fm′ is the maximum fluorescence in
ambient light following a saturating light pulse. The intensity of the measuring light and the saturating
pulses were 0.9 µmol m−2 s−1 and 3500 µmol m−2 s−1, respectively. Daytime F′ and Fm′ become
nighttime Fo and Fm. Nighttime was defined as the period with PAR < 5 µmol m−2 s−1 [46,47].

The approach of energy partitioning was introduced and developed by researchers (i.e., Genty,
Cailly, Kramer, Hendrickson, etc.; [48–51]) to discriminate different types of non-photochemical
losses [52]. Parameter ΦNPQ is the quantum yield of regulatory (light-induced) non-photochemical
quenching that represents thermal dissipation related to all photo-protective mechanisms, whereas
ΦNO is the quantum yield of constitutive non-regulatory (basal or dark) energy dissipation, which
represents all other components of non-photochemical quenching that are not photo-protective [52], i.e.,

ΦNO =
1

NPQ + 1 + qL
(

Fm
Fo

− 1
) (10)

ΦNPQ = 1 − ΦPSII − ΦNO (11)

where qL is coefficient of photochemical quenching in the lake model, which is taken to describe the
energetic connectivity in terrestrial plants, which is a better estimate than that provided in the puddle
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model, as reviewed by Lazár [53]. Parameter Fo′ is the minimal fluorescence in light-adapted conditions,
representing Fo with non-photochemical quenching [54]. Both parameters were calculated as

qL =
Fm′ − F ′

Fm′ − Fo′

(

Fo′

F′

)

(12)

Fo′ =
Fo

Fv
Fm

+ Fo
Fm′

(13)

Rainy days were removed from the analysis to avoid rainfall-pulse disturbances. A Pearson
correlation analysis over the entire growing season was conducted in MATLAB (MathWorks, Natick,
MA, USA), largely to quantify correlations between ChlF-associated parameters and meteorological
factors. Generalized linear regression was used to quantify response sensitivity during each
phenophase [46]. Multivariate stepwise regression was used to further analyze interaction between
individual meteorological factors on ChlF-associated parameters [32].

3. Results

3.1. Phenological Dynamics in Biophysical Factors

Daily-integrated PPT, daily means of PAR, Ta, RH, and SWC at three soil depths showed distinct
patterns for the different phenophases (Figure 1). Daily mean PAR increased from 108.0 µmol m−2 s−1

(DOY 108) during the early leaf-expanding phase to a maximum of 591.0 µmol m−2 s−1 (DOY 195)
during the leaf-expanded phase, and then decreased to 98.6 µmol m−2 s−1 (DOY 284) during the
late leaf-coloring phase (Figure 1a). Daily mean Ta increased from 8.6 ◦C (DOY 108) during the
early leaf-expanding phase to a maximum of 25.8 ◦C (DOY 214) during the leaf-expanded phase,
and then decreased to 3.5 ◦C (DOY 284) during the late leaf-coloring phase (Figure 1b). Daily mean
RH decreased from 49.9% (DOY 102) during the early leaf-expanding phase to a minimum of 13.8%
(DOY 147) during the late leaf-expanding phase, and increased to 80% during the leaf-expanded and
coloring phases (Figure 1b). Daily mean VPD varied in a manner similarly observed to that of Ta

(Figure 1c). Total PPT during the observation period was 295.9 mm. Rainy days occurred about 24%
of the time (11 of 45 days), 40% (31 of 77 days), and 48% (23 of 48 days) during the leaf-expanding,
expanded, and coloring phases, respectively. Concomitant PPT-amounts during the three phenophases
accounted for 9.3, 52.0, and 38.7% of the total PPT falling during the growing season (Figure 1d). Soil
water content at a soil depth of 10 and 30 cm responded instantly to rain pulses exceeding 5 mm. The
response decreased with an increase in soil depth during the growing season, and showed nominal
fluctuation (<0.01 m3 m−3) at depths g70 cm (Figure 1d). In general, the annual mean of each of
meteorological parameters was basically close to its multi-year average. The leaf-expanding phase
occurred during a dry and cold period, and the leaf-expanded phase occurred during a high radiation
period. Leaf coloring, in contrast, occurred during rainy and cold conditions.

3.2. Phenological Variations in ChlF Parameters

Figure 2 shows the seasonal dynamics of ChlF-associated parameters in vivo. Daily mean
Fv/Fm increased from a minimum of 0.66 (DOY 107) to 0.78 during the leaf-expanding phase, then
decreased to 0.67 (DOY 190), and fluctuated at 0.76 subsequently (Figure 2a), averaging 0.71 ± 0.08,
0.76 ± 0.03, 0.76 ± 0.03 (±standard deviation) during the leaf-expanding, expanded, and coloring
phases, respectively. Daily mean ΦPSII demonstrated a similar trend to that observed with Fv/Fm, with
low values occurring in the early leaf-expanding and leaf-expanded phases (Figure 2b). The seasonal
pattern in ChlC was consistent with the pattern observed in Fv/Fm; Chl a/b varied in an opposite
direction from that of ChlC (Figure 2c,d). A drastic change of ChlC and Chl a/b occurred from DOY
210 to 240, after which Chl a/b increased to a maximum of 6.0 (DOY 284) during the late leaf-coloring
phase (Figure 2c,d).
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Figure 1. Time series of meteorological variables: daily mean incident photosynthetically active
radiation (PAR, (a)), air temperature (Ta, (b)), relative humidity (RH, (b)), atmospheric vapor pressure
deficit (VPD, (c)), soil water content (SWC, (d)) at three soil depths (10, 30, and 70 cm), and
daily-cumulated rainfall (PPT, (d)) during the growing season (DOY 102 to 285) of 2014. Black,
green, and red vertically dotted lines represent leaf-expanding, expanded, and coloring phenophases.
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Figure 2. Time series of ChlF-associated parameters, i.e., maximal quantum yield of PSII
photochemistry (Fv/Fm, (a)), daily mean effective quantum yield of PSII photochemistry (ΦPSII, (b)),
sum content of chlorophyll a and b (ChlC, (c)), and ratio of chlorophyll a to chlorophyll b (Chl a/b,
(d)) during the growing season (DOY 102 to 285) of 2014. Open circles represent ChlF-associated
parameter values during rainy days. Major trend lines for Fv/Fm and ΦPSII were modified according
to the Savitzky-Golay method. Black, green, and red vertically dotted lines represent leaf-expanding,
expanded, and coloring phenophases.

3.3. Proportion of Energy Partitioning and Response of ChlF to Abiotic Factors

Daily response of ChlF was modified by different meteorological factors. Generally, Fv/Fm

increased with increasing daily mean of Ta during the leaf-expanding and coloring phases (Figure 3a).
The slopes of Fv/Fm-to-Ta regressions for the leaf-expanding phase were similar to those observed for
the leaf-coloring phase (Table 1). Multivariate regressions confirmed Ta as the main controlling factor
of Fv/Fm during both phenophases (Table 2). Regression of ChlF with ChlC as independent variable
showed that ChlC was positively correlated to Fv/Fm during the leaf-expanding and coloring phases
(Figure 3b).
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Figure 3. Relationship between maximal quantum yield of PSII photochemistry (Fv/Fm) and daily
mean air temperature (Ta, (a)), and the sum content of chlorophyll a and chlorophyll b (ChlC, (b))
during each phenophase for the 2014 growing season. Black, green, and red colored circles and lines
coincide with values and fitting functions (Table 1) for the leaf-expanding, expanded, and coloring
phases, respectively. Data from rainy days were excluded from the analysis.

Table 1. Regression equations between meteorological variables and ChlF-associated parameters during
the growing season (DOY 102 to 285) of 2014. Independent variables include daily mean incident
photosynthetically active radiation (PAR), air temperature (Ta), relative humidity (RH), atmospheric
vapor pressure deficit (VPD), sum content of chlorophyll a and chlorophyll b (ChlC), and ratio of
chlorophyll a to chlorophyll b (i.e., Chl a/b). Dependent variables include maximal quantum yield
of PSII photochemistry (Fv/Fm), daily mean effective quantum yield of PSII photochemistry (ΦPSII),
Stern–Volmer non-photochemical fluorescence quenching (NPQ), and quantum yield of regulatory
light-induced non-photochemical quenching (ΦNPQ). p-values represent significant level for the
regression models. r2 is the coefficient of determination.

Factors Phase Equation r2 p

Fv/Fm

Ta Expanding y = 0.67 + 53.7 × 10−4x 0.51 <0.05
Coloring y = 0.69 + 54.3 × 10−4x 0.50 0.01

ChlC Expanding y = 0.54 + 0.19x 0.71 0.02
Coloring y = 0.39 + 0.38x 0.52 0.04

ΦPSII

Ta Expanding y = 0.52 + 45.9 × 10−4x 0.25 0.02
PAR Expanding y = 0.67 − 1.81 × 10−4x 0.14 0.02

Expanded y = 0.67 − 1.29 × 10−4x 0.17 <0.05
Coloring y = 0.72 − 2.45 × 10−4x 0.44 <0.05

NPQ
Chl a/b Expanding y = 2.70 − 0.68x 0.78 0.01

Expanded y = 1.06 − 0.12x 0.30 0.02

ΦNPQ

RH Expanding y = 22.85 − 0.18x 0.34 <0.05
Expanded y = 23.73 − 0.09x 0.14 <0.05

VPD Expanding y = 11.82 + 4.20x 0.25 <0.05
Expanded y = 15.99 + 2.44x 0.15 <0.05
Coloring y = 11.26 + 4.96x 0.41 <0.05

PAR Expanding y = 4.23 + 0.03x 0.48 <0.05
Expanded y = 9.84 + 0.02x 0.42 <0.05
Coloring y = 6.87 + 0.03x 0.58 <0.05

23



Forests 2018, 9, 176

Table 2. Multi-variate linear regressions between meteorological variables and ChlF-associated
parameters during the growing season (DOY 102 to 285) of 2014. Independent variables include
daily mean incident photosynthetically active radiation (PAR), air temperature (Ta), relative humidity
(RH), and atmospheric vapor pressure deficit (VPD). Dependent variables include maximal quantum
yield of PSII photochemistry (Fv/Fm), daily mean effective quantum yield of PSII photochemistry
(ΦPSII), and quantum yield of regulatory light-induced non-photochemical quenching (ΦNPQ). p-values
represent significant level for the regression models. r2 is the coefficient of determination.

Factors Phase Equation r2 p

Fv/Fm

Ta Expanding y = 56.77 × 10−4x + 0.66 0.45 <0.01
Expanded - -
Coloring y = 30.14 × 10−4x + 0.73 0.26 0.01

ΦPSII

PAR (x1), Ta (x2) Expanding y = −3.54 × 10−4x1 + 78.34 × 10−4x2 + 0.61 0.67 <0.01
VPD(x3) (−0.70x1 + 0.85x2 in standardized form)

Expanded y = −2.22 × 10−4x1 + 314.6 × 10−4x3 + 0.66 0.31 <0.01
(−0.70x1 + 0.49x3 in standardized form)

Coloring - -

ΦNPQ

PAR Expanding y = 0.026x + 7.73 0.32 <0.01
Expanded y = 0.016x + 13.02 0.28 <0.01
Coloring y = 0.023x + 8.44 0.46 <0.01

Daily mean ΦPSII increased with increasing Ta during the leaf-expanding phase (Figure 4a), but
decreased with increasing PAR irrespective of phenophase (Figure 4b). The slope of the ΦPSII-to-PAR
relationship was lowest during the leaf-expanded phase (Table 1). Multivariate regressions indicated
that the relative effect of PAR on ΦPSII was small than that of Ta during the leaf-expanding phase
(standardized coefficient of −0.70 for PAR vs. 0.85 for Ta), but larger than that of VPD during the
leaf-expanded phase (standardized coefficient of −0.70 for PAR vs. 0.49 for VPD; Table 2). Chl a/b was
negatively correlated to NPQ during the leaf-expanding and expanded phases (Figure 5).

Figure 4. Relationship between daily mean effective quantum yield of PSII photochemistry (ΦPSII),
daily mean air temperature (Ta, (a)), and incident photosynthetically active radiation (PAR, (b)) during
each phenophase during the 2014 growing season. Black, green, and red colored circles and lines
coincide with values and fitting functions (Table 1) for the leaf-expanding, expanded, and coloring
phases, respectively. Data from rainy days were excluded from the analysis.
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Figure 5. Relationship between Stern–Volmer non-photochemical fluorescence quenching (NPQ) and
the ratio of chlorophyll a to chlorophyll b content (i.e., Chl a/b) in each phenophase during the
2014 growing season. Black, green, and red colored circles and lines coincide with values and fitting
functions (Table 1) for the leaf expanding, expanded, and coloring phases, respectively. Data from rainy
days were excluded from the analysis.

Figure 6 shows the dynamics of energy partitioning in PSII. The energy partitioning of ΦPSII

ranged from 48.6% to 71.4%, 49.6% to 67.6%, and 54.0% to 70.0% during the leaf-expanding, expanded
and coloring phases, respectively, averaging 59.3 ± 5.2%, 60.3 ± 3.9%, and 63.0 ± 3.8% (±standard
deviation). The proportion of ΦNPQ increased from 10% (DOY 107) during the early leaf-expanding
phase to a maximum level of 25.0% (DOY 190), and declined to 10% (DOY 284) during the late
leaf-coloring phase, averaging 16.3 ± 5.7%, 18.7 ± 3.9%, and 15.4 ± 3.7% during the three phenophases,
respectively. Parameter ΦNPQ exhibited greater variance (i.e., larger standard deviations) during the
leaf-expanding phase. Days with ΦNO within the range of 20–30% accounted for 74% (34 of 46 days),
94.8% (73 of 77 days), and 95.8% (46 of 48 days) during the three phenophases.

Figure 6. Timeseries of percentage of energy partitioning during the 2014 growing season. The red area
is the quantum yield of regulatory (light-induced) energy dissipation (ΦNPQ); the gray area is quantum
yield of constitutive non-regulatory (basal or dark) energy dissipation (ΦNO); and the light gray area is
the quantum yield of light-induced photochemical quenching, which is equal to effective quantum
yield of PSII photochemistry (ΦPSII). Each phenophase is identified with a different color of dot lines.
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Daily mean ΦNPQ showed a correlation with PAR, Ta, and atmospheric water-related factors
(i.e., RH and VPD; Figure 7). Daily mean ΦNPQ decreased with increasing RH during the
leaf-expanding and coloring phases (Figure 7a), whereas it increased with increasing VPD and PAR
during the three phenophases (Figure 7b,c). Multivariate regressions showed PAR as the main
controlling factor of ΦNPQ during the three phenophases (Table 2).

Figure 7. Response of quantum yield of regulatory light-induced non-photochemical quenching
(ΦNPQ) to daily mean air relative humidity (RH, (a)), atmospheric vapor pressure deficit (VPD, (b)),
and incident photosynthetically active radiation (PAR, (c)) for each phenophase. Black, green, and red
colored circles and lines coincide with values and fitting functions (Table 1) for the leaf-expanding,
expanded, and coloring phases, respectively. Data from rainy days were excluded from the analysis.

4. Discussion

4.1. Effect of Environmental Stresses on Fv/Fm, ΦPSII, and NPQ

Parameter Fv/Fm is commonly viewed as a reliable indicator of inhibition and of recovery from
environmental stress. Variations in Fv/Fm can indicate photochemical regulation of PSII in response
to stress [55]. Our results show that Fv/Fm fluctuated seasonally for 162 days of the 184 days of the
growing season with a value below 0.80~0.83 in non-stressed environments [46,56–58]. Fluctuations
coincided to inhibition by environmental stress and subsequent recovery as stress diminished (Figure 2).
The inhibition occurred frequently in response to cold temperatures during the leaf-expanding and
coloring phases and to summer drought during the leaf-expanded phase (Figures 1d and 2a). The
shrubs were generally capable to recover to an optimal state when leaves were fully expanded
(Figure 2). Presence of large fluctuations in Fv/Fm during spring implied greater inhibition during
the leaf-expanding phase. A similar seasonal pattern in Fv/Fm to ΦPSII indicated that stressful
environmental conditions reduced both PSII photochemical capacity and efficiency. The averages
of Fv/Fm for the three phenophases were 0.71 ± 0.08, 0.76 ± 0.03, and 0.76 ± 0.03, close to the
non-inhibition range, indicating A. ordosica can generally recover from inhibition and well adapted to
the prevailing desert conditions.

Air temperature is a crucial factor affecting Fv/Fm or photochemical capacity during the
leaf-expanding and coloring phases (Table 2, Figure 3a). The result that Fv/Fm linearly increased with
increasing daily mean Ta (Figure 3a), indicated that photochemical capacity of PSII was downregulated
by cold temperature during the early and late growing phases, suggesting probable low-temperature
stress and capability of recovery as temperature increased. A similar relationship between Fv/Fm

and ChlC indicated that the synthesis of chlorophyll coincided with an increase in photochemical
capacity (Figure 3b). It is thus assumed that cold temperature during the early and late growing
season reduced the chlorophyll content, thus reducing photochemical capacity and making the plant
acclimatize to low temperatures. Some studies also reported that the PSII photochemical capacity of
new leaves was often inhibited by a photo-oxidative cold-shock in early spring [59,60]. It was noted
that cold temperature only reduced photochemical efficiency during the leaf-expanding rather than
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leaf-coloring phase (Figures 3a and 4a). A reason for this may be due to physiological senescence
around leaf coloration. The drastic changes of ChlC and Chl a/b was the result of the concomitant
decrease of Chl a and b during the end of leaf expanded phase, with larger decrease in Chl b than Chl a,
when PPT was high and temperature was low. These environmental conditions could activate the
synthesis of abscisic acid [61] and induce the foliar defoliation process.

Variations in ΦPSII reflected responsive sensitivity of the photosynthetic apparatus to abrupt
ambient fluctuations [12]. Incident radiation has been shown to play an important role in modifying
actual plant photochemical efficiency (Figure 4). Our results show that ΦPSII decreased with
increasing daily mean PAR during the three phenophases (Figure 4b), indicating that the reduction
in photochemical efficiency was driven by excessive solar radiation during the growing season.
Multivariate regression disclosed the changes in the relative role of PAR to Ta and VPD in affecting
ΦPSII during the leaf-expanding and expanded phases (Table 2), varying in opposing ways with PAR,
Ta, and VPD controlling ΦPSII during the leaf-expanding and expanded phases, respectively. Extreme
temperatures were shown by some researchers to influence the fluidity and enzyme activity in and
through the thylakoid membrane [62,63], thus dominating the acclimation of PSII to variable solar
radiation during the leaf-expanding phase. Moreover, low temperature and high radiation could
have a synergistic effect on photochemical efficiency when incident radiation increases beyond plant
physiological needs on sunny days [64]. This can exacerbate reductions in photochemical efficiency
compared to reductions associated with single stressors, leading to large reductions in photochemical
capacity. Parameter NPQ decreased with increasing Chl a/b during the leaf-expanding and expanded
phenophases (Figure 5), suggesting that the capacity of thermal dissipation through the consumption
of excessive energy was regulated with changes in Chl a to Chl b content. This was because the majority
of chlorophyll b is associated with light-harvesting complex proteins, which have an intrinsic ability to
switch from an efficient light-harvesting state to a photo-protective state as a long-term strategy of
acclimation to stressful conditions [65,66].

As a rule, low temperatures and high irradiance cause stress in plants during the leaf-expanding
and expanded phenophases. However, plants are largely able to prevent and/or alleviate inhibition by
thermal dissipation and regulation of changes in Chl a to Chl b content.

4.2. Acclimation of Energy Partitioning to Environmental Stresses

By dividing the Stern–Volmer NPQ parameter into quantum yield of regulatory and constitutive
non-photochemical quenching, energy partitioning can provide quantitative information about the
fraction of energy that is dissipated as heat [52,67]. The mean energy fraction of ΦPSII in this study
(i.e., 60%) was larger than that of the near 40% observed in some Mediterranean species [68,69],
indicating a higher efficiency of energy utilization in A. ordosica. However, our result was slightly less
than that of the approximately 65–73% for some plant species in mid-to-low latitude regions [51,70],
due to the high inhibition observed at our site. ΦNO values (Figure 6) in our study were generally
within the range 20–30% reported for healthy green leaves [71], suggesting physiological resistance of
A. ordosica during most of the growing season.

Energy partitioning was affected by the various abiotic factors. Low RH and high VPD was
shown to produce high ΦNPQ (Figure 7a,b), suggesting that the fraction of photo-protective thermal
dissipation was increased as the air became drier. Water availability is reportedly one of the most
common limitations to energy partitioning of incident radiation for arid and semi-arid plants [69]. The
reason for water stress was presumably associated with low soil moisture induced stomata closure,
increasing the trans-thylakoid proton gradient and mediating xanthophyll de-epoxidation, leading to
increased protective thermal dissipation [72]. Specifically, during the leaf-expanding phase, RH was
shown to explain more of the variation in ΦNPQ than did VPD, assuming increasing photo-protection
with dehydration stress. In contrast, due to the synergy of temperature and moisture, VPD explained
more of the variation in ΦNPQ than did RH during the leaf-coloring phase. We did not find significant
correlations between soil water content and photosynthetic efficiency. This may be due to inadequate
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water gradients and synergistic regulation by other meteorological factor (i.e., incident radiation and
temperature). Further study is suggested to see how soil water content affects the photosynthetic
efficiency by control experiment.

Incident radiation served as a controlling factor in the process of photosynthetic energy
partitioning (Table 2). Parameter ΦNPQ increased with increasing PAR in all phenophases (Figure 7c),
suggesting that the fraction of photo-protective thermal dissipation was enhanced by relieving
excitation pressure under conditions of excessive light. Some studies suggested that excitation pressure
can be relaxed by the xanthophyll cycle, in which violaxanthin was de-epoxidated to zeaxanthin [73,74].
Concomitantly, excessive energy was dissipated and thylakoid pH difference was regulated to a
moderate level. Reversible conversion between violaxanthin and zeaxanthin in the xanthophyll cycle
can be viewed as a rapid response of the PSII system to variable irradiation.

In summary, the fraction of photosynthetic energy utilization and dissipation were dynamically
regulated by simultaneous changes in the environment. Photosynthetic energy conversion can switch
to a beneficial or protective state by regulating the relative changes in photochemical energy and
thermal dissipation [75]. Through this regulation, plants can optimize the energy partitioning in
a dynamic balance between the cost of photosynthetic utilization and the risk of photo-oxidative
damage [76]. Strategy of dynamic acclimation can improve resistance to environmental extremes.

5. Conclusions

Inhibition happened throughout the growing season, being largely induced by cold air
temperature (Ta) during the leaf-expanding and coloring phases and PAR in all phenophases.
A. ordosica acclimated to stressful environmental conditions by way of non-photochemical quenching
(NPQ) that was associated with reversible regulatory thermal dissipation and long-term regulation
of relative decrease in Chl a to Chl b content. The fraction of thermal dissipation varied in response
to PAR and atmospheric- and soil-water conditions. Thermal dissipation against excitation pressure
fluctuated more greatly during the leaf-expanding phase relative to the leaf-expanded and coloring
phases. A. ordosica was shown to undergo dynamic acclimation to changes in its external environment
during most of its phenophases. Climate change may cause more extreme weather events in arid and
semi-arid regions, leading to unfavorable environmental conditions for plant growth [77]. Our work
added to the understanding of acclimation of desert species to changing climate. Further research is
suggested to understand the acclamatory responses to various environmental stresses with different
intensities and durations based on multi-year, continuous measurements of ChlF parameters.
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Abstract: Black locust (Robinia pseudoacacia L.) is a major tree species in China’s large-scale
afforestation. Despite its significance, black locust is underrepresented in sap flow literature;
moreover, the published water consumption data might be biased. We applied two field methods
to estimate water consumption of black locust during the growing seasons in 2012 and 2013.
The application of Granier’s original sap flow method produced a very low transpiration rate
(0.08 mm d−1) while the soil water balance method yielded a much higher rate (1.4 mm d−1).
A dye experiment to determine the active sapwood area showed that only the outermost annual
ring is responsible for conducting water, which was not considered in many previous studies.
Moreover, an in situ calibration experiment was conducted to improve the reliability of Granier’s
method. Validation showed a good agreement in estimates of the transpiration rate between the
different methods. It is known from many studies that black locust plantations contribute to the
significant decline of discharge in the Yellow River basin. Our estimate of tree transpiration at stand
scale confirms these results. This study provides a basis for and advances the argument for the
development of more sustainable forest management strategies, which better balance forest-related
ecosystem services such as soil conservation and water supply.

Keywords: afforestation; heat dissipation probes; in situ calibration; soil water balance; transpiration;
dye tests; ring-porous trees

1. Introduction

Accurate estimates of tree transpiration are needed not only for the management of a forest
and its water-related services, but also for understanding a forest’s response to climate and other
changing environmental conditions to identify risks and manage them accordingly. Such estimates
are usually obtained by measuring the speed of xylem sap movement through the stem using heat
sensors. Three different systems of heat sensors are commonly used [1]: (i) heat pulse velocity sensors;
(ii) heat field deformation sensors; and (iii) thermal dissipation sensors. Vandegehuchte and Steppe [2]
discussed the working principles and applicability of these sensors in detail, which we will not include
in this work.

Previous sap flow studies have demonstrated that multiple issues can introduce errors in the
measurement of sap flow and estimate of stand transpiration rates: ignoring the radial variability in
sap flow [3], neglecting nocturnal fluxes [4–6], sensor installation into non-conducting sapwood [7,8],
errors in scaling-up sap flow measurements within the tree stem and over the ecosystem [9], wounding
of sapwood due to sensor installation [10], diel dynamics in stem water content [11,12], or using
universal sensor calibration instead of species-specific calibration [13–15]. Research on the reliability
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of the sap flow technique suggests that most of these sources of error can probably be minimized [16].
However, the remaining uncertainty and thus confidence in the results need to be assessed [17].

Black locust (Robinia pseudoacacia L.) is one of the most frequently cultivated broad-leaved tree
species in the world [18]. Black locust was one of the first North American tree species introduced
to Europe in the early 17th century [19] and is one of the three most widely distributed non-native
plant species in Europe [20]. Outside of Europe, black locust has been introduced to temperate Asia,
Australia, and New Zealand. For instance, black locust plays a major role in China’s large-scale
afforestation programs, particularly in the drylands of the north-western and northern regions.
These afforestation programs aim to control desertification and soil erosion [21]. At present, the area
covered by black locust plantations is the largest among the planted forests in China’s Loess Plateau
region [22]. Despite this significance, very few studies have estimated the water budget of black
locust plantations, which is crucial scientific knowledge for water resources management in dryland
areas [23–25].

The transpiration of trees is commonly determined using thermal dissipation sensors (i.e.,
Granier’s method) [26]. Granier’s method measures the temperature differential between heated
and unheated probes and relates the normalized temperature differential to the sap flow density
through a universal calibration equation [10]. This equation was derived by Granier using three stem
segments of Pseudotsuga menziesii, Pinus nigra, and Quercus pedunuculata. In these laboratory calibration
experiments, water was forced through these samples under varying pressure, and the flow rate was
determined simultaneously by weighing the exudates and by using the thermal dissipation sensor.
It has yet to be acknowledged that the universal calibration equation substantially underestimates sap
flow, at least when it is used for other ring-porous tree species [27].

Despite its widespread significance, black locust is underrepresented in the international sap
flow literature in contrast to other tree species. An online search in databases, such as Scopus, Web of
Science, and Google Scholar, produced merely eleven hits on the topic of sap flow measurements in
black locust stands. In contrast, Scopus listed 37 results for sap flow measurements in spruce (Picea

abies) and 29 results in beech (Fagus sylvatica) for a short period from 2010 to 2016. Only eight out of
the abovementioned eleven studies provide estimates of black locust stand transpiration. These eight
studies were carried out in different black locust stands across the Loess Plateau. With the exception
of two studies [15,28], the different experimenters acknowledged that their daily transpiration rates
were exceptionally low [23–25,29–31]. The latter group of experimenters reported daily transpiration
averages of f0.5 mm d−1. This is surprisingly lower than what is believed and contrary to the generally
accepted fact that afforestation in the Loess Plateau region resulted in a significant discharge reduction
through the elevated evapotranspiration [32–35]. This led to a mismatch of the scientific evidence
between plot measurement/estimation and watershed observation/investigation.

Several authors [13,14] have recommended developing tree-specific calibration equations for
Granier’s method in ring-porous tree species to ensure a more accurate estimate of sap flow [27].
However, to our knowledge, only one group of the abovementioned experimenters [15,23–25,28–31]
have heeded this advice when applying the Granier’s method for measuring sap flow in black locust.
Thus, we believe that black locust is not only understudied in international sap flow literature but
also that the published values of black locust sap flow may be biased due to the lack of tree-specific
calibration. Furthermore, we postulate that the underestimation in black locust sap flow is probably
caused by overestimation of the conducting sapwood area. Black locust is a ring-porous tree species;
it is generally accepted that trees falling into this classification have water conduction mainly through
the large vessels of the outermost growth ring [36].

The most common method for tree-specific calibration of sap flow sensors is the laboratory
calibration conducted on excised stems [13,14] or cut branches [8]. In most of these laboratory studies,
water is pulled through stem segments or cut branches using a pump or by maintaining a constant
head of water pressure on cut stem segments. A question may therefore arise: does calibration obtained
under laboratory conditions deliver a reliable estimate of sap flow under field conditions? The cut
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tree technique was developed for in situ validation of sap flow measurement systems under natural
conditions [37,38]. To our knowledge, this technique has not yet been applied for the calibration of
thermal dissipation sensors.

In view of the identified knowledge gaps and the importance of accurate estimate of tree
transpiration for managing forest and water resources as well as related services, the objectives
of this paper are threefold: (i) estimate tree transpiration of a black locust stand using two different
methods, namely, Granier’s original calibration and soil water balance method, and compare the
reliability of the two methods; (ii) identify the possible sources of error for the underestimated tree
transpiration from Granier’s original calibration based on analyses of other published studies and
discuss their impacts; and (iii) improve the accuracy of tree transpiration estimation of Granier’s
method by applying a tree-specific calibration, for which an easy-to-install measurement setup for the
in situ calibration of Granier’s sensor system in living trees is developed and applied; additionally,
the reliability of the obtained calibration is validated.

2. Materials and Methods

2.1. Study Site

In situ calibration and measurement of sap flow of black locust were carried out in the Zhonggou
catchment (35◦20′ N, 107◦31′ E), which is a small catchment in the semi-humid gully region of the
Loess Plateau in the upper reaches of the Jing River (Gansu Province, NW China). The catchment is
14 km2 in size with an elevation ranging between 1000 and 1300 m a.s.l. According to the long-term
records (1990–2007) of the nearby Jingchuan hydrological station, the average annual temperature
is 10.2 ◦C, the average annual potential evapotranspiration is 1395 mm a−1, and the mean annual
precipitation is 590 mm a−1. The catchment is covered by loess deposits with a thickness of 50–80 m.
The soil is classified as Calcaric Regosols (IUSS working group WRB, 2006) with a silt loam texture [39].
Eighty-three per cent of the catchment is covered by forests, mainly by black locust. The measurement
plot was established in 1990 by planting black locust saplings. This plot covers an area of 2050 m2 and
comprises 206 trees (1006 trees per ha) with a basal area of 2.2 m2 ha−1. The summer maximum leaf
area index (LAI) of the stand varied between 2.4 and 2.8 (measured using the optical instrument LAI
2000-PCA, LI-COR Inc., USA). In 2012, the average tree height and diameter at breast height (DBH)
were 11.8 m and 10.7 cm, respectively (see Table 1). The understory consists mainly of grasses (Melilotus

suaveolens, Astragalus adsurgens, Onobrychis taneitica, Equisetum arvense, Juncus bufonius, Pennisetum

centrasiaticum, Phragmites communis, Setaria viridis, and Chenopodium album) as well as some shrubs
such as Amorpha fruticosa, Prunus davidiana, Hippophae rhamnoides, Syringa persica, Caragana korshinskii,
and Xanthocera sorbifolia.
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2.2. Continuous Field Measurements

2.2.1. Weather Stations

An open-land weather station was installed in 2012, approximately 300 m east of the black
locust stand. Wind direction and wind speed (Thies, Germany), global radiation and net radiation
(Kipp & Zonen, Delft, The Netherlands), air temperature and relative humidity, soil temperature at
different depths, and temperature at the soil surface were measured at 15-min intervals. A tipping
bucket system with heating (Lambrecht, Göttingen, Germany) was used to measure the precipitation.
An automatic weather station was also placed under the black locust canopy to measure air and soil
temperature, relative humidity, as well as global and net radiation (Kipp & Zonen, The Netherlands).
Two throughfall troughs (each 5 m long and 0.16 m wide and made of stainless steel) were installed
beneath the black locust canopy. The troughs drain into a tipping bucket. The throughfall troughs
operate only during the growing season from the end of March until the middle of October.

2.2.2. Quantifying Total Evapotranspiration

For the estimation of total evapotranspiration, ETtotal, the soil water depletion method was applied.
This method relies on simultaneous measurements of soil pressure head and soil water content as
a function of time and depth [41]. For the measurement of soil water dynamics, a wireless sensor
network (Forschungszentrum Jülich, Jülich, Germany) was installed. Details of this network can be
found in Bogena et al. [42].

In our study, soil water content under the black locust canopy was measured using spade sensors
(sceme.de GmbH, Horn-Bad Meinberg, Germany). The spade sensor is a time domain transmission
sensor. The general operating principle of these sensors is similar to that of time domain reflectometry
(TDR) sensors [43]. The spade sensor consists of a sensor head (8.0 cm long, 3.0 cm wide, 1.0 cm thick)
and a transmission line embedded in a four-layer epoxy printed circuit board (14.0 cm long, 3.0 cm
wide, 0.2 cm thick). With this sensor, not only the soil water content, but also the soil temperature,
can be measured. The measurement resolution of the sensor is 0.01 [m3 m−3].

We established soil water content measurements on a 420 cm long transect between two trees.
The leaf canopies of these trees touch each other and partly overlap. Sensors at the start and the
end of the transect were not installed next to the trunks but at a distance of about 100 cm from them.
When mounting the spade sensors, hand shovels were used to dig narrow trenches (<10 cm wide,
ca. 100 cm long, and up to a depth of 100 cm) perpendicular to the transect. To minimize the effects of
sensor installation on root water uptake, we managed to avoid cutting roots with diameters larger
than 0.2 cm during the excavations. To insert the sensors into the soil, holes for the sensor heads
were pre-drilled into the soil profile wall. This procedure ensures a minimal soil disturbance and
soil compaction.

In total, 36 sensors were placed at six depths with a horizontal distance of 60 cm between them.
Sensors were placed at the depths of 5, 20, and 40 cm with eight replications and at the depths of 60, 80,
and 100 cm with four replications. The depths of sensor installation and the corresponding replications
were chosen according to the mapped root density distribution. Soil pressure head was measured
at the depths of 20, 40, 60, and 80 cm using a pF-meter (ecoTech, Bonn, Germany). A pF-meter
measures the heat capacity in a porous equilibrium body. Based on a sensor-specific calibration curve
(provided by the manufacturer), the measured heat capacity can be converted to soil pressure head
values (measurement range: pF 0.0 to pF 7.0). The pF-meter was installed vertically in the middle
of the abovementioned transect. Soil water contents and pressure head values were automatically
recorded every 30 min. Deriving the evapotranspiration rates from the soil water balance requires
knowledge of the location of the zero-flux-plane (ZFP) within the soil profile. The location of the ZFP
was determined by calculating the hydraulic gradients using the measured pressure head data as
shown in Khalil et al. [44].
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Total evapotranspiration (sum of understory and overstory water uptake of the plant roots), ETtotal

[mm d−1], between times t1 and t2 was then calculated from the measured soil water content changes
as follows [41]:

t2
∫

t1

ETtotaldt =

t2
∫

t1

Pnetdt −
∫ W

0

∫ t2

t1

∂θ

∂t
dtdz (1)

where Pnet is the net precipitation measured using the throughfall troughs [mm d−1], W is the depth
of the ZFP [m], θ is the soil water content measured by spade sensors (sceme.de GmbH, Germany)
[m3 m−3], and z is the vertical coordinate [m]. For the calculation of ETtotal, soil water depletion was
first balanced on a daily scale for each sensor, then averaged for each soil depth, and finally summed
with respect to the depth of the ZFP.

2.2.3. Quantifying Understory Transpiration

To quantify the transpiration of the understory (grass), a weighable lysimeter was installed under
the black locust canopy. The lysimeter consists of a container (2.5 m high, 2.3 m long, 1.5 m wide)
made of polyethylene (PE-HD), a lysimeter vessel made of stainless steel with a surface area of 1.0 m2

and a length of 1.7 m filled with undisturbed soil, a weighing system, and a unit for the control of soil
moisture and soil temperature at the lower bottom of the lysimeter. The container is water-tight and
air-tight with two circular openings at the top; one opening served as an access hatch and the other
opening was for the lysimeter vessel. Details of the installation and setup of the lysimeter can be found
in Podlasly and Schwärzel [45].

At the lower bottom of the lysimeter, suction cups, tensiometers, temperature sensors, cooling
coil, and hoses were embedded into the soil for the automatic regulation of soil temperature and soil
pressure at the lower boundary of the lysimeter. A detailed description of the working principle of
the automated control of the lower boundary of the lysimeter is given in Podlasly and Schwärzel [45].
Finally, six spade sensors (sceme.de GmbH, Horn-Bad Meinberg, Germany) for the automatic
measurement of the soil water content were installed at the depths of 5, 15, 25, 50, 100, and 150 cm of
the soil monolith. The spade sensors were described in greater detail above.

The measurement resolution of the weighing system of the lysimeter is 30 g, which corresponds
to a water equivalent of 0.03 mm. The weight of the lysimeter vessel and the abovementioned soil
water content readings were logged every 30 min. Decreases in the weight of the lysimeter are
caused by transpiration of the vegetation and by evaporation from the soil. Thus, we use the term
evapotranspiration of understory (ETus) when referring to water consumption quantified by the
weighable lysimeter.

Daily evapotranspiration rates of the understory, ETus, [mm d−1] were calculated as follows:

ETus = Pnet − S − ∆W ± ∆T (2)

where Pnet is the net precipitation (measured by throughfall troughs) [mm d−1], S is the seepage water
collected at the bottom of the lysimeter [mm d−1], ∆W is the change in the mass of the lysimeter
[1 kg d−1 = 1 L3 m−2 d−1 = 1 mm d−1], and ∆T is the amount of water removed or added as a result of
controlling the pressure head at the lower bottom of the lysimeter [1 kg d−1 = 1 L3 m−2 d−1 = 1 mm d−1].

2.2.4. Quantifying Overstory Transpiration

To quantify tree transpiration, Granier-style sap flow sensors were used. Probes were 20 mm
long with a diameter of 1.5 mm (Ecomatik, Dachau, Germany). Altogether, fourteen trees (range of
the DBH of the sample trees: 10 to 17 cm) were equipped with sap flow sensors. Twelve pairs of
sensors were mounted on the northern side of the stem of twelve trees, and eight pairs of sensors were
installed on the eastern and northern side of the two other trees. The vertical distance between the
needles was 150 mm. The sensors were shielded from radiation and rain using Styrofoam covered
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with reflective material. The upper needles were heated by a constant current source (0.2 W, 84 mA);
the lower needles were unheated. Temperature differences between the sensors were measured at 60 s
intervals and stored as 60-min averages by the data logger.

Hourly sap flow densities, Fd [kg3 m−2 h−1], were calculated from observed temperature
differences by Equation (3), according to Granier [26]:

Fd = 3600 × a × kb = 3600 × a ×
(

∆TM − ∆T

∆T

)b

(3)

where k is the dimensionless, normalized sensor output, ∆T [K] is the actual measured temperature
difference between the two needles, ∆TM [K] is the value of ∆T when sap flux density is zero,
the coefficient a (0.119 kg m−2 s−1) and the exponent b (1.231) are Granier’s original fitting parameters.

As aforementioned, installation of sensors in non-conducting sapwood [7] or ignoring the radial
variability in sap flow [3] may result in significant underestimation of sap flow densities. The latter
plays a minor role in ring-porous trees such as black locust. In ring-porous trees, only the outermost
annual tree ring (i.e., active sapwood area) is responsible for conducting water [3]. To verify it,
the tree-cutting technique (see Section 2.3) was applied to visualize water-conduction pathways in
living black locust trees, in which we used dye—an aqueous solution of 0.1% acid fuchsin—similar to
the procedure of Sano et al. [46]. To determine the active sapwood thickness, ten trees—with similar
DBH to the trees used for the sap flow measurements—were harvested and the individual tree-ring
width of the outermost ring was measured using stem disc at breast height. Based on these results,
a regression between the DBH and the corresponding sapwood area was derived. This relationship
was used to calculate the total sapwood area of the plot using the frequency of the tree’s DBH.
However, due to the very small active sapwood thickness, it is impossible to install the sensors without
touching the non-conducting sapwood. To reduce the potential errors caused by sensor installation
in non-conducting sapwood, a correction procedure following Clearwater et al. [7] was applied in
preliminary tests. Despite the reduced errors from the correction, it may still have some uncertainties
from an unknown source, as reported by Bush et al. [14].

To consider potential nocturnal fluxes due to both transpiration and recharge, ∆TM was
determined using the software BaseLiner (developed by Ram Oren’s C-H2O Ecology Lab Group
at the Nicholas School of the Environment, Duke University). BaseLiner helps to identify no-flow
conditions and to set baseline points at these times. A linear interpolation is then applied to calculate
the baseline between these points. In a next step, the hourly values of sap flow density of each tree
were calculated using Equation (3). Finally, daily totals of sap flow density for each sample tree were
computed from one midnight to the next midnight. No functional relationship between the daily totals
of sap flow density and the corresponding DBH was found.

To estimate the daily transpiration, TBL, of the black locust stand [mm d−1], the daily sap flow
densities of all sample trees were averaged. The averaged flux densities, Javg, were then multiplied by
the total sapwood area, AST, of the plot, and divided by the stand ground surface, AG [47]:

TBL = Javg ×
AST

AG
(4)

Another method to estimate the transpiration of the black locust stand (hereinafter referred
as Tresidual) is to calculate the transpiration as a residual of the difference between total measured
evapotranspiration Equation (1) and measured understory transpiration Equation (2) on a daily basis.
These residuals together with the calculated grass reference evapotranspiration [48] were used to
assess the reliability of the sap flow measurements.
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2.3. Calibration Experiment and Cut Tree Technique

The calibration experiment is grounded in the fact that a tree can take up water from a water
reservoir instead of from the soil. To conduct the calibration, the sapwood had to be cut from a tree
(see below). The setup of the calibration experiment consists of three components: two collars and a
Mariotte water supply (Figure 1).

Figure 1. (a) Schematic of the cut tree experiment, 1 = Mariotte water supply, 2 = Differential pressure
sensor, 3 = Data logger, 4 = Valve, 5 = Collar, 6 = Pipe for water level control, 7 = Lashing belt, 8 = Collar;
(b) Prototype of a collar, K = Diameter, all dimensions in cm.

The funnel-shaped collar is made of a zinc sheet (Figure 1b). With a thickness of 0.5 mm, the collar
is sufficiently sturdy but also easy to bend. A tree with a diameter of 14.3 cm and a height of 13.0 m
was selected for cutting sapwood. After smoothing the bark, the collars were placed around the stem
at the height of 40 cm and 90 cm above the soil surface. The inner metal cut strips were then bent
downwards and attached to the stem by a lashing belt. Afterwards, both ends of the upper collar
were joined by a waterproofing steam-tight tape (Siga Rissan, Russwil, Switzerland) whereas the ends
overlapped. Finally, the gap between collar and stem was sealed with silicon adhesive. An S-form
chisel (Kirschen, Remscheid, Germany) was used to cut a 1-cm-deep notch around the circumference
of the black locust stem. The cut of the sapwood was done underwater to avoid air entry to the xylem.
The same procedure was applied to the lower collar.

During the calibration, the upper collar serves as the tree’s water reservoir. For this purpose,
the upper collar is connected to a conventional Mariotte water supply (90.0 cm long, 18.7 cm in
diameter, made of PVC). The latter has an adjustable tube that controls the outflow. It ensures a
constant water level inside the collar throughout the experimental period and prevents the freshly
cut sapwood from drying out. The function of the lower collar is to collect water dripping from the
upper one. The collected water was periodically taken from the collar via a valve and stored in a
bottle with a cap. The drip rate was determined by weighing. These data were used for calculations.
To prevent evaporation of water from the collar during the experiment, two semi-circular lids were
placed on the collars. Changes in the Mariotte water supply correspond to water uptake by the tree;
these changes were monitored using a differential pressure sensor (PD-23, Fa. Keller, Winterthur,
Switzerland). The data were logged every 60 s (EASYLOG 40NS K-0-10V, Fa. Greisinger, Regenstauf,
Germany). At the same time, sap flow was measured using two pairs of Granier-style sap flow sensors,
mounted at breast height on the eastern and northern side of the sample tree.
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3. Results and Discussion

3.1. Diurnal Cycle of Transpiration Estimated Using Granier’s Original Calibration and Soil Water
Balance Method

In this section, we present the estimated transpiration of the black locust stand using two different
methods. By comparing the two results, the impacts of potential errors on the measured sap flow and
estimated stand transpiration rates based on Granier’s original calibration are discussed. A warm
period with low rainfall was selected for cross-checking the transpiration estimates. Figure 2 shows
the daily rainfall and daily mean values of soil pressure head at different soil depths for the period
from 1 May to 30 June 2012. By this time, the canopy of the black locust stand was fully developed.
As the fast increase of soil pressure head data at the depths of 20 and 40 cm reveals (Figure 2), the soil
became drier. This was caused by soil water depletion due to lack of rainfall (Figure 2). As outlined
in the methods section, the measured soil pressure head data were used to identify the location of
the zero-flux-plane (ZFP) by calculating the hydraulic gradients. Results of these calculations are also
shown in Figure 2. Note that negative hydraulic gradients indicate upward water flow and positive
hydraulic gradients indicate downward water flow. In May and June, a ZFP was located within the
root zone but below the main root zone at a depth range of between 50 and 70 cm.

For the dry period from 2 June to 24 June soil moisture changes above the ZFP were balanced
according to Equation (1). Although the ZFP was located within the root zone it can be assumed that
soil moisture changes below the ZFP were mainly due to the downward movement of water and only
to a minor extent because of root water extraction. This assumption is supported by our observation
that (i) 90% of the fine roots were within the upper 50 cm of the soil; (ii) the rooting density at soil
depths >50 cm was very low (1 to 2 fine roots per dm2); and (iii) soil moisture changes at the soil depths
of 80 and 100 cm were less than 3 vol % during the balanced period. Similar soil water depletion
patterns of black locust were observed by other studies [30,40]. Chen et al. [30] measured soil moisture
of black locust at the depth of 0–25 and 75–100 cm. They found insignificant soil moisture variations
in the deeper soil during the vegetation season. Du et al. [40] concluded based on their soil moisture
measurements at different soil depths that short-term changes of soil moisture below a depth of 1 m
were small. Moreover, their plotted soil moisture variations along a vertical profile before and after a
rain event revealed that about 90% of the soil moisture variations occurred within the upper 40 cm of
the soil profile.

With this fact, we assume that neglecting root water extraction from below the ZFP will not result
in a significant underestimation of the total evapotranspiration. For the dry period from 2 to 24 June,
the totals of soil water depletion due to root water uptake and evaporation Equation (1) were contrasted
with the totals of understory evapotranspiration (based on lysimeter measurements, Equation (4)) and
black locust stand transpiration (based on sap flow measurements, Equation (2)) (Figure 2). The total
evapotranspiration, understory evapotranspiration, and stand transpiration amounted to 82.0 mm
(3.6 mm d−1), 51.0 mm (2.2 mm d−1), and 1.8 mm (0.08 mm d−1). The latter was calculated based
on Granier’s original calibration parameters, but if calculated using soil water balance method (total
evapotranspiration minus understory evapotranspiration), transpiration was 31.0 mm (1.4 mm d−1).
A large difference (ca. 30 mm) appears between the transpiration indirectly estimated as a “residual”
of the water budget and the transpiration directly derived from Granier’s original calibration.

So far only a few studies have balanced the total evapotranspiration of black locust stands in
dryland China. Wang et al. [49] studied the water budget of black locust afforestation in the Loess
Plateau Region by combining throughfall, stemflow, and soil water content measurements with soil
hydrological modelling. Their calculated total evapotranspiration (ETtotal) of the investigated black
locust stand ranged from about 90 to 120 mm per month (or from 3.0 to 4.0 mm d−1) during the summer
months (June to August). Jian et al. [28] investigated the effect of different trees and shrubs on soil
water storage and water balance in the semi-arid Loess Plateau area. In this study, evaporation from
soil under black locust was measured using a micro lysimeter, while stand transpiration was derived
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from sap flow measurements using a modified Granier sensor system (SF-L, Ecomatik, Germany) from
May to September during 2009–2013. Sums of evaporation from soil and stand transpiration amounted
to between 56 and 84 mm (or from 1.9 to 2.7 mm d−1) [28]. The mean potential evapotranspiration
of study areas of Wang et al. [49] and Jian et al. [28] are about 1.6 and 1.5 mm a−1, slightly higher
than our study area (1.4 mm a−1). Moreover, the mean annual precipitation values of the two study
areas are 540 and 420 mm a−1, smaller than the long-term average of rainfall in our study area (590
mm a−1). Despite the differences in long-term potential evapotranspiration and rainfall, the total
evapotranspiration rates are in the same range as our measured results based on the water balance
method. This makes us confident that the soil water balance method delivered more reliable results
than the application of Granier’s original calibration.

Figure 2. (a) Daily rainfall and daily averages of the soil pressure head at the depths of 20 and
40 cm of black locust (upper) and (b) soil hydraulic gradients (middle) for the period from 1 May
to 30 June 2012 as well as (c) sums of tree transpiration (Tbl), understory evapotranspiration (ETus),
total evapotranspiration (ETtotal), and FAO grass reference evapotranspiration for the period from 2 to
24 June 2012 (bottom).
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Yet, what are the causes for the mismatch between the results of the soil water balance method
and the combination of the lysimeter/sap flow method? Some of the possible issues, such as variability
in sap flow or scaling-up of the measurements to the stand level, can be better understood if basic
data in high temporal resolution are analyzed. For this purpose, daily courses of global radiation,
as well as vapor pressure deficit and diurnal courses of sap flow density of trees with different tree
diameter at breast height (DBH) on sunny and warm days during the abovementioned balance period,
are examined (Figure 3). Night time sap flow was observed on selected nights and considered in this
study. For the balance period from 2 to 24 June, consideration of nocturnal fluxes resulted in a 40%
increase of stand transpiration in comparison to the estimation without consideration of night flow
(not shown). Figure 3 reveals that there is no clear dependency of sap flow density on tree DBH of the
measured black locust trees. This is in line with the findings of Wang et al. [29] and confirmed our
presumption, as McCulloh et al. [50] have shown for black locust and other investigated ring-porous
tree species, i.e., that their stem conductance per unit sapwood was independent of tree size.

Figure 3. Time series of (a) global radiation, vapor pressure deficit (upper) and (b) sap flow density
of individual trees with different diameter at breast height (bottom) for the period 21 to 24 June.
The legend in the bottom figure provides the diameter (in cm) at breast height of the individual trees.
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In our balance period, the maximum sap flow densities of the 33-year-old stand varied from
about 60 kg m−2 h−1 (DBH = 17.1 cm, DBH = 15.8 cm, DBH = 12.1 cm) to about 150 kg m−2 h−1

(DBH = 16.1 cm). Jiao et al. [25] compared the sap flow densities and stand estimates of a 12-year-old
and a 28-year-old black locust stand in the semi-arid Loess Plateau. Their maximum sap flow densities
in the younger stand were between 45 and 75 kg m−2 h−1 and in the older stand between 80 and 180 kg
m−2 h−1 on sunny and hot days. These values are in line with our results. In contrast, Wang et al. [29]
found higher maximum flow densities (their values ranged from 105 to 408 kg m−2 h−1) with a larger
variation in another 30-year-old black locust stand in the semi-arid zone of the Loess Plateau. However,
our measurement results still fall within the same order of magnitude and indicate that the values are
representative for the black locust stands of the Loess Plateau region.

It is often discussed that ignoring circumferential variations in sap flow density may introduce
significant errors when stand transpiration estimates are derived from sap flow measurements [9,51].
Thus, in individual cases, two pairs of sap flow sensors were installed at sampled trees (East, North).
In our study, circumferential variations in sap flow/within-tree spatial variations were lower than
the tree-to-tree variations as an example of circumferential variations in sap flow density (Figure 3);
the maximum values were about 60 kg m−2 h−1 and 110 kg m−2 h−1 for the north- and east-facing
sensors. Circumferential variations tend to be accompanied by slight asymmetries in the crown; we
observed that often thicker branches were located above the sensor with larger sap flow densities.
However, this issue was not systematically examined.

Kume et al. [51] studied the radial and circumferential variations in sap flow velocity in several
directions and depths of tree trunks of black locust stands on the Loess Plateau. They found that
the sap flow density was almost zero at the depth of 15 mm and most of the sap flow took place
at the outermost area of the sapwood (f5-mm depth). Moreover, omitting radial variations and
circumferential variations in sap flow density affected the stand transpiration estimation by 33% and
22%. This was lower than the effect of omitting tree-to-tree variation in sap flow density (error of 52%).
We showed that radial, circumferential, and tree-to-tree variations may have introduced some errors
when scaling up sap flow densities to the stand scale. However, the mismatch (1.3 mm d−1) between
the two applied methods cannot be sourced from these potential errors since the magnitude of these
errors is too small to bridge the huge gap.

Another source of error may stem from the determination of the active sapwood area. The latter
is needed for scaling-up the sap flow measurements to the stand level. In our study, we considered
that the sap flow took place only in the outermost annual ring of black locust, which is supported by
the results of dye injection experiments in ring-porous tree species [14,52] and our own dye tracer
experiments in living black locust trees (Figure 4). The result showed that only the outermost growth
ring was active for xylem flow. Moreover, isolated larger pores are often noticeable due to more intense
coloring. A measurement of the maximum dye ascent velocities using three sample trees (with a height
of 11.5, 13 and 14.5 m) revealed a range of 19–25.5 m h−1. This falls within a similar range of values as
measured by Zimmermann and Brown [53] and Huber and Schmidt [54].

A mean annual tree-ring width of 3.43 mm was found for our study area, ranging from 1.89
to 4.93 mm in an individual year. Based on the site-specific relationship between DBH and active
sapwood area, a value of 0.125 m2 was determined for the active sapwood area of our black locust
stand. Table 1 shows that the ratio of total sapwood area to the stand ground surface in our study
was much lower than other studies for black locust stands in the Loess Plateau region. This is due to
the significantly different sapwood thicknesses that were taken into account for upscaling the stand
transpiration in the different studies [25,29]. Other experimenters estimated a significantly larger
sapwood thickness (ranging from 5.0 to 15.4 mm) suggesting possibly no limitation to the outermost
growth, which may lead to uncertainties. Moreover, they did not give further details about how the
sapwood thickness was determined in their studies. It is thus unclear if their assumed sapwood
thickness corresponds to the active sapwood area.
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Figure 4. Dye-stained area of the sample tree. The dye penetrated only the outermost growth ring.
This area represents the hydrologically active sapwood.

To explore the possible impact of sapwood thickness on the estimated value of stand transpiration,
we applied the relationships between DBH and active sapwood area of other studies (cf. Table 1)
to estimate our stand transpiration, and the results are shown in Figure 5. It is evident that errors
in sapwood thickness determination can have a significant effect on stand transpiration estimates
(Figure 5). According to Equation (4), an error in determining the total sapwood area can lead to the
same error in estimated stand transpiration.

Figure 5. The possible impact of total active sapwood area on stand transpiration estimate.

3.2. Tree-Specific Calibration of Granier’s Sensor System

As shown above, Granier’s original calibration has a tendency of underestimating tree
transpiration if it is applied directly without determining the active sapwood area for conducting
water. To improve the accuracy of an estimate, an in situ experiment for the sap flow sensor calibration
was developed and implemented in June 2013. In this section, the results of the black locust-specific
calibration of the Granier sensor system are contrasted with the results of previous calibration studies
carried out in other ring-porous tree species. Potential benefits and disadvantages regarding laboratory
and field calibrations of sap flow sensor systems are elaborated.

The relationship between the outflow from the reservoir and the normalized sensor output is
shown in Figure 6. The data were fitted to a power function Equation (3) of the same type as that
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proposed by Granier [26]. A closer inspection of Figure 6 reveals that the fitted function slightly
underestimates the corrected outflow at higher k values (when k g 0.25 in the north and k g 0.3 in the
east). The coefficient a, obtained from the fit, varied between 2.70 and 3.89 kg m−2 s−1, and presents
a significant disparity from the value (0.119 kg m−2 s−1) found by Granier [26]. For coefficient b,
we found a very similar value to the original one (1.231) as reported by Granier [26]. The k values
(cf. Equation (3)) in calibration mainly ranged between 0.10 and 0.35; only 4% of the k values fell
between 0.35 and 0.45 and 0.1% of them were larger than 0.5. So, extrapolation of the new calibration
equation to k > 0.35 may induce errors in the estimation of transpiration.

Figure 6. Relationship between the sap flux density and the normalized sensor parameter (k in
Equation (3)).

A compilation of Granier’s sensor calibration for different ring-porous trees is presented in Table 2.
In most of the cases, calibration data differ significantly from Granier’s original equation, particularly
the coefficient a. It is worth noting that the values of the coefficient a vary considerably between
different tree species. Possible reasons for discrepancies between calibration results of different studies
have been reviewed by Sun et al. [16]. They discussed the impact of the following factors on the
calibration of sap flow sensors: (i) differences in the construction of sensors; (ii) influence of the
realized rate of water movement; (iii) occurrence of natural temperature gradients; (iv) errors in
estimating zero-flux (cf. Equation (3); as well as (v) within- and between-tree variation. Another
issue is likely important but has received surprisingly little attention so far, namely, the differences in
calibration setup. The experimental setup is summarized for each case in Table 2. They differ in three
aspects: size of plants (branches, stem segments, or trees), flow conditions (transient or steady state),
and realization of the water flow through branches/stems (transpiration or application of external
pressure). Cases showed that sensor calibration using external pressure to pull water through the
stem delivered significantly larger values for the coefficient a than the calibration using xylem water
movement driven by transpiration. Generally, laboratory calibration experiments on branches or stem
segments using external pressures are quick, precise, and can be repeated at any time. However, it is
often the case that the applied pressure was high and exceeded the in situ condition. Bush et al. [14]
found that increases in pressure gradients can result in increased values of the coefficients a and b. It is
thus likely that applying high pressures in calibration experiments may push water through conduits,
which would not happen under natural flow conditions [16].

Moreover, the length of the segment may also play a role for a large value of a. The vessels are
possibly open at both ends of a short segment. Under such conditions, sap flow densities would be
overestimated [14]. Plant segments with a length f 1 m were used for many calibrations of Granier’s
sap flow sensors [13–15,55–57]. According to Bush et al. [14], using relatively long plant segments
can minimize the risk that both ends of earlywood vessels are open. Although a global analysis of
xylem vessel length generally supports this view, it should be noted that the maximum vessel lengths
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exceeding 1 m were occasionally reported [58,59]. For this reason, it is suggested that ring-porous
trees would require long stem segments for experiment [59]. Additionally, we noticed that one of
the laboratory calibrations [15] also used a dye experiment to determine the active sapwood area in
black locust. In this experiment, it took one hour until the dye was pulled through the 1-m long stem
segments, which is twice as long as our experiment time (30 min) for a much longer length (>10 m).
This can increase the possibility of error in determining active sapwood area resulted from the capillary
rise. If an external pressure is applied during the dye test, the error is likely to be amplified. As a result,
an extremely low value of parameter a may be obtained because of a relatively large active sapwood
area (Table 2).

In contrast to laboratory calibrations, field calibration experiments on trees, in which the water
flow through the xylem is driven by transpiration, have some advantages. They allow us to understand
flow processes under a natural environmental condition. Without considering the limitations of the
laboratory facilities, large trees can be examined. It is thus expected that xylem flow takes place
mainly in the large earlywood pores of ring-porous trees in field calibration under natural flow
conditions, as verified by Nagata et al. [60]. So, it is highly possible that the calibration data obtained
from field experiments are more representative than the data obtained from laboratory calibration.
Despite these discrepancies in sensor calibration, it can be concluded based on this study and previous
research [13–15,61] that applying a universal calibration equation to ring-porous tree species will result
in inaccurate estimates of tree transpiration. We highly recommend tree-specific calibration for sap
flow measurement.

3.3. Validate the Accuracy of the New Calibration

To test the reliability of the sap flow estimates based on the newly derived calibration, we applied
it in other selected periods of measurement and compared it with transpiration results calculated based
on the soil water balance method. Periods of high evaporation demand and low rain are particularly
suitable for cross-checking transpiration estimates [41], which are also dependent on the availability of
datasets. Occasionally, sap flow and soil moisture measurements produced noises or failed. Data gaps
were yet to be closed because gap filling could introduce additional uncertainties, and thus affect
the validation. Transpiration estimates obtained from the two different methods are listed in Table 3
for periods with little or no rainfall in 2013. Moreover, transpiration estimates for the dry and warm
period in 2012 (presented in Section 3.1) are also listed.

The results from both methods showed good agreement, despite that the data for soil water
balance method, lysimeter method, and sap flow method were measured in different spatial extent
and temporal resolution. For example, soil moisture measurements along the transect were 50 m
away from the lysimeter. Small-scale variations in LAI might be another possible reason for the
observed differences since LAI affects soil moisture by altering inputs of energy and precipitation.
The reasonable agreement between the results makes us confident that the new calibration produces a
much more reliable estimation of sap flow than Granier’s original calibration.

As shown in Table 3, the mean daily stand transpiration ranged between 1.1 and 1.4 mm d−1.
These values are much larger than the ones (f0.5 mm d−1) reported by some previous sap flow studies
(Table 1) on black locust plantations [23–25,28–30]. A few studies quantified the water consumption of
black locust stands in the Loess Plateau region with other methods. Wang [63] estimated ET using a
water balance approach and reported that the annual evapotranspiration (ET) of a 14-year-old black
locust stand, located in the semi-humid area of the Loess Plateau, ranged between 403 and 632 mm. In a
more recent study of Wu et al. [64], the response of black locust seedlings to soil water availability was
examined. The seedlings transpired up to about 1.4 mm d−1 when there was no water shortage. Ma et
al. [15] and Jian et al. [28] used modified Granier methods to estimate the transpiration of black locust
stands during growing season. The average values of Ma et al. [15] ranged between 1.6–2.1 mm d−1,
while the estimate of Jian et al. [28] ranged from 0.5 to 1.9 mm d−1. Their results showed a good
consistency with the findings of our study.
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4. Summary and Conclusions

We found a large difference (ca. 30 mm) between the estimates of tree transpiration using
two different methods—soil water balance and sap flow measurements based on Granier’s original
calibration—during a dry and warm period in June 2012. The estimate by applying Granier’s original
calibration was extremely low despite a similar range with other studies using Granier’s original
calibration on the Loess Plateau, while the estimate from soil water balance showed a reasonable result.
A series of thorough analyses of the possible sources of error and exploration of datasets from our
measurements indicate that the extremely low value of Granier’s method probably stemmed from the
application of a universal calibration and the inaccurate determination of the active sapwood area,
which can lead to a significant error during scaling-up of stand transpiration. Our dye tracer test
showed that most of the sap flow took place in larger earlywood vessels of the outer ring. Installation
of sap flow sensors in non-active sapwood is another possible source of uncertainty.

An easy-to-install measurement setup for an in situ calibration of Granier’s sensor system in living
trees was developed and applied for black locust. The results showed that Granier’s original calibration
significantly underestimated the stand transpiration of black locust stands. A new calibration of
Granier’s sap flow sensor system for black locust can improve the accuracy of estimated sap flow
and stand transpiration. Tree-specific calibration is recommended for future research on the use of
Granier’s method in ring-porous trees. Moreover, the use of short sensors (5 or 10 mm) can reduce the
uncertainties due to sensor access to the non-active sapwood in ring-porous trees. Many researchers
concluded that the black locust plantation is one of the main contributors to the significant decline of
river discharge in the middle reaches of the Yellow River, according to their analyses of the long-term
data on climate, streamflow trends, and land-use change. Our work confirms these conclusions,
shown by a higher transpiration rate of black locust plantations on the Loess Plateau. More studies
and evidence are required to clarify the role of afforestation and tree species to address regional
environmental issues and their potential impacts on ecosystem services, which are directly linked
to regional soil, water, and food security. In particular, the contribution of understory—which is an
important feature of these plantation forests—to the total water consumption of such ecosystems needs
to be understood. This will provide the basis for the development of forest management strategies that
better balance forest-related ecosystem services such as soil conservation and water supply.
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Abstract: It is known that evapotranspiration (ET) differs before and after vegetation change in
watersheds. However, impacts of vegetation change on ET remain incompletely understood. In this
paper, we investigated the process-specific, nonclimatic contribution (mainly vegetation coverage
changes) to ET at grid, sub-basin, and basin scales using observation and remote sensing data.
The Poyang Lake Basin was selected as the study area, which experienced a fast vegetation restoration
from 1983 to 2014. Our results showed that vegetation cover change produced contrasting effects on
annual ET in magnitude and direction during shifts from a less covered to a more covered stage. At the
early stage (1983–1990), with vegetation cover of 30%, vegetation cover change produced negative
effects on ET over the basin. At the middle stage (1990–2000), the vegetation coverage increased
at a fast pace and the negative effects gradually shifted to positive. At the late stage (2000–2014),
the vegetation coverage remained high (over 60%) and maintained a positive relationship with ET.
In summary, the vegetation effects are collaboratively influenced by both vegetation coverage and
its change rate. Our findings should be helpful for a comprehensive understanding of complicated
hydrological responses to anthropogenic revegetation.

Keywords: vegetation cover change; evapotranspiration; Poyang Lake Basin; remote sensing

1. Introduction

Evapotranspiration (ET), including transpiration and evaporation, represents terrestrial water
consumption [1]. It is the crucial component which couples water cycle and energy balance, and hence
is a subject of focus in the field of global change. ET is dominated by climatic controls, including
not only demand (e.g., air temperature, air vapor pressure and wind speed) but also supply factors
(precipitation and solar radiation) [2]. More importantly, it is quite sensitive to human activities,
such as vegetation cover change due to anthropogenic vegetation restoration [3]. It is well known
that a vegetation cover change could alter the leaf area in a canopy, consequently altering the canopy
transpiration and interception area, potentially affecting canopy transpiration and evaporation [4].
Meanwhile, a variation in vegetation cover can impact land surface albedo, affecting absorbed radiation
energy for evapotranspiration [5]. Nevertheless, vegetation cover change can alter the radiation
allocations in soil, and therefore influence soil evaporation [6]. All these additive and/or offsetting
effects will determine the total amount of evapotranspiration in response to vegetation cover change
at the basin or regional scale.

Previous studies have widely investigated the influences of vegetation restoration on ET in
vegetated watersheds [7–10]. However, there remains a debate on the magnitudes and directions of
the influences. Using a distributed Soil and Water Assessment Tool (SWAT) model, Fang et al. [11]
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observed that changes in vegetation cover classes and areas significantly affected hydrological elements
in northeastern China. In addition, the increases of vegetation cover areas all led to increases in actual
ET [11]. Some other studies have also supported this view and demonstrated that an increased
vegetation cover could reduce runoff because of an enhanced canopy interception and ET [12–19].
In contrast, several studies have pointed to a negative relationship between vegetation cover and
annual ET at multiple spatial scales [15,20]. Although the ET difference before and after revegetation
has been extensively studied with field observations, remote sensing, and hydrological model
simulation, how vegetation cover variation impacts ET at different stages of revegetation remains
incompletely understood.

In this paper, we attempted to shed light on the differences in the effects of vegetation
cover change on ET in continuous periods of a vegetation changing process, and to detect the
contribution of vegetation cover and climates to ET based on field observation and remote sensing
data. Here, the Poyang Lake Basin was selected as the study area, which is a typical subtropical humid
basin in the middle reaches of the Yangtze River [21]. Over the last decades, the basin has experienced
a fast vegetation restoration process dominated by afforestation, where forest coverage increased
from 33.1% to 63.1% [22–24]. Given the important role of water resources and ecological services in
southeastern China, the hydrological responses, especially the ET response, to this fast vegetation
restoration over the basin have aroused extensive attention. This study is helpful to understand
feedbacks of anthropogenic revegetation to hydrological processes, and supports effective water
resource management in subtropical humid basins.

2. Materials and Methods

2.1. Study Area

Poyang Lake is the biggest freshwater lake in China, and is located on the south bank of the
middle reaches of the Yangtze River (24.5◦ N–30.1◦ N, 113.6◦ E–118.5◦ E) (Figure 1) [21]. Its watershed
size is about 1.6225 × 105 km2, accounting for 9% of the total Yangtze River Basin. The river systems
of the Poyang Lake Basin are quite developed, containing Ganjiang River, Fuhe River, Xinjiang River,
Raohe River, Xiushui River, and their multiscale branch rivers. The Poyang Lake Basin is an important
component of the river systems of the Yangtze River.

Figure 1. The geophysical location of Poyang Lake Basin, China.

The Poyang Lake Basin is a typical humid basin with a subtropical monsoon climate, of which
annual temperature and precipitation range from 16.3 to 17.5 ◦C and from 1341 to 1943 mm, respectively.
The vegetation cover in the basin experienced an outstanding dynamic process during the last
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decades [22–24]. The basin suffered from three severe deforestations from the 1950s to the 1970s,
and the forest coverage dropped to 33.1% in 1978. Due to the reforestation in the 1990s, the forest cover
gradually increased and in 2011 rose to 63.1% across the basin, implying that vegetation cover has
exhibited a continuously fast increase over the past three decades, mainly resulting from anthropogenic
vegetation restoration. In order to eliminate effects of the water exchange between the Poyang Lake
and the Yangtze River and between runoff to evaporation, the open water body of the Poyang Lake
was excluded from our present analysis.

2.2. Data Preprocessing

To calculate vegetation cover, we used the Global Inventor Modeling and Mapping Studies
(GIMMS) Normalized Difference Vegetation Index (NDVI) version 3g.v1 dataset with a resolution
of 0.083◦ covering the period of 1983–2014 at half-month intervals [25,26]. This NDVI dataset has
been corrected for orbital drift effects, calibration, viewing geometry, stratospheric volcanic aerosols,
and other errors unrelated to vegetation change [26,27]. The method to calculate vegetation cover is
described in the following section. To eliminate white noise points from various sources, the maximum
value compositing method (vegetation cover) was used to accumulate NDVI 3g dataset [28].

Two widely used satellite-based evapotranspiration datasets adopted in this study were
the Advanced Very High Resolution Radiometer (AVHRR) monthly ET product [29,30] with
a spatial resolution of 8 km covering the period 1983–2006, and the Moderate Resolution Imaging
Spectroradiometer (MODIS) ET monthly product [31] with a resolution of 1 km covering the period
2001–2014. Both datasets were aggregated to 0.083◦ according to the spatial resolution of the NDVI
data. Then, these two datasets were combined based on the overlapping period to obtain a long-time
series of ET from 1983 to 2014.

Climatic variables potentially impacting evapotranspiration change considered in our present
work were surface air temperature (temp), precipitation (prec), solar radiation (srad) and wind speed
(wind) [32]. The meteorological datasets were available from China Meteorological Forcing Dataset,
with a resolution of 0.1◦ covering the period of 1983–2014 at month intervals [31]. These meteorological
data were also resampled to 0.083◦ based on the digital elevation model (DEM) of the Poyang Lake
Basin, to match the resolution of the NDVI data.

In addition, field survey data of vegetation cover was available from the Statistics Yearbook.
Monthly hydrological observation data (e.g., runoff, precipitation, etc.) were collected to validate our
satellite-based vegetation cover and evapotranspiration data [33].

To reduce interannual impacts of climatic variables, we used the GIMMS NDVI data to obtain
a long-time series of vegetation coverage based on a new optimized dimidiate pixel model that adopts
dynamic background values and MODIS Vegetation Cover product [34].

The NDVI value of a pixel represents the combined vegetation and soil signal. According to the
dimidiate pixel model, vegetation coverage (VC) is calculated as follows:

VC =
NDVI − NDVIsoil

NDVIveg − NDVIsoil
(1)

where NDVIsoil denotes the NDVI value of a bare-soil pixel (i.e., soil background value), NDVIveg

denotes the NDVI value of a pure-vegetation pixel (i.e., vegetation background value). To improve the
precision of estimated VC, the NDVI background value can be optimized with observation data of VC

as follows:

NDVIsoil =
VCmaxNDVImin − VCminNDVImax

VCmax − VCmin
(2)

NDVIveg =
(1 − VCmin)NDVImax − (1 − VCmax)NDVImin

VCmax − VCmin
(3)

where VCmax and VCmin represent the maximum and minimum value of vegetation coverage in satellite
image, respectively, NDVImax and NDVImin represent the corresponding maximum and minimum
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value of NDVI, respectively. Here the MODIS Vegetation Cover data were used to auxiliary determine
NDVIsoil and NDVIveg.

2.3. Change Detection Approach

In this study, simple linear regression—the first-difference de-trending method—and multivariate
linear regression were used at both grid and basin scales over the Poyang Lake Basin. The trends of
vegetation cover, ET and climatic factors (temp, prec, srad and wind) were determined by the slope
of the simple linear regression model. The first-difference de-trending method (i.e., the difference of
values in one year to its previous year) was used to remove non-climatic influences (mainly vegetation
cover change) on ET [32,35–38], thereby segregating the impacts of vegetation cover and climatic
factors on ET.

In order to quantify the contribution of climatic factors, multivariate linear regression [2] was
conducted with the first differences of climatic factors as the predictor variables, and the first difference
in ET as the response variable,

∆ET = atemp∆Temp + aprec∆Prec + asrad∆Srad + awind∆Wind + int (4)

where ∆ET is the de-trended ET; atemp, aprec, asrad, and awind are the regression coefficient of the predictors;
∆Temp, ∆Prec, ∆Srad, and ∆Wind are the de-trended climatic factors.

Assuming that the responses of dependent variables to climate trends and year-to-year climate
variations are similar [35,36], climatic contribution to ET trends can be quantified by the above
regression coefficients and the trends of climatic factors [35],

QC = atempQTemp + aprecQPrec + asradQSrad + awindQWind (5)

where QTemp, QPrec, QSrad, and QWind are the trends of climatic factors; Qc is the climatic contribution to
the trend of ET.

The surplus of the whole ET trend and the trend caused by climatic factors is identified as the trend
caused by nonclimatic factor (e.g., anthropogenic vegetation cover change), and thus the nonclimatic
contribution can be quantified [39],

Qnc = Q − QC (6)

where Qnc is the non-climatic contribution to the trend of ET, Q is the trend of ET.
In addition, the relative climatic and nonclimatic contributions are calculated as follows,

RCC =
|Qc|

|Qc|+ |Qnc|
(7)

RCnc =
|Qnc|

|QC|+ |Qnc|
(8)

where RCc and RCnc are the relative contributions of climatic and nonclimatic change, respectively.
To investigate the differences in the effects of vegetation cover change on ET in the continuous

periods of the fast vegetation changing process, all the above analysis methods were applied over
a 15-year moving window from 1983 to 2014. Within each 15-year window, both the relative nonclimatic
contribution to ET variabilities and the corresponding mean and trend of vegetation cover were
calculated to explore their relationships at different scales. All the spatial data preparation and
statistical analysis of data were conducted with ArcGIS 10.3 (Esri, Redlands, CA, USA) and MATLAB
R2017a (MathWorks, Natick, MA, USA).
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3. Results

3.1. Temporal-Spatial Patterns of Vegetation Cover and ET over the Poyang Lake Basin

Figure 2 exhibits the vegetation coverage between satellite-based and field survey data over the
Poyang Lake Basin during 1983–2014. Overall, the correlation coefficient (r) between the satellite-based
and survey-based vegetation cover is 0.94, which indicates that the satellite-based vegetation cover
could appropriately capture the vegetation changing process in the study area. Figure 2 also displays
the interannual variation of ET and vegetation cover over the entire Poyang Lake Basin from 1983 to
2014. The vegetation grew nearly twice in area during the period. Vegetation cover was low in the
1980s (about 30%). After a quick revegetation from 1990 to 2000, it increased to 60% and has maintained
a slow increase since 2000. The annual ET first decreased and then increased over the entire basin
during the whole study period. Specifically, it decreased from 740 mm/year to 655 mm/year since
1983 and then increased since 2002. As of 2014, the annual ET rose to 708 mm/year.

Figure 3 compares the satellite-based ET with that calculated from a water balance equation using
observed hydrological data over five sub-basins and the entire basin. The calculated/observed ET is
the difference between precipitation (P) and runoff (R) in a long period. It indicates that the multi-year
average of satellite-based ET was consistent with that of the calculated ET (=P − R) with a quite low
error (6 mm/year) over the entire basin. At the sub-basin scale, the Fuhe Basin exhibited the largest
error in which the observation-based ET was larger than the satellite-based one. This is due to the fact
that about four billion cubic meters of water was transferred from the Fuhe Basin to the Ganjiang Basin
to meet irrigation needs, leading to an overestimate in the Fuhe Basin and an underestimate in the
Ganjiang Basin, compared to satellite-based ET.

Figure 4 shows the spatial distribution of the multiyear mean values of annual ET and vegetation
cover during 1983–2014 over the basin. The multiyear average of annual ET was 718 mm and the
annual vegetation cover was 41.9% in the Poyang Lake Basin. In general, vegetation cover in the upper
reaches of each sub-basin was relatively high (over 50%). Vegetation cover gradually reduced from the
inlands towards the river channels. Notably, the lake region exhibited the lowest vegetation cover in
the whole study area. Annual ET exhibited a negative relationship with vegetation cover in space over
the Poyang Lake Basin. That is, the ET was relatively lower in forestlands with a high vegetation cover
than that in croplands and wetlands with a low vegetation cover. The ET was the highest near Poyang
Lake over the study area, followed by the plain fields in the lower reaches. The ET was low in upland
forest areas. Notably, ET was quite high (over 800 mm/year) in the southern Ganjiang Basin where the
Masson pine forest dominated.
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Figure 2. Interannual variation of satellite-retrieved annual evapotranspiration (ET) and vegetation
cover (VC) with survey-based vegetation cover for the entire Poyang Lake Basin for the
period 1983–2014.
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Figure 3. Comparison of satellite-retrieved multi-year mean annual ET with that calculated from
a water balance equation using observed pricitpation (P) and runoff (R) over five sub-basins and the
entire basin.

Figure 4. The spatial distribution of the mean annual ET (a) and vegetation coverage (VC) (b) during
1983–2014 in the Poyang Lake Basin.

3.2. Relative Climatic and Nonclimatic Contributions to Variabilities of ET

According to the interannual variability of vegetation cover, we divided the study period into
three stages over the whole of the study area. The first stage is from 1983 to 1990, which is the early
stage of vegetation restoration. The second stage is from 1990 to 2000, which is the stage of fast
revegetation. The third stage is from 2000 to 2014, which is the stage of slow revegetation.

Figure 5 illustrates the relative climatic and nonclimatic contributions to ET variabilities in each
grid across the whole basin. The relative non-climatic contribution (anthropogenic vegetation cover
change) were negative in 1983–1990, 1990–2000, and positive in 2000–2014. Specifically, the nonclimatic
contribution was −85.1% in 1983–1990, −88.6% in 1990–2000, and 56.6% in 2000–2014. By contrast,
the relative climatic contribution was 14.9%, −11.4% and 43.4%, respectively. It indicates that the
nonclimatic factors contributed more than the climatic factors did.

During the early stage of vegetation restoration (1983–1990), the relative nonclimatic contribution
to ET change was mainly negative in the Raohe Basin, Xinjiang Basin, and Fuhe Basin, which accounts
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for 70% of the study area. In the second stage (1990–2000), the relative contribution was 60% for over
90% of the study area. During the third stage (2000–2014), the nonclimatic contribution became positive
for nearly half the area, mostly in the Xinjiang Basin, Fuhe Basin, and Xiushui Basin. The contribution
remained as a weak negative effect in the Raohe Basin and south of Ganjiang Basin.

Figure 5. Relative climatic and nonclimatic contributions (RCc and RCnc) to grid-wise ET change for
three stages of vegetation restoration: 1983–1990 (a,b), 1990–2000 (c,d), and 2000–2014 (e,f).

Figure 6 shows climatic and nonclimatic contributions to annual ET trends in absolute value in
the Poyang Lake Basin and its sub-basins. At the early stage of vegetation restoration (1983–1990),
the nonclimatic factors contributed to annual ET trends (Qnc) by −5.1 mm/year, and the climatic
factors contributed by 3.0 mm/year. Moreover, the Qnc values were negative while the Qc values
were positive in all sub-basins. At the second stage of fast restoration (1990–2000), Qc decreased to
0.4 mm/year but Qnc increased to −6.6 mm/year over the entire Poyang Lake Basin. All the Qnc

values were negative in five sub-basins with the values higher than 5 mm/year. Qc was lower than
Qnc. It was positive in the Raohe, Fuhe and Ganjiang Basins, but negative in the Xiushui and Xinjiang
Basins. In the late stage (2000–2014), Qnc became the lowest and was positive except for the Raohe
Basin. Qc remained positive in the sub-basins except the Xinjiang and Xiushui Basins.
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Figure 6. Climatic and nonclimatic contributions to annual ET trends (Qc and Qnc) over the entire
Poyang Lake Basin and its five sub-basins.

3.3. Relationships between Non-Climatic Contribution and Vegetation Cover

The above analysis demonstrates that the nonclimatic contribution to ET varied dramatically
in the study period, implying that the nonclimatic factors may have played important roles in
regulating basin-scale ET. Given that the dominant nonclimatic variable was anthropogenic vegetation
cover change in the present study, here we examined the relationships between the nonclimatic
contribution and the corresponding vegetation cover, based on the moving window method, for
further interpretation of potential effects of vegetation cover change on ET.

Figure 7 illustrates that the relative nonclimatic contribution to ET shifted from a negative phase
(−85%) to a positive phase (74%) over time for the entire basin. Specifically, at the early stage of
vegetation restoration, the contribution was negative. In the moving window of 1983–1998, the relative
nonclimatic contribution was about −85%, while vegetation cover was the lowest (about 41%) in the
period. In the subsequent moving windows, the relative nonclimatic contribution approached to the
negative maximum in 1986–2001, during the region which experienced fast vegetation restoration.
The change rate of vegetation cover was as fast as 0.23%/year in this period. With the development of
revegetation, vegetation cover kept the increasing trend but slowed down gradually, and the change
rate of vegetation cover reduced gradually in the consecutive windows. Meanwhile, the absolute
nonclimatic contribution to ET dropped. Remarkably, the relative nonclimatic contribution reversed
from negative to positive in the period of 1996–2011, during which vegetation coverage recovered to
55%. The positive contribution continued in the following periods, during which vegetation coverage
slightly increased.

During the study period, vegetation cover increased from 41% to 57%, corresponding to its change
rate from 2.1%/year to 0.5%/year. The vegetation cover change was closely related to the nonclimatic
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contribution with a correlation coefficient of 0.90 (p < 0.05) for their mean values and −0.93 (p < 0.05)
for trend. This close correlation was also observed in each sub-basin (Figure 7). The correlation
coefficient was 0.82 (−0.81) for mean (trend) across the sub-basins, which was close to the correlation
coefficient calculated from all valid pixels. The correlation coefficient was the highest for mean in
Xinjiang Basin (r = 0.85) and the lowest in Xiushui Basin (r = 0.79). The vegetation cover is the highest
in Xiushui Basin and the lowest in Xinjiang Basin. The lower vegetation cover was, the more significant
the vegetation cover influence to ET was, and vice versa. For trend, the correlation coefficient was the
strongest in Xiushui Basin (r = −0.93) and the weakest in Xinjiang Basin (r = −0.67). For the sub-basin
with the most increase in vegetation coverage, the trend showed a closer relationship with the effect of
vegetation coverage to ET, and vice versa.

 

Figure 7. Relationships between vegetation cover change (VC) and nonclimatic contribution to annual
ET (RCnc) for mean (AVGvc) and trend (TRvc) values within moving windows over the Poyang Lake
Basin and its five sub-basins.

4. Discussion

4.1. Evapotranspiration in Response to Revegetation

Hydrological responses to vegetation degeneration or restoration have been widely examined.
For effective basin-scale water management, not only the overall responses but also respective
responses during different stages of vegetation restoration need to be investigated. This study clearly
demonstrates that vegetation cover and its change rate are the main nonclimatic factors collectively
affecting ET at different scales. At the early stage of vegetation restoration, when vegetation cover
was relatively low, ET was from both vegetation transpiration and soil evaporation. Under this
circumstance, change of vegetation cover strongly affected the composition and magnitude of
transpiration, evaporation, and consequently the total ecosystem ET [40]. At the stage of fast
revegetation, energy and water allocations were obviously altered in landscapes composed of vegetated
and bare surfaces. Previous studies have suggested that ET was constrained by energy in the Poyang
Lake Basin [24]. Two potential causes account for the ET decline with increasing vegetation cover.
Firstly, solar radiation may decrease on the soil surface due to the expansion of vegetation leaf area,
leading to a decrease in soil evaporation [6]. Secondly, increased interception with afforestation likely

62



Forests 2018, 9, 217

results in an increase in baseflow and runoff rather than ET, because the transpiration of new plants
is lower than that of mature plants despite having the same leaf area index (LAI) [41]. A contrasting
result was observed in North China where ET was constrained by water supply [40]. At the late
stage of vegetation restoration, when vegetation cover was high, both vegetation and climatic factors
produced relatively low effects on ET, suggesting that the forest ecosystem established a relatively
stable state for ET. With a closed vegetation canopy, a slow increase of vegetation cover may have
enhanced canopy transpiration but reduced contribution to surface evaporation. This is consistent
with the study [41] that transpiration accounted for a high ratio of ET that marginally increased with
LAI. Given the factors mentioned above, vegetation cover change on the basin-scale ET was attributed
not only to coverage but also to altered local composition of vegetation and soil. Hence, the vegetation
cover change exhibited a contrary effect to ET, which turned from negative to positive during the
period 1996–2011 when the vegetation coverage increased to about 55%.

It should be noted that annual ET was generally lower after vegetation restoration than before,
when vegetation coverage was quite low over the Poyang Lake Basin. It implies that anthropogenic
revegetation may have produced a systematic shift between water cycle components [7,9,15,40]. The ET
decrease accompanied with an increase of runoff, confirmed from observation data that annual runoff
coefficient between runoff and precipitation increased from 0.38 in 2004 to 0.52 in 2014. The main
reason may be that more precipitation was converted to runoff due to higher soil moisture, stemming
from relatively constant transportation and relatively low soil evaporation for high vegetation cover.
A high vegetation cover could also enhance the runoff yield due to precipitation interception of a large
leaf area of canopy. A recent study has reported that increased vegetation greenness resulted in
reduced water yield, which may elevate or aggravate water conflicts in droughts [19]. Our results
demonstrate that vegetation restoration overall favors annual runoff yield, and its water retention
plays a positive role in supplying water resources for the Poyang Lake Basin and downstream areas of
the Yangtze River as well.

4.2. Uncertainties and Further Studies

There are limitations in the present report. First of all, in spite of evaluation with observation
data, the remotely sensed ET contains uncertainties from satellite data quality, the retrieval algorithm,
and parameter optimization [42]. The static land cover data were adopted in AVHRR and MODIS
ET products used in this study [31,43]. In the algorithm logic of the products, land cover data were
used to aid in identifying biome-specific physiological parameters, especially the optimized canopy
conductance (g0). Hence, the static land cover classifications may lead to some uncertainties in
calculating pixel-based ET.

Based on the MODIS illustrates that land cover data in 2001, four plant types mainly occurred in
the Poyang Lake basin, including evergreen broadleaf forest (EBF), mixed forest (MF), woody savanna
(WSV), and cropland (CRP) which accounted for 1.64%, 40.61%, 34.43%, and 21.31% of the total study
area, respectively. In light of the study of Zhang et al. [30], the g0 varied with not only the plant type but
also with the plant physiology, which could be represented by NDVI. In view of this point, the ranges
of the variability in NDVI and corresponding g0 were investigated for each plant type in our study,
as shown in Figures S1 and S2. The results showed that the average g0 was 0.0091 ± 0.0025 m S−1,
0.0069 ± 0.0034 m S−1, 0.0033 ± 0.0031 m S−1, and 0.0033 ± 0.0021 m S−1 for EBF, MF, WSV and CRP,
respectively. The variance analysis (ANOVA) showed that there was no significant (p < 0.05) difference
in the g0 amplitudes between EBF and MF, WSV and CRP, as well as MF and WSV, and MF and CRP,
respectively. It indicates that the conversions between these pairs of plant types would not significantly
alert the g0 and consequently the calculation of ET. However, the g0 for EBF exhibited a significant
difference from that of WSV and CRP. To reduce this uncertainty, the distribution and conversion of
the land cover types were further investigated based on the MODIS land cover data and another land
cover data provided by Liu et al. [44]. The MODIS land cover data suggested that EBF was mainly
located in the mountain area in the southern portion of the Poyang Lake basin (below 25◦ N). In spite
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of the difference in the classification systems between MODIS and Liu’s land cover products, the latter
showed that the forest land with high canopy density (>30%) in the southern mountain area rarely was
converted to other land cover types (especially cropland) between 1980 and 2015. The conversion area
only accounted for 0.37% of the total basin. It implies that the EBF conversion marginally impacted the
variation in ET over the sub-basin or the entire basin. Hence, although the static land cover data were
used, both the AVHRR and MODIS ET data had reason to be used in our present work. So far, there is
a lack of continuous long-term historical land cover data which could be reliably used to derive ET.
This limitation should be taken seriously in future studies.

In addition to vegetation cover change, local water resources management such as anthropogenic
water storage, and diversion could also play an important role in regulating basin-scale ET [45]. It may
also lead to uncertainties in interpreting our present results. Moreover, to facilitate the distinction of
climatic and nonclimatic contributions to basin-scale ET, only four climatic variables were selected
in first-difference model. Although the variables are commonly recognized as dominant regulators
of ecosystem-scale ET, neglecting other variables may lead to a poor performance of the model,
and consequently an underestimate/overestimate of climatic and nonclimatic contributions. Besides
climatic variables, it has been reported that enhanced CO2 concentration and atmospheric nitrogen
deposition could also affect ET through altering plant activities and water-use efficiency [29,46].
Although there is still a debate on trade-off fertilization effects of enhanced CO2 and nitrogen deposition
on water cycles [47], it would be helpful to more accurately capture interannual variation of climatic
and nonclimatic contributions to ET.

5. Conclusions

ET is a key component of both terrestrial water cycle and surface energy balance. It is impacted
by both climatic and nonclimatic factors such as anthropogenic vegetation cover change. This study
presented how the vegetation cover change could affect annual ET during different stages of
revegetation across the Poyang Lake Basin, a typical sub-tropical humid basin that experienced a fast
anthropogenic revegetation during the last decades. Our findings demonstrate that the nonclimatic
contribution, in terms of magnitudes and directions, differed at the early, the middle, and the late
stages of the restoration. At the early stage of low vegetation, vegetation cover change produced
negative effects on ET overall. With the development of vegetation restoration, the fast increase of
vegetation cover shifted the effects from negative to positive. At the late stage, when vegetation
cover was high, it remained in the positive relationship with ET. This contrary response of ET to
vegetation dynamic in the humid basin was quite different from that in the semi-arid/arid basin.
Overall, we argue that both amount and change rate of vegetation coverage should be taken into
account for a comprehensive understanding and evaluation of hydrological responses to anthropogenic
vegetation change. This study provides a new insight into hydrological response to vegetation cover
change during a long-term vegetation restoration process.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/4/217/s1,
Figure S1: Average potential surface conductance values (g0) derived from tower measurements versus
corresponding NDVI values from the AVHRR GIMMS dataset for evergreen broadleaf forest (EBF), mixed forest
(MF), Woody savanna (WSV), and cropland (CRP) vegetation types, Figure S2: Range of potential surface
conductance values (g0) for evergreen broadleaf forest (EBF), mixed forest (MF), Woody savanna (WSV),
and cropland (CRP) vegetation types in Poyang Lake Basin.
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Abstract: An objective and effective method to distinguish the influence of climate change and
human activities on vegetation dynamics has great significance in the design and implementation
of ecosystem restoration projects. Based on the Moderate Resolution Imaging Spectroradiometer
(MODIS) remote data and the Miami and Carnegie–Ames–Stanford Approach (CASA) model,
this study simulated and used net primary productivity (NPP) as an indicator to identify vegetation
dynamics and their driving forces in the Jinghe River basin from 2000 to 2014. The results showed
that: (1) The vegetation in the Jinghe River basin, which accounted for 84.4% of the study area,
showed an increasing trend in NPP; (2) Human activities contributed most to vegetation restoration,
which accounted for 54.5% of the areas; 24.0% of the areas showed an increasing trend in the NPP
that was dominated by climate factors. Degradation dominated by human activities accounted for
4.3% of the study area, and degradation dominated by climate factors resulted in 17.2%; (3) The rate
of vegetation degradation in areas dominated by climate factors rose with increased slope, where the
arid climate caused shortages of water resources, and the human-dominated vegetation restoration
activities exacerbated the vegetation’s water demand further, which surpassed the carrying capacity
of regional water resources and led ultimately to vegetation degradation. We recommend that future
ecological restoration programs pay more attention to maintaining the balance between ecosystem
restoration and water resource demand to maximize the benefits of human activities and ensure the
vegetation restoration is ecologically sustainable.

Keywords: net primary productivity; Loess Plateau; climate fluctuation; human activity; vegetation
restoration; simulation modeling; CASA; MODIS; remote sensing

1. Introduction

Climate and human activities are the primary driving forces of changes in terrestrial ecosystems [1–3].
Commonly, regional vegetation dynamics are related closely to changes in local climate conditions and
human activities [4–6]. However, it is difficult to distinguish the influence of these two driving factors
when both function in the process of vegetation growth [7]. Particularly in arid and semi-arid regions
such as the Loess Plateau, the water-limited environment makes the vegetation there highly sensitive
to changes in temperature and precipitation [8,9], and high-intensity human activities easily may
lead to degradation of the local vegetation [10–13]. To improve the ecological environment, the local
government has implemented a series of ecological restoration programs, such as the Grain for Green
Program (GGP), which complicates the effects of human activities on vegetation [14]. Our previous
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studies showed that the changes between different land use types contribute significantly to the changes
in vegetation coverage, especially for the transformation between farmland and forests/grasslands,
which were related closely to topographical factors; for example, the implementation of GGP requires
that farmland with slopes between 15 to 25◦ are returned to grassland or forest, while farmland
with slopes >25◦ should be returned to forest [15,16]. These ecological restoration programs have
increased the coverage and net primary productivity (NPP) of vegetation in the Loess Plateau and
improved the local ecological environment gradually [17,18]. However, recent studies have shown that
restoration is reaching the plateau’s sustainable water resource limits [19]. The water resources of the
natural environment are unable to meet the growing demand of a large amount of vegetation planted
recently [20]. Inappropriate selection of ecological restoration species increases the consumption of soil
moisture and causes a low survival rate of revegetated trees and shrubs [21,22]. Therefore, studies that
identify and quantify the effects of climate conditions and human activities on vegetation dynamics
have great significance in the design and implementation of ecosystem restoration projects. The results
of studies such as this will help in the selection of suitable sites and methods for ecological restoration
that are adapted to local climate conditions or mitigate the negative effects of human activities,
and achieve sustainable development of regional ecological restoration [23,24].

Previous studies designed to differentiate the effects of climate and human activities on vegetation
dynamics have focused primarily on statistical analyses, such as principal component, correlation,
and significance analyses. Limited by the study methods, these studies failed to tell us the spatial
distribution pattern and the change trend of vegetation, which is driven by climate change or
human activities [25–28]. With the development of remote sensing technology, recent studies have
begun to use the Normalized Difference Vegetation Index (NDVI) remote data and residual analysis
methods to distinguish the influence of climate conditions and human activities on vegetation
dynamics [15,29]. The concept on which this method is based is that the NDVI and precipitation
are correlated significantly, and based on the NDVI and precipitation data, a regression relation is
established to simulate the NDVI expected. The difference between the expected and actual NDVI
indicates the effect of human factors on vegetation dynamics [30,31]. However, research that relies
solely on the relation between NDVI and precipitation fails to reflect temperature’s influence on
vegetation dynamics. Meanwhile, there are uncertainties about the results of the NDVI expected,
which is calculated according to the precipitation–NDVI relation, and thus, the influence of climate
and human activities on vegetation dynamics cannot be differentiated fully [28,32]. Therefore, it is
necessary to use an objective and effective method to distinguish the influence of the two factors on
vegetation [33].

NPP is the net energy that vegetation converts through photosynthesis to biomass [34]. As an
important part of ecosystem function and carbon circulation, NPP often is used as an indicator of
vegetation’s sensitivity to climate change and human activities [33,35]. Previous studies have adopted
NPP to discriminate the response of vegetation to climate change [36,37], and today, researchers have
begun to use NPP to identify the effects of human activities on vegetation dynamics [4,38]. Based on
models of different ecological processes and remote sensing data, the NPP expected (NPPe) can be
calculated to simulate the climate-induced production, and the actual NPP (NPPa) to simulate the
combined induced production [39,40]. The difference between the NPPe and NPPa indicates the
effects of human factors on vegetation dynamics. Because different ecological models are used to
simulate both the NPPe and NPPa, the results can avoid the errors and uncertainties associated with
the precipitation–NDVI linear regression method effectively [41–43]. Therefore, this study adopted
NPP as an indicator to assess the driving forces in vegetation dynamics.

The Jinghe River is a secondary tributary of the Yellow River that plays an important role in the
ecological security of the Loess Plateau, and both the natural environment and human activities
have experienced significant changes there in recent years [44,45]. However, few studies have
focused on spatial quantificational analysis of the driving forces in vegetation dynamics in this
region [46]. This study uses NPP as an indicator to identify the vegetation change trend and its driving
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forces in Jinghe River basin from 2000 to 2014. The ultimate objectives of this study were to: (1)
explore the vegetation change trend in Jinghe River basin; (2) distinguish the role of climate change
and human activities in vegetation dynamics; and (3) quantify the effects of these two factors and
introduce topographical factors to determine their spatial distribution. This study can be considered a
reproducible method for the analysis of driving factors in vegetation dynamics at the basin scale and
provides a scientific basis for the development of local ecological restoration.

2. Data and Methods

2.1. Study Area

The Jinghe River basin is located in the southwest of the Loess Plateau and covers an area
of 70,040 km2 (Figure 1). The basin is in the transitional zone between the temperate semi-humid
and temperate semi-arid and has a typical temperate continental climate. The temperature and
precipitation in the Jinghe River basin decrease gradually from southeast to northwest. The annual
average temperature and average annual precipitation in the region are approximately 10 ◦C and
290–560 mm, respectively. The primary vegetation types in this area are forest, shrub, and grassland
(Table 1) [47]. In the past decade, high-intensity human activities in the basin have led to an increasing
trend in soil erosion and decreasing trend in vegetation coverage [45]. Thus, to improve the ecological
environment, the local government has implemented a series of ecological programs, such as the Grain
for Green Program (GGP). However, the continuous population growth and rapidly expanding towns
continue to exert considerable pressure on the natural environment [46]. Therefore, this study focused
on the Jinghe River basin as the study area to analyze changes in vegetation dynamics and distinguish
the effects of climate change and human activities. The results of this research are of great scientific
significance in understanding the rules of regional vegetation changes, as well as summarizing and
improving ecological restoration measures.

Figure 1. Location of the Jinghe River basin. DEM, Digital Elevation Model.
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Table 1. The land use types in percentage terms in the Jinghe River basin (Unit: %).

Land Use Types Forest Shrub Grassland Farmland Others

Area in percentage 28.7 10.2 32.1 27.3 1.7

2.2. Remote Sensing Data Sets

Land use map and vegetation classification map for the Jinghe River basin were obtained from the
Center for Earth Observation and Digital Earth, China (http://www.ceode.cas.cn/sjyhfw/) (Table 1).
Based on the Landsat remote data and the vegetation classification map, a series of 30 m resolution
land use maps were created with an accuracy rate higher than 94%.

Temperature and precipitation were adopted in this study as the meteorological factors that
affect vegetation dynamics, and the data were obtained from the China Meteorological Data Sharing
Network (http://data.cma.cn/). The monthly temperature and precipitation data of 676 stations in
China were used to calculate the spatial distribution of the meteorological factors by using ArcGIS
v10.2 software (Environmental Systems Research Institute, Inc., Redlands, CA, USA) with Kriging
interpolation method. The spatial resolution of the results was set to 250 m. Based on the range of the
Jinghe River basin, the meteorological data for the Jinghe River basin from 2000 to 2014 were obtained
using the Extract by mask function of ArcGIS. Then, the spatial meteorological data were used in the
Miami model to simulate the NPPe.

The NDVI data (2000–2014) that were used to simulate the NPPa using the
Carnegie–Ames–Stanford Approach (CASA) model were obtained from the MODIS NDVI
product (MOD13Q1). This dataset can be downloaded from https://ladsweb.modaps.eosdis.nasa.gov
and has a spatial resolution of 250 m and a temporal resolution of 16-day intervals. To reduce the noise
attributable to bare soil and clouds, we converted all NDVI remote data to monthly data using the
maximum value method, and eliminated those grid cells with a NDVI value less than 0.05 [48,49].

2.3. Net Primary Production Estimates

2.3.1. Estimation of the Expected NPP

The Miami model was used to estimate the NPPe, which is affected only by meteorological
factors [40]. This model is the first NPP estimation model used widely worldwide. The Miami model,
which is based on Liebig’s “Law of minimum” and the relation between vegetation NPP and annual
average temperature and annual precipitation, was used to determine the values of NPP [50,51].
Because of its simple parameters and reasonable estimates of NPP, the Miami model has been used
widely in NPP estimation studies in different regions of the world [52]. The formula of the model is as
follows:

NPPe = min
{(

3000
1 + exp(1.315 − 0.119 t)

)

, (3000[1 − exp(−0.000664 r)])

}

(1)

where the unit of NPPe is g C·m−2·year−1, t is the annual average temperature (◦C), and r is the
annual precipitation (mm). Based on the raster calculator function of the ArcGIS v10.2 software
(Environmental Systems Research Institute, Inc., Redlands, CA, USA), the monthly spatial temperature
and precipitation data obtained in Section 2.2 were converted into annual data, with a spatial resolution
of 250 m. Then, the annual NPPe was estimated based on the annual spatial meteorological data, and
the spatial resolution of the results were set to 250 m.

2.3.2. Estimation of the Actual NPP

The NPPa, which is affected both by climate and human activities factors, was estimated with the
CASA model [4,53]. Based on the principle of light energy use, Monteith first proposed the concept
of estimating NPP based on photosynthetically active radiation (APAR) and light energy use (ε) in
1972 [54]. Moreover, in 1993, Potter proposed the CASA model and realized the estimation of regional
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and global NPP using the principle of light energy use based on remote sensing data [55,56]. As it is
possible to reflect the influence of climate and human factors on NPP, this is used widely in remote
sensing retrieval research on NPP [17,32]. The main formula of the model is as follows:

NPPa (x, t) = APAR (x, t) × ε (x, t) (2)

where APAR (x, t) is the photosynthetically active radiation (g C·m−2·month−1) absorbed by vegetation
in pixel x at time t, and ε (x, t) is the actual light energy use (gC·MJ−1) of vegetation in pixel x at time t.

APAR (x, t) can be calculated as follows:

APAR (x, t) = SOL (x, t) × 0.5 × FPAR (x, t) (3)

where SOL (x, t) indicates the total solar radiation (MJ·m−2) in pixel x at time t, FPAR (x, t) indicates the
proportion of photosynthetically active radiation vegetation absorbs, and a constant of 0.5 indicates
the proportion of total solar radiation (0.4–0.7 µm) available for vegatation.

The SOL were obtained from the China Meteorological Data Sharing Network (http://data.cma.cn/).
The monthly SOL data of meteorological stations were used to calculate the spatial distribution of the
SOL by using ArcGIS v10.2 software (Environmental Systems Research Institute, Inc., Redlands, CA,
USA) with Kriging interpolation method. The spatial resolution of the results was set to 250 m.

FPAR can be expressed as follows:

FPAR =
(NDVI(x, t)− NDVIi,min)(FPARmax − FPARmin)

NDVIi,max − NDVIi,min
+ FPARmin (4)

where NDVI (x, t) indicates the NDVI value in pixel x at time t, NDVIi,max and NDVIi,min are the
maximum and minimum NDVI value of the vegetation type i. FPARmax and FPARmin are constants of
0.95 and 0.001, respectively.

ε (x, t) can be calculated as follows:

ε (x, t) = Tε1 (x, t) × Tε2 (x, t) × Wε (x, t) × εmax (5)

where Tε1 (x, t) and Tε2 (x, t) are the temperature stress coefficients at low and high temperatures,
Wε (x, t) is the water stress coefficient, and εmax is the maximum light energy conversion rate under
ideal conditions, which is 0.389 g C·MJ−1.

Tε1 (x, t) and Tε2 (x, t) can be presented as follows:

Tε1(x, t) = 0.8 + 0.02 · Topt(x)− 0.0005 ·
[

Topt(x)
]2 (6)

Tε2(x, t) = 1.184/
{

1 + exp
[

0.2 ·
(

Topt(x)− 10 − T(x, t)
)]}

·1/
{

1 + exp
[

0.3 ·
(

−Topt(x)− 10 + T(x, t)
)]} (7)

where Topt (x) is the optimum temperature for vegetation growth, which is the average monthly
temperature (◦C) when the NDVI value in pixel x reaches the maximum within one year. T is the
annual average temperature (◦C).

Wε (x, t) can be calculated as follows:

Wε(x, t) = 0.5 + 0.5 · EET(x, t)/EPT(x, t) (8)

where EET is the actual evapotranspiration (mm), EPT is the potential evapotranspiration (mm),
which are both obtained from the meteorological data in Section 2.2.

The time and spatial resolution of all the parameters of the CASA model for estimating NPP are
set to monthly and 250 m, respectively. The monthly NPP was calculated and then summed to the
annual NPP used in this study.
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2.3.3. Estimation of the NPPh and Condition Analysis

The difference between the NPPa and the NPPe is the human-induced NPP (NPPh), which is
affected only by human activities. The formula can be expressed as follows:

NPPh = NPPa − NPPe (9)

To measure the change trend in the NPP, the ordinary least-squares regression formula was used,
which is as follows:

Slope =
∑

n
i=1 xiyi − 1

n (∑
n
i=1 xi)(∑

n
i=1 yi)

∑
n
i=1 x2

i − 1
n (∑

n
i=1 xi)

2 (10)

where xi is 1 to n for years 2000 to 2014, and yi is the NPP in year xi. Areas with a positive slope indicate
that both the NPP and vegetation dynamics in these areas showed an increasing trend, while conversely,
areas with a negative value indicate a decreasing trend [48,57].

Consequently, five types of possible conditions that lead to vegetation dynamics change can be
defined by the slopes of the NPPa (Sa), NPPe (Se), and the NPPh (Sh) (Table 2). Combined with the
effects of climate change and human activities on vegetation dynamics, Condition 1 is the vegetation
with no change (NC), Condition 2 is the restoration of vegetation dominated by meteorological
conditions (RDC), Condition 3 is the restoration of vegetation dominated by human activities (RDH),
Condition 4 is the degradation of vegetation dominated by meteorological conditions (DDC),
and Condition 5 is the degradation of vegetation dominated by human activities (DDH) [32,58,59].

Table 2. Conditions to assess the effects of climate change and human activities on vegetation dynamics.

Number Method Cause of Vegetation Dynamics Change

Condition 1 Sa = 0 the vegetation had no change (NC)
Condition 2 Sa > 0 and Se > Sh the restoration of vegetation dominated by climate factors (RDC)
Condition 3 Sa > 0 and Se < Sh the restoration of vegetation dominated by human factors (RDH)
Condition 4 Sa < 0 and Se > Sh the degradation of vegetation dominated by climate factors (DDC)
Condition 5 Sa < 0 and Se < Sh the degradation of vegetation dominated by human factors (DDH)

2.4. Correlation Coefficient and Significance Test

Correlation analysis can be used to indicate the relevance and change trend of research
factors [15,60], therefore, this study used the Pearson’s correlation coefficient formula to calculate the
significance of the NPP change trend. The calculation formula is as follows:

r =
n ∑

n
i=1 xiyi − ∑

n
i=1 xi · ∑

n
i=1 yi

√

n ∑
n
i=1 x2

i − (∑n
i=1 xi)

2 ·
√

n ∑
n
i=1 y2

i − (∑n
i=1 yi)

2
(11)

where xi is 1 to n for years 2000 to 2014 (n = 15), and yi is the NPPa in year xi, r is the Pearson’s
correlation coefficient for each pixel. When r > 0, the pixel experienced an increasing trend of NPP,
while conversely, when r < 0, the pixel experienced a decreasing trend of NPP. When 0.514 < r < 1
or −1 < r < −0.514, the pixel experienced a significant increasing or decreasing trend of NPP at the
p < 0.05 confidence intervals.

2.5. Validating NPP

The measured aboveground NPP data included 45 sites (five plots per site) of different
vegetation types. The details of the sampling time and methods can be found in [19,60]. NPP simulated
by the CASA model was compared with the measured NPP (Figure 2). The result indicated that the
simulated NPP showed a good correlation with the measured NPP (R2 = 0.8, p < 0.001).
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Figure 2. Comparison between the CASA model simulated NPP and the measured NPP in the Jinghe
River basin. CASA model, Carnegie–Ames–Stanford Approach model; NPP, net primary productivity.

3. Results

3.1. Spatio-Temporal Trends of NPP

The annual average NPP in the Jinghe River basin from 2000 to 2014 was calculated and is shown
in Figure 3. Generally, the NPP in the study area showed an increasing trend, with an increase rate of
9.438 g C·m−2·year−1. The highest value of annual average NPP in the 15 years was in 2014, while the
lowest was in 2000. The change process can be divided into two parts: from 2000 to 2006, the NPP
increased relatively moderately, then increased rapidly with fluctuations from 2007 to 2014.

 

Figure 3. Interannual variations in the annual average NPP in the Jinghe River basin from 2000 to 2014.

The spatial distribution of the annual mean NPP and the change trend in the NPP are shown
in Figure 4. The annual mean NPP of the Jinghe River basin showed a decreasing trend from
the southeast to the northwest, which largely is consistent with the regional water and heat
distribution (Figure 4a). There was a relatively clear dividing line around Weiyuan, Zhenyuan,
and Heshui counties, in which the annual average NPP value was lower north of the dividing line,
with the lowest value 52.6 g C· m−2, and was higher in the south, with the highest value 677.33 g C· m−2,
which is more than ten times the low value and indicates obvious spatial changes.

Figure 4b shows the change trend in the NPP of the Jinghe River basin from 2000 to 2014.
The results indicated that less than 0.1% of the study area showed no change trend, while 84.4% of the
area showed an increasing trend. Specifically, 34.3% of the total area showed a significant increasing
trend (p < 0.05), which was located primarily in the middle of the basin where the terrain is gentler
and human activities are more frequent. Meanwhile, areas with decreasing trends in NPP accounted
for 15.5% of the Jinghe River Basin area, 3.0% of which showed a significant decreasing trend (p < 0.05).
These areas are concentrated primarily in the Ziwuling Mountain and Liupan Mountain areas on the
east and west sides of the basin, respectively. The vegetations in these areas are forests and shrubs,
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which had a high average value of NPP (Figure 4a). In addition, compared with the areas in which
the NPP increased significantly, the terrain in these areas is relatively steep and human activities
are limited.

 

Figure 4. Spatial pattern of the mean NPP (a) and the change trend in the NPP (b) in the Jinghe River
basin from 2000 to 2014.

3.2. Driving Forces in Vegetation Dynamics

The spatial pattern and area statistics of the NPP change caused by different driving factors in the
Jinghe River basin from 2000 to 2014 were analyzed and are shown in Figures 5a and 6. The results
indicated that human activities contributed most to the vegetation restoration in the 54.5% of the areas
in which the NPP changed, which were located largely in the middle and south of the study area.
Meanwhile, 24.0% of the areas in which NPP changed showed an increasing trend in the NPP that was
dominated by climate factors and was located primarily in the north of the study area. Climate factors
and human activities also caused vegetation degradation. Degradation dominated by human activities
accounted for 4.3% of the areas in which NPP changed and were concentrated primarily in the middle
of the study area. Climate factors produced 17.2% of the vegetation degradation in the areas in which
NPP changed and were concentrated largely in the Ziwuling Mountain and Liupan Mountain regions.
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Figure 5. Spatial pattern of different conditions of the NPP change of the entire basin (a); areas with a
slope less than 15◦ (b); areas with a slope between 15 and 25◦ (c); and areas with a slope greater than 25◦

(d) in the Jinghe River basin from 2000 to 2014. NC is the vegetation with no change, RDC is the
restoration of vegetation dominated by meteorological conditions, RDH is the restoration of vegetation
dominated by human activities, DDC is the degradation of vegetation dominated by meteorological
conditions, DDH is the degradation of vegetation dominated by human activities.

As human activities including urban expansion and ecological restoration were closely related
to topographical factors, this study adopted the requirements of the GGP to introduce topographical
factors to achieve a better understanding of the spatial patterns in the NPP change trend and its
driving forces. Slope gradients were divided into three levels according to the GGP requirements,
slopes <15◦, those between 15 and 25◦, and slopes >25◦, respectively (Figure 5b–d). The area statistics
results in Figure 6 show that the positive effect of climate factors on the NPP declined continuously as
the slope increased. A total of 26.6% of areas with slopes <15◦ demonstrated a restoration trend in
vegetation dominated by climate factors (RDC). However, in areas with slopes >25◦, the rate decreased
to only 11.9%. Furthermore, the rate of vegetation degradation in areas dominated by climate factors
(DDC) increased from 16.4% to 19.6% with increasing slope. Conversely, the positive effect of human
activities on the NPP continued to increase as slope increased; 52.6% of areas with slopes <15◦ indicated
a restoration trend of vegetation dominated by human activities (RDH), and the rate increased to 68.4%
in areas with slopes >25◦. At the same time, the rate of vegetation degradation in areas dominated by
human activities (DDH) decreased from 4.4 to 0.1% with increased slope. Thus, the factors that drove
vegetation dynamics changed clearly depending on the terrain.
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Figure 6. Area statistics of the driving factors in NPP change in the Jinghe River basin and different
slopes. RDC is the restoration of vegetation dominated by meteorological conditions, RDH is the
restoration of vegetation dominated by human activities, DDC is the degradation of vegetation
dominated by meteorological conditions, DDH is the degradation of vegetation dominated by
human activities.

4. Discussion

4.1. Methodology

Assessing the spatial patterns of the influence of climate change and human activities on
vegetation dynamics accurately is of great significance in the management and restoration of regional
ecological environments. However, distinguishing the effect of human activities on vegetation
dynamics from those of climate factors traditionally has been difficult [40]. Several studies have
adopted the NPP, which is an efficient and accurate indicator of vegetation growth status, to distinguish
vegetation change dominated by human factors from that dominated by climate by comparing the
difference between the expected and actual NPP [61,62]. Both the Miami and CASA models that
estimate the expected and actual NPP have been used successfully in several studies at the global and
regional scale [63–65]. The results of this study showed that the actual NPP in the Jinghe River basin
increased from 2000 to 2014, which is consistent with previous studies and supports the feasibility
of applying NPP models in this region [17,46]. Therefore, this study adopted NPP as an indicator to
assess the relative roles of climate factors and human activities in vegetation change.

Although the expected and actual NPP distinguished the effects of climate factors and human
activities on vegetation dynamics successfully, this method may have its own limitations. In the process
of estimating the NPP expected, the Miami model includes only temperature and precipitation as the
two climate factors that simulate an ideal environment of vegetation growth. Similarly, we assessed
the actual NPP and the relative roles of climate and human factors in vegetation dynamics based on
the NPP variation, and established conditions based on the hypothesis that vegetation dynamics is
only affected by climate and human activities. However, vegetation productivity and its simulation
results may be affected by several factors, such as wind, soil organic matter, vegetation types, herbivore
activities, and the accuracy of the remote sensing data used in the NPP estimate models [42,66–68]
Future studies should incorporate additional driving factors based on the characteristics of the study
area. Meanwhile, because of the errors inherent in the remote sensing data and the NPP simulation
methods itself, there can be some errors in the NPP simulation results and the differences of NPPe

and NPPa. However, according to previous studies, these errors may exist in the assessment of
the slope, vegetation communities, and other small-scale studies. For regional and global scales,
the methodology introduced in this study can be considered as a feasible method of evaluating the
spatial distribution of the relative roles of climate and human activities [28,40,42].
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4.2. Driving Forces

Previous studies have shown that both the NPP and vegetation in the Loess Plateau have increased
significantly because of human activities, such as reducing grazing pressure and returning farmland to
forests [69–71]. The results of this study confirmed that vegetation in the Jinghe River basin experienced
similar change trends, with 85.5% of the vegetation in the study area showing an increasing trend.
Among them, 54.5% of the increased vegetation was dominated by human activities. This rate is
similar to Li’s research, which indicated that human activities account for 55% of vegetation changes
from 2000 to 2015 in the Loess Plateau [72]. Meanwhile, the rate of vegetation increase dominated
by human activities rose with increased slope, from 52.6% in areas with slopes less than 15◦ to 68.4%
in those with slopes greater than 25◦. These areas were located primarily in valleys in the middle of
the basin, where the land use changed more dramatically during the past decade [73]. These results
are consistent with the implementation of a series of ecological projects, including the GGP. Under the
guidance of government policies, farmland in valleys with steep slopes has been converted to grassland
and forest, which enhances vegetation and soil carbon fixation effectively [72,74]. However, the study
also confirmed that 4.3% of the NPP showed a decreasing trend in the Jinghe River basin that was
dominated by negative human activities. These areas were concentrated largely in the middle of the
study area, in which Qingyang city is located and has the largest population density in the Jinghe River
basin. Because of its rapid population growth, the pace of urbanization has accelerated significantly
and has led to drastic changes in the local environment around the city that have decreased the
vegetation cover and carbon fixation [60,75].

Changes in climate factors are another important force that affects the vegetation dynamics, and
the vegetation changes in the Jinghe River basin that climate forcing dominated showed clear spatial
characteristics. The results of this study indicated that vegetation restoration dominated by climate
factors in the study area is distributed primarily in the northern part of the basin (Figure 5a). Based on
the zonal statistics results of the spatial annual temperature and precipitation data in the Jinghe River
basin from 2000 to 2014, the annual mean temperature in the study area is between 7.8 to 12.5 ◦C and
increased at a change rate of 0.2 ◦C/10 year; while the annual precipitation is between 334.2 to 620.8 mm
and decreased at a change rate of 24 mm/10 year over the past 15 years, respectively (Figures 7 and 8).
These results indicate that the climate in the study area is becoming warmer and drier, which leads
to drought, as Li et al. and Zhao et al. reported [76,77]. In a water-limited area, the spatial distribution
of precipitation determines the vegetation distribution and growth [9]. Zhang et al. pointed out that,
compared with other areas that suffered drought, precipitation in the northern part of the Jinghe River
basin is relatively sufficient, which is likely to be the reason that vegetation restoration dominated by
climate factors is concentrated in that area [78].

Figure 7. Interannual variations in the annual mean temperature and annual precipitation in the Jinghe
River basin from 2000 to 2014.
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Figure 8. Spatial pattern of the annual mean temperature (a) and the annual precipitation (b) in the
Jinghe River basin from 2000 to 2014.

The vegetation degradation dominated by climate factors was located generally in the Ziwuling
Mountain and Liupan Mountain regions on the east and west sides of the basin, respectively.
Because of the drought climate, the vegetation in the mountain areas showed significant vegetation
degradation dominated by climatic factors. Although ecological restoration measures, such as
returning farmland to forests and protecting vegetation, also must be implemented in these areas,
the terrain there restricts follow-up human management activities such as irrigation. Therefore,
the water demand of the vegetation in the mountain areas relies primarily on natural precipitation and
soil moisture [19,79]. However, vegetation planted recently has increased the local water demand and
accelerated the consumption of regional water resources, which eventually had led to degradation of
the vegetation [80,81].

5. Conclusions

This study assessed the driving forces in vegetation dynamics in the Jinghe River basin from 2000
to 2014 using NPP as the indicator. The results showed that the vegetation increased in the study area,
and human activities played an active role in the vegetation restoration, especially in valleys in the
middle of the basin, where the rate of vegetation change in the areas dominated by human activities
rose continuously with the increase in slope. This result is consistent with the implementation of
ecological projects such as GGP. The degradation of vegetation caused by human activities was located
primarily in populous areas and was related closely to urban expansion. The vegetation restoration
that was dominated by climate factors was concentrated largely in the northern part of the basin,
where the precipitation was relatively sufficient. However, the vegetation degradation dominated
by climate factors generally was located in the Ziwuling Mountain and Liupan Mountain regions on
the east and west sides of the basin, where the vegetation degradation rate in areas attributable to
climate factors rose with increases in slope. In these regions, the arid climate caused a shortage of
water resources, and the human dominated vegetation restoration activities exacerbated the water
demand of vegetation further and surpassed the carrying capacity of the regional water resources,
which led ultimately to vegetation degradation.
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The methodology of comparing the expected and actual NPP to distinguish the effect of climate
factors and human activities on vegetation dynamics in this study demonstrated a relatively higher
accuracy and can be applied at different regional scales. Further, as unsustainable vegetation
restoration measures may cause regional imbalances in water supply, and lead eventually to
vegetation degradation, we recommend that future ecological restoration programs pay more attention
to maintaining the balance between ecosystem restoration and water resource demands to maximize
the benefits of human activities and ensure that the vegetation restoration is ecologically sustainable.
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Abstract: Vegetation serves as a key element in the land-atmospheric system, and changes in
vegetation can impact the regional water-energy balance via several biophysical processes. This study
proposes a new water-energy balance index that estimates the available-water-to-available-energy
ratio (WER) by improving upon the Budyko framework, which evaluates climate variation
and vegetation change. Moreover, the impact of vegetation greening on WER is quantified in
34 catchments under different climatic conditions. The results show that the normalized difference
vegetation index (NDVI) increased at all the catchments, which indicates that there was a vegetation
greening trend in the study area. There are negative relationships between the NDVI and runoff at
both water-limited and energy-limited catchments, which demonstrates that both types of catchments
became drier due to vegetation greening. Four numerical experiments were executed to quantify
the contribution of vegetation greening and climate variations to WER changes. The results show
that the calculated WER trends by numerical tests fit well with the observed WER trends (R2 = 0.96).
Vegetation greening has positive influences on WER changes under energy-limited conditions, which
indicates that residual energy decreases faster than water availability, resulting in less energy for
sensible heat, i.e., a cooling effect. Nevertheless, vegetation greening has negative influences on WER
under water-limited conditions, which indicates that water availability decreases faster than residual
energy, resulting in more energy for sensible heat. Notably, the WER decrease in water-limited
catchments is dominated by potential evapotranspiration and NDVI variation, whereas the WER
change in energy-limited catchments is dominated by climate variation. This study provides a
comprehensive understanding of the relationships among water, energy and vegetation greening
under different climatic conditions, which is important for land-atmosphere-vegetation modeling
and designing strategies for ecological conservation and local water resource management.

Keywords: vegetation greening; water-energy balance; quantification; different climatic conditions

1. Introduction

Water and energy are essential elements of regional hydrology and are closely connected
via evapotranspiration [1–3]. Vegetation is a crucial component of the land-atmospheric system,
and changes in vegetation alter the regional water and energy balance through several biophysical
processes [4–6]. Large-scale vegetation variation would lead to changes in climate dynamics,
atmospheric-land surface interaction and global hydrological processes. According to reports from
around the world, vegetation greening occurs in response to the effects of climate change and
the impact of policies on ecological conservation and restoration in recent decades [7,8], including
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increased growth of the savannas in Australia, Africa and South America due to increased rainfall, the
reforestation of abandoned farmlands in Russia and tree planting projects in China [9–11]. Investigating
the impact of vegetation greening on the regional water-energy balance is an important issue in Earth
system science with impacts in the present and in the future [12,13].

The regional water-energy balance is determined by the water supply (precipitation) and the
energy availability (evaporative demand, PET) and is modified by land-surface characteristics, such as
vegetation, soil and topography [14,15]. The Budyko framework, which is the primary approach used
to investigate the regional water-energy balance, considers both climatic conditions and the underlying
characteristics using a land-surface parameter w [16,17], which is related to vegetation, soil type,
soil infiltration capacity, topography, etc. Recently, Liu et al. [18] proposed a new water-balance
index (the available-water-to-available-energy ratio, WER) to reflect the regional energy balance
and hydrological processes based on the Budyko framework and further investigated the impact of
land-surface changes on WER. However, the impact of vegetation change on WER remains unknown
because the study by Liu et al. [18] did not provide data on the relationships between vegetation
greening and WER.

Several previous studies have noted the importance of considering vegetation dynamics
when using the Budyko framework to evaluate the water-energy balance [19–21]. For example,
Donohue et al. [22] concluded that the accuracy of runoff estimation was improved by incorporating
dynamic vegetation into the Budyko framework when it was applied at finer spatial timescales.
In addition, some researchers attempted to establish relationships between the variations in vegetation
and the land-surface parameter w [23–25]. Li et al. [23] found that w was linearly correlated with
vegetation coverage at long timescales in large river basins. Zhang et al. [25] presented an exponential
relationship between the change in w and the vegetation variation using the Budyko framework.
In general, these studies found positive relationships between changes in w and variations in
vegetation under all climatic conditions; in other words, vegetation greening leads to an increase
in evapotranspiration (i.e., a decrease in runoff), and the inverse is also true. This phenomenon is
known as the “trade-off relationship” between vegetation and water [26]. The essence of this “trade-off
relationship” is that precipitation and energy are redistributed via evapotranspiration because of
vegetation changes.

Vegetation in China has increased considerably during the past 30 years because of the large-scale
soil and water conservation projects implemented by the Chinese government [27,28]. The coverage
of forest increased from 11% in the 1980s to 22% in 2010, especially in the Yangtze River and
Yellow River basins [29,30]. Although some studies have investigated the influence of vegetation
greening on evapotranspiration and runoff in China, no consensus regarding this subject has yet been
achieved [31,32]. This study aims to propose a comprehensive approach to quantify the contribution
of vegetation greening to the water-energy balance index (WER). Furthermore, the new approach is
used to study 34 catchments under different climatic conditions in China. The results are expected
to provide a comprehensive understanding of the interactions among vegetation, energy and water,
which would be helpful for ecological restoration, forest protection and water resources management.
The objectives of this study are (1) to investigate the relationships among WER changes, vegetation
greening and climate variation under different climatic conditions, and (2) to quantify the contribution
of vegetation greening and climate variation to WER changes.

2. Study Area

In this study, 34 catchments located in the middle reaches of the Yangtze River and Yellow
River in China are selected to investigate the impact of vegetation greening on WER under different
climatic conditions (Figure 1). The drainage areas range from 656 to 30,661 km2, and the aridity
index (AI) values range from 0.5 to 3.2. Catchments in the Yangtze River (nos. 1–16) belong to an
energy-limited condition (PET < precipitation), and catchments in the Yellow River (nos. 17–34) belong
to a water-limited condition (PET > precipitation) [33]. The details are shown in Table 1. The dominant
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vegetation of the energy-limited catchments is forest, and the dominant vegetation of the water-limited
catchments is grass [34,35].

Table 1. Information of the studied catchments under different climatic conditions.

Catchments Characteristics Energy-Limited Water-Limited

number 16 18
catchment area (km2) 656–15,307 1121–30,661
air temperature (◦C) 14.8–19.7 0.9–11.3
annual rainfall (mm) 1279–1852 388–683

aridity index 0.5–0.8 1.7–3.2

 

Figure 1. (a) Sketch map of the study area, (b) catchments under energy-limited condition,
(c) catchments under water-limited condition, and (d) the long-term hydroclimatological characteristics
of the 34 selected catchments based on the Budyko hypothesis. AI is the aridity index, P is precipitation,
PET is potential evapotranspiration and ET is actual evaporation. Triangle in (b,c) represents the
location of hydrological station.

3. Materials and Methods

3.1. Materials

Monthly runoff datasets from 1982 to 2013 under energy-limited conditions were collected from
the Hydrological Yearbook of the Yangtze River in China. These energy-limited catchments are in the
headwaters of the tributaries of the Yangtze River, and human influences, such as dams and reservoirs,
on runoff are limited. Runoff under water-limited conditions in the Yellow River is influenced by
intensive human activities, such as irrigation and water impoundment by dams. As a result, monthly
naturalized runoff time series were provided by the Hydrological Bureau of the Yellow River. Monthly
precipitation data from 1954 rainfall stations were obtained from the National Climate Center of

87



Forests 2018, 9, 412

the China Meteorological Administration. The maximum and minimum air temperatures, sunshine
duration, relative humidity, and wind speed from 753 meteorological stations are used to calculate
the PET based on the Penman formula, which has been shown to be the most appropriate form when
considering a changing climate [36–38]. The AI is calculated as the ratio of the mean annual PET to the
mean annual precipitation averaged from 1982–2013 and therefore reflects the average conditions of
the regional climate. The climate variables and PET for each catchment are weighted by the Thiessen
polygon method.

Monthly Advanced Very High Resolution (AVHRR) NDVI (normalized difference vegetation
index)datasets processed by the Global Inventory Modeling and Mapping Studies are employed to
explore the trends in vegetation during the past 30 years and are provided by the Global Land Cover
Facility of the University of Maryland [39,40]. These data have a good accuracy and have been used
widely in hydrological and ecological research [40]. The spatial resolution is 8 km × 8 km. The NDVI
data are averaged over all grid cells whose centers are in the corresponding catchment.

3.2. Water-Energy Balance Index Considering Vegetation Change

The water-energy balance index proposed by Liu et al. [18] is defined as the ratio of water
availability to energy availability, which is written as:

WER =
P − ET

PET − ET
, (1)

Where P is precipitation, PET is potential evapotranspiration and ET is actual evaporation.
WER reflects the regional dryness and wetness condition comprehensively, which is the balanced
state of the catchment’s energy and water. ET is estimated by Fu’s equation based on the Budyko
framework [17]:

ET = P · (1 + AI − (1 + AIw)1/w) (2)

Where AI is the aridity index, which is the ratio of precipitation to potential evapotranspiration.
The parameter w is related to the land-surface characteristics and can be estimated using long-term
hydroclimatic data. Previous studies have demonstrated that the Budyko-based Fu’s equation is
appropriate for ET estimation at different timescales [31,41]. For a reasonable application of Fu’s
equation and to better use the available data, a 60-month (5-year timescale) moving average is adopted
for water balance analysis.

Substituting Equation (2) into Equation (1), WER can be simplified as:

WER =
(1 + AIw)1/w − AI

(1 + AIw)1/w − 1
(3)

Previous studies have indicated that w is related to vegetation, soil type, soil infiltration capacity,
topography, and other factors. When all the affecting factors for w are considered, w can be estimated.
Li et al. [23] found a linear relationship between w and NDVI over a wide range of river basins, which is
expressed as:

w = a · NDVI + b (4)

Where a and b are the regression coefficients. Substituting Equation (4) into Equation (3), WER can
be simplified as:

WER =
(1 + AI(a·NDVI+b)))

1/(a·NDVI+b)

− AI

(1 + AI(a·NDVI+b))
1/(a·NDVI+b)

− 1
(5)

Equation (5) shows the nonlinear correlations among WER, vegetation and climate variables
(precipitation and PET). There are three advantages of WER. First, it considers both the regional
climatic condition and the land-surface features and is therefore closer to the actual condition than
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the standardized precipitation index, standardized precipitation evapotranspiration index or Palmer
drought severity index. Second, it provides a nonlinear relationship between WER changes and NDVI
changes, as well as AI, which can be used to quantify WER changes. Third, the index has a simple
form and can be easily combined with remote sensing products, making it appropriate for use in
data-scarce catchments.

3.3. Sensitivity Analysis

The sensitivity of WER to climate variation and vegetation change is evaluated by the following
equation [42,43]:

εxi
=

∂WER

∂xi
× xi

WER
(6)

Where ∂WER/∂xi is the partial derivative of WER to the influencing factor xi (precipitation,
PET and NDVI). A positive sensitivity coefficient indicates WER will increase as xi increases, whereas
a negative sensitivity coefficient indicates WER will decrease as xi increases. A sensitivity coefficient of
0.1 indicates that a 10% increase of xi will lead to an increase in WER by 1%. The larger the absolute
value of εxi the larger the influence of change in xi on WER.

3.4.Contribution Method

In this study, a numerical experiment approach is employed to quantify the impacts of vegetation
changes and climate variation on WER. Four numerical experiments are designed, including one
control experiment and three sensitivity experiments (Table 2). The WER values calculated by the
control experiment represent the combined influence of climate and vegetation changes, and the WER
values calculated by each sensitivity experiment represent the influence of the two factors other than
the unchanged factor. Thus, the impact of each factor on WER changes can be estimated as:

C_xi = TWER_ctr − TWER_xi
(7)

Where xi represents precipitation, PET or NDVI, C_xi is the contribution of the corresponding
factor to WER changes, TWER_ctr is the slope of WER_ctr based on linear regression, and TWER_xi is the
slope of WER based on the ith sensitivity experiment.

Table 2. Numerical experiment design for WER contributions.

Experiment Description

Control test:WER_ctr Precipitation, PET and NDVI from 1982–2013
Sensitivity test:WER_Prcp Precipitation maintained at the initial year, the others same as the control test
Sensitivity test:WER_PET PET maintained at the initial year, the others same as the control test

Sensitivity test:WER_NDVI NDVI maintained at the initial year, the others same as the control test

NDVI: normalized difference vegetation index; PET: potential evapotranspiration.

4. Results

4.1. Relationship between Vegetation and the Land-Surface Parameter w

Figure 2 shows the relationships between w and NDVI for the selected catchments. The coefficient
of determination R2 ranges from 0.11 to 0.68, and all catchment values are significant at the level
of 0.01 by the t-test, which indicates that changes in NDVI explain 11–68% of the changes in w

(Table 3). Parameter a is positive in all 34 catchments, indicating that evapotranspiration increases
with vegetation greening. The average value of a in energy-limited catchments is 6.3, whereas the
average value of a in water-limited catchments is 11.4. This difference indicates that the impact of
vegetation greening on w (e.g., evapotranspiration) is larger under a water-limited condition than
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under an energy-limited condition. Parameter b ranges from −9.22 to 0.16 under an energy-limited
condition, whereas it ranges from −4.55 to 1.58 under a water-limited condition.

 

Figure 2. Relationships between NDVI and the land-surface parameter w in the 34 catchments. The red
line is the fitting curve of scatters, and * indicates that the relationship is significant at the level of 0.01
by the t-test. NDVI: normalized difference vegetation index.

Table 3. Relationship between NDVI and the land surface parameter w.

Catchment No. AI R2 a b Catchment No. AI R2 a b

1 0.52 0.21 * 4.5 −1.3 18 1.94 0.19 * 4.39 0.61
2 0.54 0.40 * 16.71 −9.22 19 1.95 0.30 * 9.38 −1.79
3 0.55 0.35 * 9.44 −4.59 20 2.01 0.68 * 14.9 −2.98
4 0.56 0.28 * 10.09 −5.26 21 2.14 0.51 * 4.91 −0.31
5 0.57 0.44 * 3.6 −0.85 22 2.17 0.30 * 6.41 0.99
6 0.61 0.29 * 4.39 −1.32 23 2.18 0.53 * 21.44 −4.54
7 0.61 0.37 * 9.47 −4.7 24 2.2 0.39 * 8.29 −0.88
8 0.61 0.32 * 4.66 −1.28 25 2.23 0.59 * 11.7 −0.36
9 0.62 0.35 * 6.99 −2.42 26 2.39 0.58 * 11.02 −0.06

10 0.64 0.29 * 1.79 0.16 27 2.4 0.39 * 9.91 0.35
11 0.64 0.36 * 1.96 0.08 28 2.43 0.38 * 6.86 0.08
12 0.66 0.37 * 3.63 −0.68 29 2.44 0.12 * 5.76 1.58
13 0.67 0.17 * 4.36 −1.09 30 2.86 0.14 * 36.12 −4.18
14 0.68 0.31 * 1.97 0.11 31 2.98 0.12 * 8.81 0.72
15 0.69 0.41 * 6.54 −2.89 32 3.07 0.53 * 7.66 0.39
16 0.73 0.14 * 11.28 −4.95 33 3.13 0.11 * 15.72 −0.85
17 1.76 0.26 * 13.49 −4.55 34 3.23 0.47 * 7.92 0.79

Note: * indicates the relationship is significant at the level of 0.01 by thet-test.AI: aridity index.
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4.2. Changes in WER, Climate Variables and Vegetation

Figure 3 show the changes in WER in the 34 catchments during the past three decades. WER
decreased significantly in 21 catchments (p < 0.01) (Table 4), whereas WER increased significantly
(p < 0.01) in 12 catchments, and all the increasing trends were present in energy-limited catchments.
Precipitation increased significantly (p < 0.01) in 8 catchments and decreased significantly (p < 0.01)
in 9 catchments. PET increased significantly (p < 0.01) in 28 catchments and decreased significantly
(p < 0.01) in 4 catchments. Overall, runoff decreased significantly (p < 0.01) in 31 catchments and
only increased significantly (p < 0.01) in 1 catchment, in which precipitation increased significantly
(p < 0.01). The NDVI values in all 34 catchments increased significantly (p < 0.01), which means that
the vegetation recovered during the last 30 years in the selected catchments. The general conclusion
that vegetation greening leads to a decrease in runoff was observed in almost all catchments [25].

Figure 3. Changes in WER, climate variables and NDVI in the 34 selected catchments. Red indicates
increase trends, and blue indicates decrease trends. Solid indicates that the trend is significant (p < 0.01),
and hollow indicates that the trend is insignificant (p > 0.01). The left column, from (a–i), represents
the energy-limited condition, and the right column, from (b–j), represents the water-limited condition.
WER: available-water-to-available-energy ratio.
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Table 4. Numbers of catchments in four categories of trends for WER, climate variables and NDVI.

Group Trend WER Precipitation PET Runoff NDVI

Energy-limited

Increase (p < 0.01) 12 3 11 1 16
Increase 1 6 2 0 0
Decrease 0 4 0 2 0

Decrease (p < 0.01) 3 3 3 13 0

Water-limited

Increase (p < 0.01) 0 5 17 0 18
Increase 0 6 0 0 0
Decrease 0 1 0 0 0

Decrease (p < 0.01) 18 6 1 18 0

4.3. Sensitivity of WER to Climate Variables and Vegetation

Figure 4 shows the sensitivities of WER to precipitation, PET and NDVI in the 34 catchments.
Under the energy-limited condition, the sensitivity of WER to precipitation (εprcp) ranges from 0.26
to 28.2, which means a 10% increase in precipitation would result in WER decreasing by 2.6% to
282%. However, εprcp ranges from 0.73 to 1.60 under the water-limited condition, which would
result in a much smaller WER change than that under the energy-limited condition. Because the
sensitivity of WER to PET (εPET) is the inverse of the sensitivity of WER to precipitation, its spatial
distribution is similar to that of precipitation. The sensitivity of WER to NDVI (εNDVI) under the
energy-limited condition ranges from 0.21 to 11.2, which means a 10% increase in NDVI would result
in WER increasing by 2.1 to 112%. However, εNDVI under the water-limited condition ranges from
−0.23 to −1.09, which means a 10% increase in NDVI would result in WER decreasing by 2.3% to
10.9%. Moreover, the absolute value of the sensitivity of WER to NDVI under the water-limited
condition is much smaller than that under the energy-limited condition, indicating that WER changes
in energy-limited catchments are more sensitive to vegetation greening.

 

Figure 4. Spatial distribution of the sensitivity of WER to precipitation, PET and NDVI. The left column,
from (a–e), represents the energy-limited condition, and the right column, from (b–f), represents the
water-limited condition.
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Interestingly, there are positive relationships between sensitivity coefficients and AI (Figure 5).
εprcp increases with AI under an energy-limited condition (r = 0.74, p < 0.01), whereas εprcp decreases
with AI under a water-limited condition (r = −0.76, p < 0.01). The relationship between εPET and AI is
the inverse of that between εprcp and AI. There are negative relationships between εNDVI and AI under
a water-limited condition (r = −0.16, p > 0.01), whereas there are positive relationships between them
under an energy-limited condition (r = 0.69, p < 0.01). Please note that there is a large absolute value
of the sensitivities when AI is approaching 1 because WER is the ratio of water availability to energy
availability. When AI is approaching 1, evapotranspiration is close to precipitation and PET. A small
change in water availability and energy availability will lead to a substantial change in WER.

 

Figure 5. Correlations between the sensitivity of WER to precipitation, PET, NDVI and AI. * indicates
that the relationship is significant at the level of 0.01 by the t-test.

4.4. Quantification of Climate Variation and Vegetation Greening to WER

The contributions of precipitation, PET and NDVI changes to the WER variation were quantified
via numerical experiments. As shown in Figure 6a, the calculated WER trends based on the control
test fit well with the detected WER trends based on linear regression for the 34 catchments (R2 = 0.96).
Figure 6b shows the relationship between WER changes based on the control test and the cumulative
WER trends based on the three sensitivity tests. Please note that the two trends are very close to
the 1:1 line (R2 = 0.99). This result confirms the effectiveness of the proposed approach based on the
numerical experiments.

Under the energy-limited condition, the contributions of precipitation, PET and NDVI to WER
changes are −57.9~80.4%, −62.1~49.7% and 11.8~90.8%, respectively (Figure 7). The WER changes
are dominantly influenced by precipitation, PET and NDVI in five, five and six of the 34 catchments,
respectively. Climate variation is the major factor controlling WER changes. Under the water-limited
condition, the contributions of precipitation, PET and NDVI to WER changes are −41.4~27.8%,
−69.9~63.2% and −71.7~−5.7%, respectively. Increased PET and NDVI are the dominant factors
responsible for the WER decreases in ten and eight of the 34 catchments, respectively.
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Figure 6. Comparisons between (a) trends in WER based on the control test and observations, and (b)
trends in WER based on the control test and the cumulative contributions of the three sensitivity tests.

Figure 7. Contributions (%) of precipitation, PET and NDVI variations to WER changes in the 34
selected catchments.

Notably, although NDVI increased in all the catchments, the relationship between NDVI and
WER varied under different climatic conditions. Positive relationships between NDVI and w existed
under both energy-limited and water-limited conditions. However, an increased NDVI resulted
in a WER increase in energy-limited catchments, whereas the increase in NDVI resulted in a WER
decrease in water-limited catchments. This pattern exists because, although increasing NDVI results in
increasing evapotranspiration under both water-limited and energy-limited conditions, the sensitivity
of WER to increasing evapotranspiration is different. WER is more sensitive to water availability
changes under a water-limited condition but is more sensitive to energy availability changes under an
energy-limited condition.

5. Discussion

5.1. Why Do the Influences of Vegetation Greening on WER Vary?

This study employed the new water-energy balance index WER to reflect regional
dryness/wetness conditions, which is similar in form to AI. However, WER is more suitable to
reflect the regional water-energy balance than AI. Under climatic conditions with the same AI value,
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regional water and energy availability vary because of different land-surface characteristics, such as
vegetation, soil, and topography [44–47]. The isolines among WER, parameter w and AI are helpful for
understanding WER changes and land-surface changes under different climatic conditions. Figure 8
shows the ln(WER) changes along with the land-surface parameter w variations under different climatic
conditions. WER increases as w increases under the energy-limited condition, while WER decreases as
w increases under the water-limited condition. When AI approaches 1, the isolines of WER become
dense, which indicates that WER would be sensitive to AI changes. WER directly reflects the regional
water and energy balance conditions by considering both the climate and land-surface features.

Figure 8. Isoline among WER, parameter w and AI under different climatic conditions.

Because of ecological protection and restoration in recent decades, the coverage of vegetation
is increasing [28,30]. The quantitative contribution of vegetation greening on water-energy balance
under different climatic conditions has not been assessed; such assessment is necessary for evaluating
the effectiveness of ecological management on water resources in China. Vegetation greening impacts
the water and energy balance via the linkage of evapotranspiration. This study found that WER
decreases in water-limited catchments with vegetation greening. Generally, vegetation greening
enhances the capacity of soil water storage. Water stored in the soil is finally consumed through
actual evaporation, given a sufficient energy supply [6]. The amount of water available changes more
quickly than the amount of energy available in these catchments, which results in more energy for
sensible heat, i.e., a warming effect. However, WER increases because of vegetation greening under an
energy-limited condition. Evapotranspiration increases with vegetation greening, which is similar to
what occurs under the water-limited condition. Nevertheless, the amount of energy available changes
more quickly than the amount of water available, resulting in less energy for sensible heat, which
known as a cooling effect. This reflects a synergistic reaction mechanism between water availability
and energy availability. However, the dominant factor for the WER change is different under the
two types of climatic conditions. The primary tree species involved in forest recovery are coniferous
(Pinus massoniana) in the middle reaches of the Yangtze River Basin. Many studies have indicated
that this low-quality and low-efficiency tree type, planted because of insufficient management, has a
limited ability to control water loss and soil erosion [48]. Therefore, the impacts of vegetation greening
on WER in the Yangtze River are not as obvious as those in the Yellow River.

However, vegetation cannot continue to green persistently under certain climatic conditions.
For example, Feng et al. [29] indicated that vegetation recovery has already reached its maximum in the
middle reaches of the Yellow River, which features an arid climate. In populous and developing regions,
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vegetation greening can enhance drought conditions and exacerbate the scarcity of water resources.
Determining how to balance vegetation recovery and water resources requires further investigation.

5.2. Uncertainties

Uncertainties exist in this study. First, this study quantifies the impact of vegetation greening
on a new water-energy balance index that considers both the climatic condition and the vegetation,
which are assumed to be independent. However, these factors are not independent of each other.
For example, regional greening of vegetation can affect regional precipitation and PET. Moreover,
changes in regional precipitation and PET will influence the distribution of vegetation. Thus, complex
interactions exist between the vegetation the and climatic condition [49,50]. Second, the land-surface
parameter w in the control test is estimated via NDVI, which only reflects the impact of vegetation
greening on WER. This process thus introduces a difference between WER estimated by the control
test and WER based on observations (Figure 6a). This difference between the two trends is caused by
the influence of the other factors on WER [41,51] Third, the total water storage change can be neglected
for long-term timescales, such as 10 years or longer. To determine the optimal use of the available data
for detecting the relationship between vegetation and the hydrological cycle, a 60-month (five-year)
moving window is applied to the hydrometeorological data.

6. Conclusions

In this study, the changes evaluated by the new water-energy balance index (WER) were
quantified in terms of vegetation greening and climate variation in 34 catchments under different
climatic conditions. Negative relationships were detected between vegetation greening and WER
in water-limited catchments, whereas positive relationships were detected between those factors in
energy-limited catchments. The results of numerical experiments showed that climate variations
(precipitation and PET) were the dominant factors controlling WER changes under the energy-limited
condition, whereas increased PET and NDVI were the dominant factors responsible for WER decreases
under the water-limited condition.

In general, vegetation greening had negative influences on WER under the water-limited
condition, indicating that water availability decreases faster than residual energy, which would
result in more energy for sensible heat. However, vegetation greening had positive influences on
WER changes under the energy-limited condition, which indicated that the amount of residual energy
decreases faster than the amount of water availability, which would result in less energy for sensible
heat. This study provides a comprehensive understanding of the relationship between water-energy
balance and vegetation greening under different climatic conditions and highlights the complex
relationships among water, energy and vegetation, especially under an energy-limited condition.
Our results are helpful for land-atmosphere-vegetation modeling, hydrological prediction under
changing environments, and designing strategies to account for ecological environmental construction
and local water resource management.

Author Contributions: D.Z. performed the design of experiments and the data processing as well as wrote the
manuscript. X.m.L. provided constructive suggestions towards the whole structure and edited the manuscript.
P.B. processed the NDVI dataset and provided useful comments on the results.

Funding: This research was funded by the Natural Science Foundation of China (41771039, 41330529 and 41571023)
and Youth Innovation Promotion Association, CAS (2018067).

Acknowledgments: The authors appreciate the Hydrological Bureau of the Yellow River by providing the runoff
data used in this study. The meteorological data is provided by the National Climate Center of the China
Meteorological Administration. We also appreciate the Editor, Associate Editor, and the two anonymous reviewers
for their efforts and constructive comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

96



Forests 2018, 9, 412

References

1. Ivanov, V.Y.; Bras, R.L.; Vivoni, E.R. Vegetation-hydrology dynamics in complex terrain of semiarid areas:

2. Energy-water controls of vegetation spatiotemporal dynamics and topographic niches of favorability.

Water Resour. Res. 2008, 44, 380–384. [CrossRef]

2. Liu, X.; Liu, C.; Brutsaert, W. Investigation of a generalized nonlinear form of the complementary principle

for evaporation estimation. J. Geophys. Res. Atmos. 2018, 123, 3933–3942. [CrossRef]

3. Zhang, D.; Hong, H.; Zhang, Q.; Nie, R. Effects of climatic variation on pan-evaporation in the Poyang Lake

Basin, China. Clim. Res. 2014, 61, 29–40. [CrossRef]

4. Arneth, A. Climate science: Uncertain future for vegetation cover. Nature 2015, 524, 44–45. [CrossRef]

[PubMed]

5. Richardson, A.D.; Keenan, T.F.; Migliavacca, M.; Ryu, Y.; Sonnentag, O.; Toomey, M. Climate change,

phenology, and phenological control of vegetation feedbacks to the climate system. Agric. For. Meteorol. 2013,

169, 156–173. [CrossRef]

6. Zhang, M.; Liu, N.; Harper, R.; Li, Q.; Liu, K.; Wei, X.; Ning, D.; Hou, Y.; Liu, S. A global review on

hydrological responses to forest change across multiple spatial scales: Importance of scale, climate, forest

type and hydrological regime. J. Hydrol. 2016, 546, 44–59. [CrossRef]

7. Hansen, M.; Potapov, P.; Margono, B.; Stehman, S.; Turubanova, S.; Tyukavina, A. High-resolution global

maps of 21st-century forest cover change. Science 2013, 342, 850–853. [CrossRef] [PubMed]

8. Zhu, Z.; Piao, S.; Myneni, R.B.; Huang, M.; Zeng, Z.; Canadell, J.G.; Ciais, P.; Sitch, S.; Friedlingstein, P.;

Arneth, A. Greening of the Earth and its drivers. Nat. Clim. Chang. 2016, 6, 791–795. [CrossRef]

9. Liu, Y.Y.; de Jeu, R.A.; McCabe, M.F.; Evans, J.P.; van Dijk, A.I. Global long-term passive microwave

satellite-based retrievals of vegetation optical depth. Geophys. Res. Lett. 2011, 38. [CrossRef]

10. Liu, Y.Y.; Dijk, A.I.; McCabe, M.F.; Evans, J.P.; Jeu, R.A. Global vegetation biomass change (1988–2008) and

attribution to environmental and human drivers. Glob. Ecol. Biogeogr. 2013, 22, 692–705. [CrossRef]

11. Piao, S.; Wang, X.; Ciais, P.; Zhu, B.; Wang, T.; Liu, J. Changes in satellite-derived vegetation growth trend in

temperate and boreal Eurasia from 1982 to 2006. Glob. Chang. Biol. 2011, 17, 3228–3239. [CrossRef]

12. McDowell, N.G.; Coops, N.C.; Beck, P.S.; Chambers, J.Q.; Gangodagamage, C.; Hicke, J.A.; Huang, C.Y.;

Kennedy, R.; Krofcheck, D.J.; Litvak, M.; et al. Global satellite monitoring of climate-induced vegetation

disturbances. Trends Plant Sci. 2015, 20, 114–123. [CrossRef] [PubMed]

13. Piao, S.; Nan, H.; Huntingford, C.; Ciais, P.; Friedlingstein, P.; Sitch, S.; Peng, S.; Ahlström, A.; Canadell, J.G.;

Cong, N. Evidence for a weakening relationship between interannual temperature variability and northern

vegetation activity. Nat. Commun. 2014, 5. [CrossRef] [PubMed]

14. Gerten, D.; Schaphoff, S.; Haberlandt, U.; Lucht, W.; Sitch, S. Terrestrial vegetation and water

balance—Hydrological evaluation of a dynamic global vegetation model. J. Hydrol. 2004, 286, 249–270.

[CrossRef]

15. Sivapalan, M.; Yaeger, M.A.; Harman, C.J.; Xu, X.; Troch, P.A. Functional model of water balance variability

at the catchment scale: 1. Evidence of hydrologic similarity and space-time symmetry. Water Resour. Res.

2011, 47, 2144–2150. [CrossRef]

16. Budyko, M.I. Climate and Life; Academic Press: London, UK, 1974.

17. Zhang, L.; Dawes, W.R.; Walker, G.R. Response of mean annual evapotranspiration to vegetation changes at

catchment scale. Water Resour. Res. 2001, 37, 701–708. [CrossRef]

18. Liu, M.; Xu, X.; Xu, C.; Sun, A.Y.; Wang, K.; Scanlon, B.R.; Zhang, L. A new drought index that considers the

joint effects of climate and land surface change. Water Resour. Res. 2017, 53. [CrossRef]

19. Azzali, S.; Menenti, M. Mapping vegetation-soil-climate complexes in southern Africa using temporal

Fourier analysis of NOAA-AVHRR NDVI data. Int. J. Remote Sens. 2000, 21, 973–996. [CrossRef]

20. Donohue, R.J.; Roderick, M.L.; Mcvicar, T.R. On the importance of including vegetation dynamics in Budyko’s

hydrological model. Hydrol. Earth Syst. Sci. 2006, 3, 983–995. [CrossRef]

21. Gentine, P.; D’Odorico, P.; Lintner, B.R.; Sivandran, G.; Salvucci, G. Interdependence of climate, soil, and

vegetation as constrained by the Budyko curve. Geophys. Res. Lett. 2012, 39. [CrossRef]

22. Donohue, R.J.; Roderick, M.L.; Mcvicar, T.R. Can dynamic vegetation information improve the accuracy of

Budyko’s hydrological model? J. Hydrol. 2010, 390, 23–34. [CrossRef]

97



Forests 2018, 9, 412

23. Li, D.; Pan, M.; Cong, Z.; Zhang, L.; Wood, E. Vegetation control on water and energy balance within the

Budyko framework. Water Resour. Res. 2013, 49, 969–976. [CrossRef]

24. Yang, D.; Sun, F.; Liu, Z.; Cong, Z.; Ni, G.; Lei, Z. Analyzing spatial and temporal variability of annual

water-energy balance in nonhumid regions of China using the Budyko hypothesis. Water Resour. Res. 2007,

43, 436–451. [CrossRef]

25. Zhang, S.; Yang, H.; Yang, D.; Jayawardena, A.W. Quantifying the effect of vegetation change on the regional

water balance within the Budyko framework. Geophys. Res. Lett. 2016, 43. [CrossRef]

26. Jackson, R.B.; Jobbágy, E.G.; Avissar, R.; Roy, S.B.; Barrett, D.J.; Cook, C.W.; Farley, K.A.; Maitre, D.C.L.;

Mccarl, B.A.; Murray, B.C. Trading Water for Carbon with Biological Carbon Sequestration. Science 2005,

310, 1944–1947. [CrossRef] [PubMed]

27. Lü, Y.; Zhang, L.; Feng, X.; Zeng, Y.; Fu, B.; Yao, X.; Li, J.; Wu, B. Recent ecological transitions in China:

Greening, browning, and influential factors. Sci. Rep. 2015, 5. [CrossRef] [PubMed]

28. Wei, X.; Sun, G.; Liu, S.; Jiang, H.; Zhou, G.; Dai, L. The forest-streamflow relationship in China: A 40-year

retrospect. J. Am. Water Resour. Assoc. 2008, 44, 1076–1085. [CrossRef]

29. Feng, X.; Fu, B.; Piao, S.; Wang, S.; Ciais, P.; Zeng, Z.; Lü, Y.; Zeng, Y.; Li, Y.; Jiang, X. Revegetation in

China[rsquor]s Loess Plateau is approaching sustainable water resource limits. Nat. Clim. Chang. 2016,

6, 1019–1022. [CrossRef]

30. Piao, S.; Yin, G.; Tan, J.; Cheng, L.; Huang, M.; Li, Y.; Liu, R.; Mao, J.; Myneni, R.B.; Peng, S. Detection and

attribution of vegetation greening trend in China over the last 30 years. Glob. Chang. Biol. 2015, 21, 1601–1609.

[CrossRef] [PubMed]

31. Huang, S.; Huang, Q.; Leng, G.; Zhao, M.; Meng, E. Variations in annual water-energy balance and their

correlations with vegetation and soil moisture dynamics: A case study in the Wei River Basin, China.

J. Hydrol. 2017, 546, 515–525. [CrossRef]

32. Ning, T.; Li, Z.; Liu, W. Vegetation dynamics and climate seasonality jointly control the interannual catchment

water balance in the Loess Plateau under the Budyko framework. Hydrol. Earth Syst. Sci. 2017, 21, 1–25.

[CrossRef]

33. Zhang, D.; Liu, X.; Zhang, Q.; Liang, K.; Liu, C. Investigation of factors affecting intra-annual variability

of evapotranspiration and streamflow under different climate conditions. J. Hydrol. 2016, 543, 759–769.

[CrossRef]

34. Foley, J.A.; DeFries, R.; Asner, G.P.; Barford, C.; Bonan, G.; Carpenter, S.R.; Chapin, F.S.; Coe, M.T.; Daily, G.C.;

Gibbs, H.K. Global consequences of land use. Science 2005, 309, 570–574. [CrossRef] [PubMed]

35. Liu, J.; Liu, M.; Zhuang, D.; Zhang, Z.; Deng, X. Study on spatial pattern of land-use change in China during

1995–2000. Sci. China Ser. D Earth Sci. 2003, 46, 373–384.

36. McVicar, T.R.; Roderick, M.L.; Donohue, R.J.; Li, L.T.; Van Niel, T.G.; Thomas, A.; Grieser, J.; Jhajharia, D.;

Himri, Y.; Mahowald, N.M. Global review and synthesis of trends in observed terrestrial near-surface wind

speeds: Implications for evaporation. J. Hydrol. 2012, 416, 182–205. [CrossRef]

37. Penman, H.L. Natural Evaporation from Open Water, Bare Soil and Grass; The Royal Society: London, UK, 1948;

pp. 120–145.

38. Shuttleworth, W.J. Evaporation. In Handbook of Hydrology; Maidment, D.R., Ed.; McGRaw Hill: New York,

NY, USA, 1993.

39. Beck, H.E.; McVicar, T.R.; van Dijk, A.I.; Schellekens, J.; de Jeu, R.A.; Bruijnzeel, L.A. Global evaluation

of four AVHRR–NDVI data sets: Intercomparison and assessment against Landsat imagery. Remote Sens.

Environ. 2011, 115, 2547–2563. [CrossRef]

40. Pinzon, J.E.; Tucker, C.J. A non-stationary 1981–2012 AVHRR NDVI3g time series. Remote Sens. 2014,

6, 6929–6960. [CrossRef]

41. Carmona, A.; Poveda, G.; Sivapalan, M.; Vallejo-Bernal, S.; Bustamante, E. A scaling approach to Budyko’s

framework and the complementary relationship of evapotranspiration in humid environments: Case study

of the Amazon River basin. Hydrol. Earth Syst. Sci. 2016, 20, 589–603. [CrossRef]

42. Arora, V.K. The use of the aridity index to assess climate change effect on annual runoff. J. Hydrol. 2002,

265, 164–177. [CrossRef]

43. Liu, X.; Zhang, D. Trend analysis of reference evapotranspiration in Northwest China: The roles of changing

wind speed and surface air temperature. Hydrol. Process. 2013, 27, 3941–3948. [CrossRef]

98



Forests 2018, 9, 412

44. Ukkola, A.; Keenan, T.; Kelley, D.I.; Prentice, I. Vegetation plays an important role in mediating future water

resources. Environ. Res. Lett. 2016, 11. [CrossRef]

45. Bai, P.; Liu, X.; Liu, C. Improving hydrological simulations by incorporating GRACE data for model

calibration. J. Hydrol. 2018, 557, 291–304. [CrossRef]

46. Miao, C.; Ashouri, H.; Hsu, K.L.; Sorooshian, S.; Duan, Q. Evaluation of the PERSIANN-CDR Daily Rainfall

Estimates in Capturing the Behavior of Extreme Precipitation Events over China. J. Hydrometeorol. 2015,

16, 1387–1396. [CrossRef]

47. Miao, C.; Kong, D.; Wu, J.; Duan, Q. Functional degradation of the water–sediment regulation scheme in the

lower Yellow River: Spatial and temporal analyses. Sci. Total Environ. 2016, 551, 16–22. [CrossRef] [PubMed]

48. Yan, F.; Wang, Q. Characterization and causes of low-quality and low-efficiency forest in Ganzhou of Jiangxi

Province. Prot. For. Sci. Technol. 2016. [CrossRef]

49. Behling, H. Late Quaternary vegetation, climate and fire history of the Araucaria forest and campos region

from Serra Campos Gerais, ParanáState (South Brazil). Rev. Palaeobot. Palynol. 1997, 97, 109–121. [CrossRef]

50. Lehmann, C.E.; Anderson, T.M.; Sankaran, M.; Higgins, S.I.; Archibald, S.; Hoffmann, W.A.; Hanan, N.P.;

Williams, R.J.; Fensham, R.J.; Felfili, J. Savanna vegetation-fire-climate relationships differ among continents.

Science 2014, 343, 548–552. [CrossRef] [PubMed]

51. Hundecha, Y.; Bárdossy, A. Modeling of the effect of land use changes on the runoff generation of a river

basin through parameter regionalization of a watershed model. J. Hydrol. 2004, 292, 281–295. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

99



Article

Understory Plants Regulate Soil Respiration through
Changes in Soil Enzyme Activity and Microbial C, N,
and P Stoichiometry Following Afforestation

Fazhu Zhao 1,2,3, Jieying Wang 1,3, Lu Zhang 2, Chengjie Ren 4,*, Xinhui Han 4, Gaihe Yang 4,

Russell Doughty 5 and Jian Deng 6

1 Shaanxi Key Laboratory of Earth Surface System and Environmental Carrying Capacity,
Northwest University, Xi’an 710127, China; zhaofazhu@nwu.edu.cn (F.Z.); wjy9276@126.com (J.W.)

2 Key Laboratory of Degraded and Unused Land Consolidation Engineering the Ministry of Land and
Resources of China, Xi’an 710075, China; luluqiaofeng@126.com

3 College of Urban and Environmental Sciences, Northwest University, Xi’an 710127, China
4 College of Agronomy, Northwest A&F University, Yangling 712100, China;

hanxinhui@nwsuaf.edu.cn (X.H.); ygh@nwsuaf.edu.cn (G.Y.)
5 Department of Microbiology and Plant Biology, Center for Spatial Analysis, University of Oklahoma,

Norman, OK 73019, USA; russell.doughty@ou.edu
6 College of Life Sciences, Yan’an University, Yan’an 716000, China; deng050702@126.com
* Correspondence: rencj1991@nwsuaf.edu.cn; Tel.: +86-021-8830-8417

Received: 18 June 2018; Accepted: 18 July 2018; Published: 20 July 2018

Abstract: Soil respiration (SR) is an important process in the carbon cycle. However, the means
by which changes in understory plant community traits affect this ecosystem process is still
poorly understood. In this study, plant species surveys were conducted and soil samples were
collected from forests dominated by black locust (Robinia pseudoacacia L.), with a chronosequence
of 15, 25, and 40 years (RP15, RP25, and RP40, respectively), and farmland (FL). Understory plant
coverage, evenness, diversity, and richness were determined. We investigated soil microbial biomass
carbon (MBC), nitrogen (MBN), phosphorus (MBP), and stoichiometry (MBC:MBN, MBC:MBP,
and MBN:MBP). Soil enzyme assays (catalase, saccharase, urease, and alkaline phosphatase),
heterotrophic respiration (HR), and autotrophic respiration (AR) were measured. The results showed
that plant coverage, plant richness index (R), evenness, and Shannon-Wiener diversity were higher in
RP25 and RP40 than in RP15. SR, HR, and AR were significantly higher in the forested sites than in
farmland, especially for SR, which was on average 360.7%, 249.6%, and 248.2% higher in RP40, RP25,
and RP15, respectively. Meanwhile, catalase, saccharase, urease, and alkaline phosphatase activities
and soil microbial C, N, P, and its stoichiometry were also higher after afforestation. Moreover,
significant Pearson linear correlations between understory plants (coverage, evenness, diversity, and
richness) and SR, HR, and AR were observed, with the strongest correlation observed between plant
coverage and SR. This correlation largely depended on soil enzymes (i.e., catalase, saccharase, urease,
and alkaline phosphatase), and soil microbial biomass C, N, and P contents and its stoichiometry,
particularly urease activity and the MBC:MBP ratio. Therefore, we conclude that plant communities
are drivers of soil respiration, and that changes in soil respiration are associated with shifts in soil
enzyme activities and nutrient stoichiometry.

Keywords: understory plants; soil enzymes; soil microbial biomass; soil respiration;
afforestation ecosystem
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1. Introduction

Understory plants play an important role in soil carbon cycling and the future carbon (C) balance
of terrestrial ecosystems under climate change [1,2]. The C flux through soil respiration (SR) is a vital
component of the global C cycle; it represents approximately 10% of the atmospheric C pool, and
is 10 times greater than that from fossil fuel combustion [3]. Consequently, even slight changes in
understory plant community composition and traits could affect SR through shifts in productivity [4],
changing litter inputs and altering the soil microclimate [5,6]. Many studies have reported that plants
can control the balance between plant C inputs and losses [7–10]. However, the means by which
changes in plant community traits affect this ecosystem process, especially in afforested ecosystems,
is poorly understood. For example, different results are usually reported the effects of plant diversity
on SR. Both positive [11] and non-significant relationships [12] between plant diversity and SR have
been documented. More importantly, Dias [13] found no significant effect of plant diversity on SR,
while Liu [14] observed that plant diversity was the most important driver of SR. Therefore, it is
imperative to further investigate plant communities as drivers of SR, and the possible pathways,
mechanisms, and significance of SR for global climate change.

Plants affect SR in many ways, one of which is soil enzyme activities [15,16]. Enzyme activity
is the most basic driving factor of SR. More than 50% of SR is produced by the enzyme-related
decomposition of litter and soil organic matter (SOM) [17,18]. On the other hand, considering the
metabolic activities of microorganisms during C deposition into soil, enzymes transform plant residues,
decompose plant-derived C, and thus affect SR [19]. These relationships have been revealed through
field experiments [15], models [20], and meta-analyses [21,22]. For example, Chen [15] showed
a positive correlation between glycosidase activity and SR for most types of vegetation. Ren [9]
also documented that enzyme activities, especially oxidative C-degrading enzyme activities, were
significantly correlated with SR due to plant litter inputs. However, a lack of clarity regarding afforested
ecosystems still remains, because the distribution of both recalcitrant and labile C varies depending
on the plant community composition [23]. Furthermore, understanding the effects of the aggradation
of afforested ecosystems on belowground C cycles is important for quantifying and predicting the
dynamics of terrestrial C, especially under the current scenarios of global climate change. Thus,
investigating the role of soil enzyme activities during the aggradation of afforested ecosystems in SR
will help to address this knowledge gap.

Plant communities and litter can affect soil respiration rates through nutrient availability [24].
Additionally, ecological stoichiometry is usually regarded as an indicator of microbial nutrient
requirements and nutrient availability, especially for C, nitrogen (N), and phosphorus (P) content
in microbial biomass [25]. Plant communities also affect soil respiration by plant-trait driven
shifts in microbial biomass C, N, and P contents and stoichiometric ratio. Although results from
previous studies suggest that ecological stoichiometry, especially the C:N:P ratios of organisms and
substrates, could be used as a tool to acquire knowledge to the cycling of these elements [26,27],
the question remains as to how plant communities influence SR through changes in the stoichiometry
of soil microbial biomass during the aggradation of afforested ecosystems. We raise this question
because changes in the plant community composition during aggradation generally produce more
litter with higher N content, which is more easily degraded by soil microbes [28,29]. In turn,
microorganisms consume nutrients in excess amounts and store them in the form of glycogen
or polyphosphates, because afforestation leads to changes in their biomass C:N:P ratio [27,30].
Consequently, understanding how shifts in plant community composition affect SR due to changes in
the C:N:P ratio of microbial biomass is key to predicting the dynamics of terrestrial C under future
climate change. Thus, to advance our understanding of plant-soil interactions during the aggradation
of afforested ecosystems, more information about the regulation of terrestrial C dynamics by plant
community through shifts in microbial biomass C, N, and P stoichiometry is needed.

The Loess Plateau, which covers approximately 640,000 km2 in China, has experienced severe
soil erosion and decreased vegetation cover [31]. The abandonment of farmland with slopes >15◦
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to allow for afforestation is an important management practice to prevent soil erosion and restore
ecosystems native to this area [32]. In recent years, numerous studies have been conducted to examine
the effects of afforestation on soil physicochemical properties, microbial dynamics, and soil enzyme
activities [33–35]. However, information on the relationships among understory plant communities, SR,
soil enzymes, and microbial biomass nutrient stoichiometry is scarce. Therefore, we investigated plant
community composition, SR, soil enzyme activities, and microbial biomass C, N, and P stoichiometry
at three forest stands (aged 15, 25, and 40 years) with Robinia pseudoacacia L. (RP) succession after
afforestation of former farmland (FL) in the Loess Plateau. We hypothesized that SR changed with plant
community traits as aggradation progressed, and that this change in soil respiration was stimulated
by the soil C, N, and P stoichiometry of microbial biomass and soil enzymes. The objectives of this
study were to (i) evaluate the changes in plant community traits after afforestation, (ii) characterize
the changes in soil enzymes and microbial biomass C, N, and P stoichiometry after afforestation, and
(iii) demonstrate the relationships between plant community traits, soil enzyme activities, and soil
microbial biomass C, N, and P stoichiometry after aggradation of the afforested farmland.

2. Material and Method

2.1. Study Area

The study was conducted at Wuliwan Watershed, Ansai County, Shaanxi Province, northern
China (36◦46’42”–36◦46’28” N, 109◦13’46”–109◦16’03” E) (Figure 1). This area is a fragile, semiarid
ecosystem, and has one of the largest global loess areas [35]. The average monthly temperature ranges
from −6.2 ◦C in January to 37.2 ◦C in July, with a mean annual temperature of 8.8 ◦C and mean annual
precipitation of 505 mm [36]. In this region, the growing season for deciduous species occurs from
April to October [37]. The soil is highly erodible, and classified as loessial soil (Calcaric Cambisols,
WRB classification, 2014) (Table 1). The dominant tree species in this area is R. pseudoacacia L., which
was replanted on farmland. The main crop species is Setaria italica (L.) P. Beauvois (millet). Water
resources for crop growth are dependent entirely on rainfall; irrigation is not practiced during the
growing season. The Wuliwan catchment is an experimental site of the Chinese Academy of Science
(CAS), and vegetation restoration has been implemented due to serious soil degradation since the
1970s. After 30 years of afforestation, the area of forest has increased significantly from 5% to 40% [38].
Prior to afforestation, all land-use types were essentially farmland, which had been subjected to similar
farming practices for more than 20 years with millet and soybean rotations [39]. The understory
Stipa bungeana Trin. community is the most extensive species in afforested sites. Stipa grandis P.A.Smirn.
and Pinus bungeana Zucc. are the dominant grass species, while Thymus mongolicus Ronn. and
Artemisia sacrorum Ledeb. are the dominant forb species (Table 1).

Figure 1. Location of the Loess Plateau and the study site.
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Table 1. Geographical information for the four R. pseudoacacia L. sites.

Sites Farmland
Robinia pseudoacacia Linn.

(RP15 year)
Robinia pseudoacacia Linn.

(RP25 year)
Robinia pseudoacacia Linn.

(RP40 year)

Elevation (m) 1205 1303 1298 1293
Clay (%) 8.12 ± 0.21 A 8.55 ± 0.14 A 9.54 ± 0.13 A 10.11 ± 0.12 A
Silt (%) 60.45 ± 0.22 A 62.53 ± 0.19 A 60.36 ± 0.19 A 64.35 ± 0.21 A

Sand (%) 31.43 ± 0.10 A 28.92 ± 0.09 A 30.10 ± 0.18 A 25.54 ± 0.11 A

Dominate
species

Artemisia capillaries Thunb.,
Heteropappus altaicus (Willd.)
Novopokr., Stipa bungeana

Trin., Oxytropis bicolor
Bunge., Cleistogenes squarrosa

(Trin.) Keng

Artemisia capillaries Thunb.,
Heteropappus altaicus (Willd.)

Novopokr., Stipa bungeana Trin.,
Salsola collina Pall., Oxytropis

bicolor Bunge., Cleistogenes
squarrosa (Trin.) Keng

Artemisia capillaries Thunb.,
Heteropappus altaicus (Willd.)

Novopokr., Artemisia sacrorum
Ledeb., Stipa bungeana Trin.,

Oxytropis bicolor Bunge.,
Cleistogenes squarrosa (Trin.) Keng

Capital letters indicate significant difference among different land use types (p < 0.05); the error bars.

2.2. Experimental Design

Experiments were carried out in June and October, 2014. Based on land use history, three afforested
lands, R. pseudoacacia L. (RP40), R. pseudoacacia L. (RP25), and R. pseudoacacia L. (RP15), as well as
farmland (FL), were selected. In each different aged stand, three plots with similar slope, gradient, and
altitude [38,39] were established. In total, 12 plots (four land use types × three replicate plots) were
setup in the study area. In addition, six quadrats (0.5 m × 0.5 m) (three trenched and three untrenched
quadrats) were randomly established within the replicate plots, and the trenches (0.5 m wide and 0.8 m
deep) were excavated in October 2013. After covering the trenches with a 2 mm thick plastic sheet,
we refilled them with soil.

2.3. Soil Respiration Measurement and Soil Sampling

Polyvinyl chloride collars (PVC; 16 cm in diameter × 12 cm in height) were used to measure
soil respiration, as described in our previous study [22]. In the experiment sites, six PVC collars were
installed to a depth of 10 cm. Three PVC collars in trenched quadrats were used to measure the soil
heterotrophic respiration (HR). The other three PVC collars in untrenched quadrats were used to
measure SR. In June and August, 2014, AR and HR were measured on a single rain-free day between
9:00 and 11:00 a.m., using the portable soil CO2 flux system (GXH-3010E1, LI-COR Inc., Lincoln, NE,
USA) (µmol CO2 m−2 s−1), and obtained from consecutive 2- or 3-day measurements to represent
the average monthly soil respiration. Finally, the three respiration rate observations were averaged to
obtain the results for a given plot for both AR and HR.

After removing the litter layer, soil samples were collected at 0–10 cm soil depth using a soil
auger (diameter 5 cm) from ten points within an “S” shape in each subplot, and then homogenized
to provide one final soil sample per subplot. Overall, 12 samples (four stand age types × three plots)
were collected. The samples were sieved through a 2 mm screen, and roots and other debris were
removed [39,40]. A fraction of each soil sample was air dried and stored at room temperature prior
to analysis of its properties, including water content (SWC) and pH. The other portion of each soil
sample was immediately transported to the laboratory (on ice, and then stored at −80 ◦C) for microbial
biomass carbon (MBC), nitrogen (MBN), phosphorus (MBP), and enzymatic assay analyses.

2.4. Analysis of Soil Properties and Enzymes Activities

SWC was determined by oven drying to a constant mass at 105 ◦C. BD was taken by undisturbed
soil and calculated from the gravimetric weight of the cores (using 100 cm3 cores with a height of 5 cm)
before and after oven drying at 105 ◦C for 24 h from the individual core volume, while soil pH was
measured using a pH meter after shaking the soil water (1:5 w/v) suspension for 30 min [22,39]. MBC,
MBN, and MBP were estimated from fresh soil samples using a chloroform fumigation-extraction
method [39]. Soil catalase, saccharase, urease, and alkaline phosphatase activities were determined as
described in our previous study [40].
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2.5. Plant Species Identification and Species Diversity Index

Plant species identification was done in situ in June and October of 2014, which was described
in our previous study [41]. Five 1 m × 1 m quadrats were established in each replicate plot in June
and October, respectively (3 stand age × 3 replicates × 5 quadrats, a total of 45 quadrats at each site
in one season). Vegetation surveys of herbaceous plants in the plantation understory were done by
tallying stem quantity and plant height for each species. Plant coverage of herb layers was visually
estimated using a metal frame of 1 m × 1 m with 100 equally distributed grids above the subplot, and
then understory coverage was calculated as the average percentage of ground surface area covered by
the shadow of the foliage in each quadrat [41].

Species richness is the number of species in each quadrat [41]. The Richness index (R) was
calculated as the total number of species in each community (S), Shannon-Wiener diversity index (H),
and Evenness index (E) of the afforested and abandoned land plant communities were calculated using
the following equations:

H = ∑ S
i=1(PilnPi) (1)

E =
H

lnS
(2)

where S = total number of species in each community, H = Shannon-Wiener diversity index, Pi = density
proportion of species “i”, ln = natural log.

2.6. Statistical Analyses

All statistical analyses were carried out using SPSS for Windows (version 17.0, SPSS Inc.,
Chicago, IL, USA). Analysis of variance (ANOVA) and Duncan’s Multiple Range Test (DMRT) at
5% level of significance were used to compare the differences in plant community coverage, height,
and plant density; R, H, and E indexes; MBC:MBN, MBC:MBP, and MBN:MBP ratios; and soil
catalase, saccharase, urease, and alkaline phosphatase activity among different sites. Spearman’s
rank correlation coefficients were used to investigate the relationships among the plant and soil
characteristics at each site. In addition, we used the Beerkan Estimation of Soil Transfer (BEST
PRIMER-E, Plymouth, UK) model building procedure, which utilizes all possible combinations of
factors to determine which combination of factors (Coverage, Evenness, Diversity, Richness, catalase,
alkaline phosphatase, urease, saccharase, MBC:MBN, MBC:MBP, MBN:MBP) account for the greatest
proportion of SR (SR, AR and HR). The factors additions were evaluated stepwise and were based on
sufficient improvement in the model’s R value.

3. Results

3.1. Changes in Soil Properties and Plant Community Traits after Afforestation

We found that after afforestation, soil bulk density (SBD) and Water Holding Capacity (WHC)
increased significantly. SBD was higher at RP40 than RP25, RP15, and FL by 3.33%, 5.98%, and 8.77%.
WHC was higher at RP40 than RP25, RP15, and FL by 43.79%, 54.48%, and 136.90%. For the increase of
humus, pH value was decreased, and the soil was gradually acidic (Table 2). Understory plants showed
remarkable variability during aggradation in our study (Figure 2). We found that after afforestation
and during aggradation, plant coverage and plant R, E, and H indices increased. These parameters
were higher at RP40 than at RP15 both in June and in October. Compared to RP15, plant coverage and
plant R, E, and H indices were higher at RP25 by 26.69%, 20.00%, 14.72%, and 8.28% in June and by
27.15%, 89.45%, 12.47%, and 16.72% in October, respectively.
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Table 2. Soil properties after afforestation.

Sites SBD (g·cm−3) a pH WHC (%) b

Farmland 1.14 ± 0.02 A 9.38 ± 0.01 A 10.27 ± 0.74 C
R. pseudoacacia (RP15 year) 1.17 ± 0.01 A 8.67 ± 0.11 A 15.75 ± 0.98 B
R. pseudoacacia (RP25 year) 1.20 ± 0.01 A 8.65 ± 0.01 A 16.92 ± 0.79 B
R. pseudoacacia (RP40 year) 1.24 ± 0.01 A 8.48 ± 0.02 A 24.33 ± 1.21 A

a SBD is soil bulk density; b WHC is Water Holding Capacity Note: ±SE, Capital letter represents significant
difference among sites.

Figure 2. Plant community characteristics ((a) plant coverage, (b) plant richness, (c) plant evenness,
(d) plant diversity) after afforestation. Different letters denote significant (p < 0.05) differences among sites
in same month; error bar represents standard error. Note: 40, 25, and 15 years of Robinia pseudoacacia L.
indicated as RP40, RP25, and RP15.

3.2. Changes in Soil Respiration and Its Components after Afforestation

Significant differences were found in SR, HR, and AR (Figure 3). SR at RP40, RP25, and RP15 was
significantly higher than that in FL in June and in October. HR increased as aggradation progressed
at afforested sites, with HR at RP40 being 23.68% and 40.06% higher than that at RP25 and RP15 in
June, and 14.46% and 90.56% higher in October, respectively. Meanwhile, AR increased following
afforestation and yielded average values of 0.54 µmol CO2 m−2 s−1 in June and 0.73 µmol CO2 m−2 s−1

in October.
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Figure 3. Soil respiration (a) and its components ((b) soil heterotrophic respiration, (c) soil autotrophic
respiration) after afforestation. Different letters denote significant (p < 0.05) differences among sites in
same month; error bar represents standard error. Note: 40, 25, and 15 years of Robinia pseudoacacia L.
indicated as RP40, RP25, and RP15.

3.3. Changes in Soil Enzyme Activities after Afforestation

Changes in soil enzyme activities are shown in Figure 4. Catalase, saccharase, urease, and alkaline
phosphatase contents increased following afforestation. For example, catalase, alkaline phosphatase,
urease, and saccharase activities at RP40 were higher than at RP25 in June and October, respectively.
Catalase, alkaline phosphatase, urease, and saccharase activities at RP25 were higher than those at
RP15 in June and October, respectively. Compared with FL, the average increases of catalase, alkaline
phosphatase, urease, and saccharase activities in RP sites were higher in June and October.

Figure 4. Soil Catalase enzyme activities (a), Alkaline phosphatase enzyme activities (b), Ureas enzyme
activities (c) and Saccharase enzyme activities (d) after afforestation. Different letters denote significant
(p < 0.05) differences among sites in same month; error bar represents standard error. Note: 40, 25, and
15 years of Robinia pseudoacacia L. indicated as RP40, RP25, and RP15.
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3.4. Changes in Soil Microbial Biomass C, N, and P Contents and Its Stoichiometry after Afforestation

Soil microbial biomass C, N, and P contents and its stoichiometry responded differently during
aggradation at the afforested sites (Figure 5). The results showed that MBC, MBN, and MBP contents
increased significantly at RP40, compared with FL, by 581.7%, 231.5%, and 204.9% in June, and 347.1%,
215.2%, and 113.8% in October, respectively. Further, MBC, MBN, and MBP contents at RP40 were
higher than at RP25 and RP15 by approximately 57.62%, 30.90%, and 36.99% in June, and 45.44%,
32.02%, and 18.79% in October, respectively. In addition, MBC:MBN, MBC:MBP, and MBN:MBP ratios
were also significantly higher after afforestation. Compared with FL, MBC:MBN, MBC:MBP, and
MBN:MBP ratios at RP40 were higher by 105.7%, 127.8%, and 10.69% in June, and 41.96%, 105.4%, and
44.16% in October, respectively. However, among the afforested sites, there were no significant trends
observed in these ratios.

Figure 5. Soil microbial C (a), N (b), P (c) and soil MBC: MBN (d), soil MBC: MBP (e) and soil MBN:
MBP (f) after afforestation. Different letters denote significant (p < 0.05) differences among sites in same
month and error bar represents standard error. Note: 40, 25, and 15 years of Robinia pseudoacacia L.
indicated as RP40, RP25, and RP15.

3.5. Relationships between Plant and SR Linked to Microbial Biomass C, N, and P Contents and Its
Stoichiometry and Soil Enzyme Activities after Afforestation

Spearman’s rank correlation coefficients also showed significant relationships among microbial
biomasses (C, N, and P), their stoichiometries, soil enzyme activities, and soil respiration components
(Table 3). Linear regression results were observed between most of these parameters (p < 0.05) (Figure 6),
especially for plant coverage (Table 4). The results showed that changes in SR and its components
were significantly correlated with catalase, saccharase, urease, alkaline phosphatase, and microbial
biomass C, N, and P contents, and MBC:MBN, MBC:MBP, and MBN:MBP ratios (p < 0.05). In addition,
after performing a “best” model building procedure, we found that urease, MBP, and MBC:MBP ratio
were the best predictive factors influencing SR (Table 5).
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Table 3. Spearman’s rank correlation coefficients between the microbial biomass (C, N, and P) and its
stoichiometry (MBC:MBN, MBC:MBP and MBN:MBP) and the soil enzyme actives (catalase, saccharase,
urease, and alkaline phosphatase), as well as soil respiration components.

Soil Enzyme Actives

catalase Alkaline phosphatase urease saccharase

SR −0.653 ** −0.649 ** −0.677 ** −0.757 **
HR −0.520 * −0.518 * −0.410 −0.558 *
AR −0.595 ** −0.649 ** −0.774 ** −0.717 **

MBC MBN MBP MBC:MBN MBC:MBP MBN:MBP
SR 0.42 0.582 * 0.676 ** 0.613 ** −0.695 ** 0.447
HR 0.553 * 0.364 0.517 * 0.658 ** −0.699 ** 0.481 *
AR 0.24 0.586 * 0.568 * 0.620 ** −0.717 ** 0.478 *

Soil respiration (SR); Soil heterotrophic respiration (HR); Soil autotrophic respiration (AR); Microbial biomass carbon
(MBC); nitrogen (MBN); phosphorus (MBP); Microbial biomass carbon and nitrogen ratio (MBC:MBN); Microbial
biomass carbon and phosphorus ratio (MBC:MBP); Microbial biomass nitrogen and phosphorus ratio (MBN:MBP)
** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level.

Figure 6. Linear Regression between SR and plant coverage in RP40 (a), RP20 (b), and in RP15 (c);
between HR and plant richness in RP40 (d), RP20 (e), and in RP15 (f); between AR and plant diversity
in RP40 (g), RP20 (h), and in RP15 (i); Soil respiration (SR); Soil heterotrophic respiration (HR); Soil
autotrophic respiration (AR).
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Table 4. Results from the BEST model for each number of predictor variables.

Number Variables R Predictor Variables **

1 0.142 Coverage
2 0.116 Coverage, Evenness
3 0.093 Coverage, Evenness, Diversity
4 0.037 Coverage, Evenness, Diversity, Richness

Number of permutations: 999 (random sample). ** Significance level of sample statistic: 0.1%.

Table 5. Results from the BEST model for each number of predictor variables.

Number
Variables

Soil Enzyme Actives
Soil Microbial

C, N, P
Soil Microbial Stoichiometry

R Predictor Variables R Predictor Variables R Predictor Variables

1 0.131 urease 0.112 MBP 0.136 MBC:MBP

2 0.126
alkaline phosphatase,

urease
0.158 MBP 0.193

MBC:MBP,
MBN:MBP

3 0.118
catalase, alkaline

phos-phatase, urease
0.138 MBP, MBN 0.132

MBC:MBP,
MBN:MBP

4 0.036
catalase, alkaline phosphatase,

urease, saccharase

Number of permutations: 999 (random sample). Microbial biomass carbon (MBC); nitrogen (MBN); phosphorus
(MBP); Microbial biomass carbon and nitrogen ratio (MBC:MBN); Microbial biomass carbon and phosphorus ratio
(MBC:MBP); Microbial biomass nitrogen and phosphorus ratio (MBN:MBP).

4. Discussion

In line with our expectations, plant diversity and coverage significantly influenced SR across
our study sites. The most important factors influencing SR were changes in C inputs into soil [7].
These changes in C inputs have been observed by species diversity experiments in grasslands, which
documented that more diverse grasslands were more productive [42], and that C inputs further
stimulated SR. However, increased plant diversity also showed increased use efficiency [1]. This
reduction in N concentration in the soil organic matter may negatively affect SR, including AR and
HR [10,13]. On the other hand, understory plant characteristics can have important and diverse effects
on soil properties, microclimates, and SR [2]. In particular, the effects of plants on soil temperature and
water content are important, because they are drivers of microbial activity and SR [43,44]. For example,
a previous study showed that plant canopies often reduce ground level radiation and soil evaporation
rates, resulting in lower soil temperature and greater soil moisture content [45]. Therefore, a higher
availability of plant-derived resources has a strong and positive affect on SR following afforestation.

The effects of plant diversity on SR may be more pronounced in the presence of soil enzymes [46],
which is consistent with our result that species richness mediate soil respiration, partly through
changes in soil enzyme activities. Several previous studies also supported our result that soil enzyme
activity might significantly affect SR in terrestrial ecosystems [47,48]. For example, Chen [15] reported
that changes in microbial enzymatic activities might be the basically drivers of SR, because more
than 50% of SR is came from enzyme-related decomposition of litter and SOM. Ren [9] observed
that C-degrading extracellular enzyme activities were significantly correlated with SR. A possible
explanation was that the litter inputs during afforestation not only provide the building blocks for
enzymatic production, because enzymes are basically N-rich molecules, but also increase microbial
C demands due to stoichiometry of microbial biomass nutrients [49]. Consequently, increases in
microbial C demands were expected to be alleviated by promoting the activities of C-degrading
enzymes, influencing SR [50].

More importantly, soil microbial biomass C, N, and P content and its stoichiometry increased
significantly with increasing plant diversity in both months of our study. These findings were consistent
with previous studies, which showed that the positive effects of plant diversity on soil microbial
biomass and functions led to changes in SR [25,51]. In particular, HR came from the microbial
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decomposition of root exudates in the rhizosphere. Increased microbial biomass C, N, and P content
and its stoichiometry could augment labile soil carbon [52,53], alter microbial communities [9,10],
or increase soil moisture [6,54], all of which can impact SR. However, our results contrasted with
those of Cong [4] who reported that no significant difference was observed in SR between plant
community traits and species richness. This was probably a consequence of the low soil fertility and
dry conditions at the time of sampling in their experiment [4]. Therefore, plant species diversity
may exceed plant production as a driver of the shifts in soil microbial biomass and stoichiometry
in the long term by providing more diverse plant-derived resources, and thus, potentially influence
SR. In addition, the species composition of plant communities influences microbial biomass C, N,
and P content and stoichiometry, which can lead to changes in microbial bioenergetics and qCO2.
Consequently, changes in these factors influence SR, especially microbial respiration. This conclusion
was supported by a previous study that reported the qCO2 increase with soil and litter carbon to
nutrient ratios and underlying stoichiometric controls [55], which may be because microbes in soils with
lower microbial C:N ratios have higher growth efficiency and lower release of C through respiration.
Conversely, microbes in soils with higher microbial C:N ratios have more C available to be converted
into biomass [56–59]. Therefore, changes in plant communities influences the soil microbial C, N, and
P stoichiometry, and are important drivers of the trends in microbial bioenergetics and respiration
rates of soil microorganisms per unit microbial biomass.

In summary, understory vegetation affects SR through many mechanisms. However, the most
important factor is the quantity and quality of organic inputs into the soil from plants. Our results
indicate that plants regulate C dynamics through changes in soil enzyme activities and microbial
biomass C, N, and P content and stoichiometry. This study has highlighted the role of plants within
the plant-soil system, and the fact that plants are necessary for better understanding and simulating
the patterns of SR across terrestrial ecosystems.

5. Conclusions

Our study showed that changes in understory plant community traits (coverage, evenness,
diversity, and richness), soil respiration and its components, the activities of four enzymes (catalase,
saccharase, urease, and alkaline phosphatase), and soil microbial biomass C, N, and P contents and its
stoichiometry were significantly driven by afforestation and the aggradation of afforested sites. Plant
community traits mediated SR through changes in soil enzyme activities and soil microbial biomass C,
N, and P contents and its stoichiometry. Therefore, our results highlight the importance of understory
plant community traits in regulating belowground carbon dynamics, and suggested that plant traits,
especially plant coverage, altered the components of soil respiration by affecting soil enzyme activities
and soil microbial biomass C, N, and P contents and its stoichiometry.
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Abstract: An integrated multi-model approach to predict future land cover in the Da River Basin in
Vietnam was developed to analyze future impacts of land cover change on streamflow and sediment
load. The framework applied a land cover change model and an ecological model to forecast future
land cover and leaf area index (LAI) based on the historical land cover change, and these data were
then used in a calibrated distributed hydrological model and a new sediment rating curve model to
assess hydrological changes and sediment load in the river basin. Results showed that deforestation
would likely continue, and that forest area would decrease by up to 21.3% by 2050, while croplands
and shrublands would replace forests and increase by over 11.7% and 10%, respectively. Streamflow
and sediment load would generally increase due to deforestation in the Da River Basin in the 2050s,
in both the wet and dry seasons, but especially in the wet season. In this case, the predicted annual
sediment load was expected to increase by about 9.7% at the Lai Chau station. As deforestation
increased, sediment load and reservoir siltation could likely shorten the lifespan of the recently
constructed Son La Reservoir. The applied integrated modeling approach provides a comprehensive
evaluation of land/forest cover change effects on the river discharge and sediment load, which is
essential in understanding human impacts on the river environment and in designing watershed
management policies.

Keywords: forest cover; ecosystem model; BTOPMC model; LAI; streamflow; sediment load

1. Introduction

Land cover change is a global phenomenon and has dramatically altered river basin environments
in the past decades [1–6]. Although land cover pattern changes certainly provide many socioeconomic
benefits, they are also a major driving force in the degradation of natural environments, local river
inundation [7], and serious soil degradation [6,8,9]. Land cover change is directly linked to the
watershed hydrological cycle, altering the balance between rainfall and evapotranspiration [2,3,5,10],
and additionally affecting flow velocity [6], whether in the form of streams or overland flows, due to
changes in slope or gradient [11]. Land cover change also modifies the overland flow resistance and
soil erodibility, and consequently impacts the sediment load in river basins.

Many studies have been carried out to evaluate impacts of the land cover change or vegetation
dynamics on streamflow [1–3,10] and sediment load [6,9,12,13] at different spatial and temporal scales.
Generally, researchers have agreed that land cover change or vegetation dynamics can alter streamflow
or sediment load [1–7,9–12]. Many studies also agreed on the vegetation effect on streamflow, i.e.,
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the streamflow should increase along with deforestation and vegetation degradation [3], or decrease
following afforestation and vegetation restoration [2]. However, a few case studies have shown that
forest/vegetation could have some positive effects on river discharge [14,15]. Although it is generally
agreed that land cover change has negative effects on river streams, its role and importance in altering
streamflow is still argued about, especially for large basins [2,5,14,16].

Deforestation or vegetation degradation is considered to be a main risk factor for riverbanks
and surface soil erosion, as it results in the increase of sediment transportation in surface runoff and
streamflow velocity [8,9]. For example, Schmidt et al., using an isotope tracer technique, concluded
that deforestation caused by agricultural expansion significantly increased the sediment yield of six
rivers in western China [6]. Moreover, the response of sediment load to land cover change appears to
be more complex than that of streamflow response [17–19]. Although streamflow and sediment load
are strongly correlated in response to land cover change [20,21], the level or severity of the land cover
change impacts on both of these parameters are still arguable [2,5,15,16,22]. Land cover change has
a big impact on the river basin’s hydrological cycle, including many environmental issues, and thus it
should be assessed as one unit for a better understanding of the overall impact to the catchment.

The Red River in the northwest of Vietnam is classified as one of the top ten rivers in terms of
sedimentation load, and it is a well-known major agricultural area in Vietnam. Rapid land development
in the upstream area and dam constrictions have changed the hydrological cycle, sediment load, and
biodiversity in the area [23]. Land cover change was recognized as the major factor to alter streamflow
and sediment flow in the upstream area of the Red River compared to climate change [21]. Satellite
observation and model simulations suggested that the decrease in historical vegetation cover raised
sediment load by 13.7% in the Red River Basin [24]. In addition, land cover change has caused
significant variations in the peak river flow and velocity, increasing flood risk in the downstream
area [23]. On the other hand, the sediment load has decreased, starting from the downstream area of
the HoaBinh Dam since the construction of the dam, indicating that HoaBinh Reservoir has trapped
half of the annual sediment [23,25]. Such a sediment load reduction and reservoir siltation issues
have caused a re-evaluation of the HoaBinh Dam life span and its flooding prevention functions [26].
This example shows how sediment load evaluation in connection to land cover change is an important
task for future dam construction design under rapidly changing conditions. Most studies have been
focused separately on historical changes in streamflow or sediment load analysis in the Red River
Basin, and few studies have combined river discharge and sediment load responses to analyses of
future land cover change. However, streamflow and sediment load responses to land cover change
are highly correlated, and it is essential to evaluate both variables simultaneously in order to provide
useful information that will optimize the use of water resources and reservoir operation in the Red
River Basin.

Defining future land cover change plays an important role in the impact assessment and it is
crucial for future analyses of streamflow and sediment load. Currently, there are many studies that
address this issue, and land use/cover change simulations based on the historical land change analysis
are widely applied and well described. Several land use/cover change models have been developed
and applied in various parts of the world, including CLUE-S [27], Dinamica EGO [28], GEOMOD [29],
and the Land Change Model (LCM) [30]. Among these, the LCM was selected; this model could
predict land cover more accurately in several sub-tropic forest-dominated areas, such as Bolivia [30],
Mexico [31], and others. Although many studies have combined such land use/cover change models
with hydrological models to predict future streamflow [1,32] or sediment load [13], only a few cases
were carried out to predict future streamflow and sediment load simultaneously [33]. It is also
important to point out that vegetation characteristics would change dynamically along with land cover
conversion [5,34], and it is crucial not to overlook vegetation dynamics in the hydrological simulation.
Hydrological response to land cover change or dynamic vegetation has therefore received increasing
attention from both field observations and model simulations in the catchment area [1–3,17–19].
However, many studies have been focused on the individual effect of land cover change [2,13,17] or
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vegetation dynamics [12,24] on the hydrological cycle. Hence, both land cover change and dynamic
vegetation impacts were considered in this research.

The main goal of this study was to evaluate the streamflow and the sediment load response to
the changes in future land cover and vegetation dynamics in the Da River Basin, one of the largest
sub-basins of the Red River Basin. We developed an integrated framework that included a land change
model and an ecological model, coupled with a calibrated distributed hydrological model and a new
sediment rating curve model. The system was applied in order to quantitatively assess future land
cover change impacts in the Da River Basin.

2. Study Area and Data Description

2.1. Study Area Description

The Da River (also known as the Black River) originates in the southeast of China and is one of
the largest tributaries of the Red River. Both the Da River and the Red River are trans-boundary rivers
shared between Vietnam and China (Figure 1). The catchment area of the Da River is approximately
55,000 km2. The upstream landscape is characterized with narrow and steep slopes with high erosion
rates [23]. Climate is dominated by tropical monsoons, with an annual average precipitation of about
1320 mm, falling in two seasons, the rainy season (May to October), with 85% of total precipitation,
and the cool dry season, with 15% of total precipitation [23,25]. The annual mean runoff from 1988 to
2004 was about 1168 m3/s at the Lai Chau station, and there was a total annual sediment load of about
40.1 × 106 ton.

Figure 1. Location of the Da River Basin (DRB) and the hydro-meteorological stations.

Sediment load of the river is important, as the Vietnamese government has decided to build
a cascade of five dams and hydropower facilities in the Da River Basin (DRB) (Figure 1) for hydroelectric
power, flood prevention, and agricultural irrigation. Up to now, two dams, the Son La and the HoaBinh,
were constructed in the DRB. The Son La reservoir in the DRB, with an effective storage of 16.2 km3 [23],
has just been completed in October 2012, and it has become the largest dam in Vietnam (Figure 1).
Construction of the HoaBinh dam (V = 9.5 km3), located in the downstream area of the Son La dam,
was completed in 1993 [23].
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Deforestation has been a growing concern in the region, and for the upstream area of the DRB
in particular. The region was originally dominated by forest: 70% of the entire DRB was covered by
evergreen broadleaf forests, and the remaining area mainly comprised croplands and shrublands.
The forest cover of the Chinese portion of the river basin has declined by half from 1950 to 1990 [35],
the most severe decline being in 1993 due to unbridled logging and agricultural expansion activities [36].
The past forest cover decline in Vietnam has been even more rapid over the same time period, especially
in the mountainous regions of the Sino-Vietnamese border, where forest cover had been reduced by
more than 70% of the previous forest area [37]. Since 1995, several programs for forest rehabilitation
have been established and the total forest area of Vietnam has been continuously increased; however,
the Da River Basin is still limited in terms of forest plantations due to poor accessibility [38]. Compared
with the original natural forests, young man-made forests have lower canopy density and shallower
rooting depth, and they cannot play an equal role in soil conservation. Over the last 500 years, deforestation
have raised the soil erosion rate by 15-fold, resulting in increased sediment load in the DRB [23].

2.2. Dataset Description

The hydrological and meteorological datasets for 1991–2000 were provided by the Vietnam
Academy of Science and Technology and the China Meteorological Data Sharing Service Center.
These datasets were used as inputs for hydrological modeling and sediment concentration calculations.
Daily streamflow data collected at the Lai Chau (LC) and the Ta Bu (TB) stations in the DRB (Figure 1)
were used in calibrating and validating the distributed hydrologic model. Monthly suspended sediment
concentration (SSC) data were also available at LC station. Available meteorological stations were well
distributed in the study area (Figure 1), providing daily precipitation, wind speed, relative humidity,
and hours of sunshine, as well as maximum, minimum, and mean air temperatures of the DRB. To run
the ecological model, observation data of precipitation, mean air temperature, relative humidity,
and vapor pressure were interpolated to gridded datasets using the ordinary Kriging interpolation
method [39,40]. Particularly, the altitude effect on air temperature (a lapse rate of 0.65 ◦C per 100 m)
was considered in the process of the air temperature interpolation [5].

Geographical information (e.g., topography, land use, soil type, vegetation, population density)
was used as inputs to the distributed hydrological model, the land change model, and the ecological
model. Digital elevation data (GTOPO30) with a 30-arc-second spatial resolution was obtained from the
U.S. Geological Survey (USGS) [41]. Soil type and soil properties were extracted from the FAO global
soil map [42] with a spatial resolution of 5-arc minutes. Land cover data (from 2001 and 2011) were
obtained from Moderate Resolution Imaging Spectroradiometer (MODIS) product [43]. Land cover
has been regrouped into eight categories: water body, urban, bare land, forest, cropland, grassland,
wetland, and shrublands. The global gridded population density in 2000, the global roads dataset,
and the global Human Footprint (HF), provided by the data center in NASA’s Earth Observing System
Data and Information System, the digital river network from the Vietnam Academy of Science and
Technology, and basin rainfall trends as calculated from TRMM satellite data (TRMM_3A12), were also
employed in this study (Table 1).

In addition, a 31-year long global dataset of vegetation leaf area index (LAI3g) from 1981 to 2012,
derived from the third generation GIMMS NDVI3g dataset, was introduced to reflect the current LAI
(vegetation cover), with a 1/12 degree resolution and 15-day composites [44].

Table 1. Dataset summary for different models in the study.

Models Spatial Dataset Point Dataset

Hydrological model
BTOPMC

Elevation, land cover, soil map, LAI
Rainfall, streamflow

meteorological data (e.g., precipitation,
maximum/minimum air temperature, vapor pressure)

New sediment rating curve
NSRC

LAI Streamflow, SSC
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Table 1. Cont.

Models Spatial Dataset Point Dataset

Land change model
LCM

Elevation, land cover, soil map, population
density, road and river networks, slope,

human footprint, rainfall trends

Ecological model
Biome-BGC

Elevation, land cover, soil map
precipitation, mean air temperature, mean air

temperature, vapor pressure

BTOPMC: Block wise use of TOPMODEL with Muskingum–Cunge routing model; LAI: Leaf Area Index;
SSC: Suspended Sediment Concentration; Biome-BGC: Biome-BioGeochemical Cycle.

3. Methodology

Four models were used to evaluate change in land cover and its impact on streamflow and
sediment load in the DRB: the LCM, Biome-BioGeochemical Cycle (Biome-BGC) Model, Block wise
use of TOPMODEL with Muskingum–Cunge routing model (BTOPMC) and New Sediment Rating
Curve (NSRC). The models were coupled in a ‘one-way’ manner framework shown on Figure 2 and
datasets used in these models were summarized in Table 1. In the initial step, the LCM was used
to forecast scenarios of future potential land cover change (LCC); simulated land cover types from
the LCM were used as inputs into the Biome-BGC to estimate future LAI. The scenarios of future
potential land use types and LAI were then used in the validated BTOPMC for future streamflow
analysis. Then, scenarios of future LAI and streamflow were used in the NSRC for future sediment load
evaluation. A feedback loop was not included, as spatial changes in land cover and temporal dynamic
changes in the LAI were reflected in the basin scale streamflow and sediment load simulations.

Figure 2. Model integration and data flow within models. Biome-BGC: Biome-BioGeochemical Cycle;
LCM: Land Change Model; BTOPMC: Block wise use of TOPMODEL with Muskingum–Cunge routing
model; NSRC: New Sediment Rating Curve.

3.1. Land Cover Change Model

The Land Change Model, developed at Clark University [45], is a widely-used effective tool to
simulate and forecast land cover change [46]. It allows for the determination of the transition potential
of land use from one category to a different one, taking into account static or dynamic variables that
may explain the change. For predicting the land cover change, protected areas (e.g., natural parks) that
can limit the changes are also included. Through a three-stage process, the LCM can produce potential
scenarios of future land cover changes based on an assessment of two time periods in the past [47].
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Key features of the LCM used in this study were: (1) Land change analysis—to assess the net
change and differences between the separated land classes; (2) Land transition potential modeling—to
identify driving factors of land cover transition possibilities between different land cover types. In this
study, the driving factors (e.g., distance to river network, distance to road, distance to urban area,
distance to protected area, annual rainfall trend, basin slopes, human footprint, and population density)
were selected in order to generate potential transition maps; and (3) Land change prediction—to
calculate transition potential by a multi-layer perception neural network (MLP) [45]. The LCM model
output was validated by quantitative comparison of the forecasted land cover map of 2011, obtained
through the LCM with the actual map from MODIS. The strength of the model was evaluated by the
kappa index (k) and mean error between simulated and observed land cover maps.

The kappa index can be used as a measure of agreement for land cover map comparisons, or to
determine whether the values contained in an error matrix represent a result that is significantly better
than random [48]. A kappa index ranging from 1 (accurate) to 0 (inaccurate) is computed as:

k =
N ∑

r
i=1 xii − ∑

r
i=1(xi+ × x+i)

N2 − ∑
r
i=1(xi+ × x+i)

(1)

where N is the total number of pixels in the matrix, r is the number of rows in the matrix, xii is the
number in row i and column i, x+i is the total for row i, and xi+ is the total for column i [49]. According
to the suggestion from Monserud and Leemans [49], kappa index values that are greater than 0.85
indicate that the agreement between two maps is excellent.

In this study, actual land cover layers in 2001 and 2008 were used as inputs in assessing land
cover change in the DRB. Land cover change was first analyzed, the transition potential of eight land
classes (water body, urban area, bare land, forest, cropland, grassland, wetland, and shrublands) were
then determined, and a future land cover likelihood map was simulated by the MLP neural network.

3.2. Ecological Model (Biome-BGC)

The Biome-BGC is a biogeochemical point simulation model developed by the University
of Montana to estimate the storage and fluxes of carbon, nitrogen, and water within terrestrial
ecosystems [49]. The Biome-BGC has been employed in calculating the future LAI combined
with the LCM.

The Biome-BGC requires daily climatic data, soil types, vegetation types, site conditions, and
parameters describing the eco-physiological characteristics of the vegetation. To achieve equilibrium
conditions when the initial soil and plant compartment pools actually match the mass balance
equations, Biome-BGC needs “spin-up” simulations. Among the numerous flux and state variables
calculated by this model, the LAI was used in this study [5,21]. Ichii et al. [50] applied this model to
simulate the carbon fluxes and gross primary productivity in Amazonian, African, and Asian terrestrial
ecosystems. In order to obtain LAI values for all grids, we applied the point-based Biome-BGC model
to each grid cell, with a spatial resolution of 0.25 degrees [21]. The model has been well validated in
simulating potential LAI in the DRB [21].

3.3. Hydrological Model (BTOPMC)

The BTOPMC is a grid-based blockwise distributed model [51,52]. The model extends the
TOPMODEL concept [53] by adopting the Muskingum-Cunge method for flow routing components on
a grid basis, with sub-catchments serving as blocks [51]. This concept helps to address TOPMODEL’s
limitation in flow timing and heterogeneity for modeling large river basins in warm humid
regions [52,54]. For each grid, four vertical zones are considered: the vegetation zone, root zone,
unsaturated zone and the saturated zone [51]. The model has been validated in several river basins
with various scale resolutions using geographical data, remote sensing data, and global datasets on
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ungauged catchments, showing good performance [21,51,52,54]. For a more detailed description of the
BTOPMC model and its underlying conceptualizations and parameters, the readers are referred to [51].

In this paper, the BTOPMC was applied to predict future streamflow under future land cover
change and LAI change scenarios. The maximum water capacity of the root zone and LAI related to
land cover changes were key parameters for evaluating land cover change effects on the streamflow.
Following recommendations [55], three statistics were applied to assess the performance of the
hydrological model:

(i) Nash-Sutcliffe efficiency (NSE): NSE ranges between −∞ and 1.0 (1 inclusive), with NSE = 1
being the optimal value. Values between 0.0 and 1.0 are generally viewed as being at a satisfactory
performance level:

NSE = 1 − ∑
n
i=1 (Qobsi − Qsimi)

2

∑
n
i=1 (Qobsi − Qobs)

2 (2)

(ii) The ratio of the root mean squared error to the observations standard deviation (RSR): RSR varies
from the optimal value of 0, which indicates perfect performance in the simulation, to a large
positive value. A lower RSR represents better the model simulation performance:

RSR =
RMSE

STDEVobs
=

√

∑
n
i=1 (Qobsi − Qsimi)

2

√

∑
n
i=1 (Qobsi − Qobs)

2
(3)

(iii) Percent bias (PBIAS): The PBIAS value should be close to zero. Positive values indicate the model
contains underestimation bias and vice versa:

PBIAS =

∣

∣

∣
Qsim − Qobs

∣

∣

∣

Qobs
× 100% (4)

where Qsim is the simulated value, Qobs is the observed value, Qsim is the average simulated
value, and Qobs is the average observed value.

An RSR less than 0.7 and a NSE greater than 0.5 suggest that there is good model performance for
both streamflow and sediment load calculations [55]. However, values of PBIAS for streamflow and
sediment load vary significantly. Moriasi [55] defined the PBIAS of less than 25% as being of satisfactory
indication for the streamflow simulation, and PBIAS results of less than 55% were considered to be
acceptable for the sediment load.

3.4. New Sediment Rating Curve (NSRC)

The calculation of sediment load (SL) requires both streamflow and sediment concentration data
in river basins. Sediment concentration data are rare since data collection requires manual individual
sampling taken at fixed temporal intervals. This type of data is still absent at most hydrological
stations, especially in developing countries. Instead, physically-based models or sediment rating
curves have been used to estimate the SSC. Physically-based models that are used to simulate the SSC
tend to suffer from problems associated with the difficulty of a huge dataset and the identifiability of
parameter values. Conversely, traditional sediment rating curves [56] generally represent a simple
power functional relationship relating the SSC to streamflow; unfortunately they do not consider the
temporal dynamic changes in vegetation cover. Vegetation cover, as discussed above, should have
an important effect on soil erosion and sediment transport capacity by slowing the flow through
friction losses [57]. Hence low intensity vegetation cover conditions should provide greater sediment
flux for the same streamflow. The NSRC with vegetation dynamics information such as normalized
difference vegetation index (NDVI) or LAI, could simulate SL well in Southeast Asia [23,58]. The SL
was calculated by:
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SL = Q × SSC (5)

SSC = a(1 − MNDVI/LAI
c)Qb (6)

MNDVI = (NDVI − NDVImin)/(NDVImax − NDVImin) (7)

MLAI = (LAI − LAImin)/(LAImax − LAImin) (8)

in which a, b, and c are model parameters for a particular stream, Q (m3/s) is streamflow, SSC (g/m3)
is suspended sediment concentration, MNDVI/LAI is standardized NDVI or LAI, and NDVImin/max and
LAImin/max are the minimum and maximum NDVI or LAI values respectively.

To estimate sediment load from the streamflow and land cover change, the NSRC was developed
based on the time series of MLAI and the streamflows from 1991 to 2000. To provide a comprehensive
assessment of this sediment model performance and to indicate the accuracy of the calculated curve,
the same statistics and evaluation rules as in the BTOPMC model were used. Based on the well-fitted
NRSC, the impact of future land cover change on sediment load was evaluated.

4. Results

4.1. Future Land Cover Change Prediction

In order to predict future land cover, historical remote sensing maps of 2001 and 2008 for land
cover change were investigated. Figure 3a presented gains and losses of the land cover between 2001
and 2008, showing that croplands, forest, shrublands, and grasslands had changed more than others.
The net land cover change (Figure 3b) indicated that gains of croplands (+4.3%) mainly transferred from
forest (−2.9%) and grassland (−1.1%) losses, other types of land cover showed less noticeable changes.

Figure 3. (a) Gains and losses in land cover between 2001 and 2008; (b) Net land cover change between
2001 and 2008.

Results presented in Figure 4a showed consistency in spatial simulations and greater similarity
in the water, forest, croplands, and urban areas; though areas covered by shrublands had been
overestimated (14.8%) to a certain extent over the area of the grassland (−15%) (Table 2). Comparison
of the observed and simulated value showed an acceptable level of likelihood and a very high kappa
index of 0.94, which guaranteed good adjustment of the simulated map to the reference map. All these
facts assured that the LCM may provide highly agreeable results for creating the future map of land
cover in the DRB.
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Figure 4. (a) Observed (left) and simulated (right) land cover maps of 2011; (b) Land cover maps of
2001(basin line) and 2050 (predicted).

Table 2. Statistical parameters between the reference map and the simulated map of 2011.

Land Cover
Reference 2011

(pix)
Simulated 2011

(pix)
Mean Error Percent (%) Kappa Index

Water 869 842 −27 −3.1

0.94

Forest 184,701 177,657 −7044 −3.8
Shrublands 60,433 69,411 8978 14.8
Grasslands 10,743 9126 −1617 −15.0
Wetlands 825 896 71 8.6

Croplands 58,871 58,403 −468 −0.8
Urban 1618 1725 107 6.6

Finally, the land cover map for 2050 was generated by the LCM (Figure 4b). Land cover changes
from 2001 to 2050 were found mainly in the downstream areas, with an obvious decrease in forest
and an increase in the shrublands and cropland (Table 3). Results showed an increase in croplands to
over 11.7% of the total area, as well as an increase in shrublands to almost 10%, replacing forest areas,
which decreased to about 21% of the total area.

Table 3. Potential land cover change simulated by LCM in the Da River Basin (area percent: %).

Land Cover Baseline 2001 (%) Predicted 2050 (%) Changes (%)

Water 0.06 0.05 −0.01
Forest 70.91 49.57 −21.34

Shrublands 15.5 25.47 9.97
Grasslands 0.72 0.16 −0.56
Wetlands 0.19 0.34 0.15

Croplands 12.57 24.27 11.7
Urban 0.06 0.14 0.08
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4.2. Future LAI Predictions

The Biome-BGC ecological model was driven by the current climate data from 1991 to 2000,
and future land cover change scenarios, to calculate the future leaf area index for the decade of 2046 to
2055. The model extended the future land cover change from point-in-time to the temporal dynamic
scale, as a result, the predicted future LAI stood for future vegetation cover without impacts of future
climate change. Deforestation was the main factor in decrease in LAI. Annual maximum LAI decrease
was estimated for the most grids in the DRB, especially in the middle and lower reaches with the
highest percentage change of −43% (Figure 5). The dominant land cover change was a transfer from
forest cover to croplands or shrublands, which would cause lower vegetation productivity. Seasonal
vegetation cover (LAI) changes in this case would decrease by around 30% on average during the wet
season (Figure 5), while the most drastic change, with a decrease of up to more than 60%, would happen
during dry season as it was the best season for felling operations.

 

Figure 5. Spatial distribution of percentage changes in LAI (a) and annual distribution changes (b)
in LAI.

4.3. Hydrological Model and NSRC Model Simulation

In this study, the daily streamflow data for 1991–1995 were used for model calibration, and the
data for 1996–2000 were used for validation of the BTOPMC hydrological model. The statistics for
the evaluation of the BTOPMC model gave consistent results and good accuracy according to the
established criteria (Table 4). Direct comparison of the simulated and observed daily streamflow in the
baseline period showed a reasonable match within the established criteria at the Lai Chau and Ta Bu
stations (Figure 6).

The NSRC model was also calculated for the period from 1991 to 2000, as by the following
equation:

SSC = 0.41(1 − MLAI
6.5)Q1.05 (9)

Our results showed a well-noted correlation between the simulated and observed monthly SSCs
(Figure 6). For the low and medium values, the model showed very good results; the peak values
for year of 1996 and 1999 were overestimated, but overall performance was considered to be good
(Figure 6 and Table 4). In addition, the same three statistic criteria used to evaluate the new sediment
rating curve were in good agreement with the established validation technique. The high NSE (0.85),
low RSR, and PBIAS (Table 4) suggested that the NSRC could evaluate the SSC accurately at the Lai
Chau station, and it could be used to evaluate future land cover change effects on the sediment load.
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Table 4. Evaluation of BTOPMC and NSRC model simulations during the baseline period for the
catchments controlled by the Lai Chau and Ta Bu stations in the DRB.

Streamflow SSC

Lai Chau Ta Bu Lai Chau

Calibration Validation Calibration Validation Calibration Validation

NSE 0.75 0.70 0.70 0.65 0.85 0.82
RSR 0.48 0.57 0.51 0.65 0.33 0.45

PBIAS (%) 6.2 7.2 7.0 7.8 0.53 1.22

Figure 6. Comparison of observed and simulated daily streamflow (the Lai Chau and Ta Bu first
and second figures, respectively) and monthly SSCs (bottom figure) in the DRB (calibration period:
1991–1995, validation period: 1996–2000).

4.4. Future Land Cover Change Impacts on Streamflow and Sediment Load

Streamflow under potential land cover change increased in both the wet season and the dry season
with different magnitudes. Annual streamflow in the Lai Chau catchment and the Ta Bu catchment
increased by 5.8% and 6.6% respectively. The future monthly streamflow changes (Figure 7a) varied
from 4.0% to 10.3%, the highest being in May (wet season). Spatial distribution of the average annual
runoff depth change at the sub-basin scale was also analyzed to explore the impacts of spatial variations
due to land cover change. As shown in Figure 7b, the annual runoff depth was expected to increase by
5–150 mm/year due to the different percentages of the changed land covers. Most of the sub-basins in
the middle and the southeast parts of the watershed showed higher increases in runoff depth, caused
by strong land cover changes from forest to croplands or shrublands (Figures 4b and 5a). Moreover,
land cover change impacts on individual water balance components, as given in Table 5, indicated
an increase in surface runoff and total runoff, but a decrease in actual evapotranspiration and ground
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water in both upstream catchments (LC) and downstream catchments (TB) in the future. A reduction
in the forest cover could decline the infiltration rate and lower the evapotranspiration rate, and so the
potential forest cover changes mentioned above were considered as the main reason for water balance
changes. Among all four water balance components, the surface runoff showed a maximum increase
of more than 10%, which was the main contribution to total runoff growth. Compared with year of
2001, the future evapotranspiration in 2050 also exhibited a distinct decrease, ranging from −5.0% to
−8.0% over different seasons and catchments. The projected evapotranspiration in the wet season
decreased more than in the dry season in the LC and TB catchments. Spatially, all four water balance
components showed higher changes in the downstream area, which agreed with the serious potential
for future deforestation in this area.

Figure 7. (a) Annual distribution changes in streamflow and sediment load under land cover change
scenario at the Lai Chau and Ta Bu (b) Spatial distribution of averaged annual runoff depth change.

Table 5. Water balance changes due to land cover change between year of 2001 and 2050: Precipitation
(P, mm), actual evapotranspiration (AET, mm), surface runoff (SR, mm), ground water (GW, mm), total
runoff (TR, mm).

Catchment Time Scale P AET SR GW TR

LC

wet season 2523.1
630.1→586.0 1343.3→1534.1 548.7→521.2 1892.0→2011.2

(−7.0%) (14.2%) (−5.0%) (6.3%)

dry season 540.2
135.1→128.3 241.8→273.5 161.2→156.4 403.0→423.2

(−5.0%) (13.1%) (−2.9%) (5.0%)

annual 1608.5
401.1→377.1 832.1→940.3 373.9→358.9 1206.0→1275.9

(−6.0%) (13.0%) (−4.0%) (5.8%)

TB

wet season 3202.3
796.9→733.1 1706.1→1989.3 696.9→648.1 2403.0→2573.6

(−8.0%) (16.6%) (−7.0%) (7.1%)

dry season 760.6
188.2→176.9 342.0→394.0 228.0→216.6 570.0→600.2

(−6.0%) (15.2%) (−5.0%) (5.3%)

annual 1989.1
495.3→460.7 1030.2→1192.9 462.8→435.1 1493.0→1593.0

(−7.0%) (15.8%) (−6.0%) (6.7%)

Sediment load would increase significantly in the wet season and only slightly in the dry season,
by 13.3% and 6.0%, respectively. The total annual sediment load rate was expected to increase to 9.7%
at the Lai Chau station (Figure 7a). The future sediment load change varied from 4.0% to 14.5% over
different months, with very high percentage changes from June to October. High growth rates of the
sediment load compared with streamflow changes clearly indicated that the sediment load was more
easily altered by the means of the land cover pattern changes. Overall, both streamflow and sediment
load showed a tendency to increase as an outcome of the land cover change impacts in future.
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4.5. Discussion

4.5.1. Combination of Future Land Cover and LAI Changes

In this study, the effects of future land cover changes and corresponding LAI changes were
investigated. A future land cover change scenario for 2050 was predicted by the LCM, based on the
historical trend of land cover changes from 2001 to 2008. Main variables [1,30,31,59] for land cover
predictions were included in the model, such as basin slopes, distance to the river network, distance
to urban areas, distance to protected area, human footprint, population density, rainfall trends, etc.
The model was able to produce convincing maps of future land cover in the river basin as supported
by established criteria (Table 2).

Although a series of driving factors reflecting current human activities were used to predict
potential land cover change, future changes in government policy [33] (construction of new dam,
afforestation efforts, and others) were hard to predict. It is also impossible to consider future climate
change impacts and responses to these impacts on the policy level. These limitations are quite important
and should have major impacts on the river stream operation, but they are more uncertain than factors
such as relatively moderate population growth, urbanization, and population density, which were also
used as input data for the study. There were some areas on the simulated map that were overestimated
or underestimated; these errors were hard to neglect. For example, areas covered by shrublands
were overestimated (14.8%) to a certain extent, and grasslands were underestimated (−15%) (Table 2);
predictions over a large basin with coarse resolution can produce such outcomes due to the low
resolution, the lack of government policy, and other factors. The most important factor that was also
captured well in the scenario was the change from natural forest cover to human-induced forest in
the DRB. This impact was observed as deforestation near the urban areas. In this study, the trend in
the reduction of forest cover over the basin was predicted well and it was supported by comparative
analysis. Deforestation occurred easily in areas with high population densities and a strong human
footprint [13]. In our prediction, analysis of the satellite maps showed quite clearly that a great portion
of forest cover was converted to shrublands and croplands in the downstream area of the DRB as
a response to its rapid development and population growth, while almost no changes occurred in the
middle-west portion of the basin, due to the presence of national nature reserves. Simulated maps
and real data from the MODIS satellite in 2011 matched quite well and were accepted by established
criteria. Results showed that the forest area in 2050 would decrease by 21% compared to the forest
cover of 2001 (Figure 3); meanwhile, shrublands and cropland areas were expected to increase by 10%
and 12% respectively. To improve the evaluation of the future land cover change impacts, historical
land cover change maps and LAI changes were crucial [13,32,33].

Land cover changes produce further changes in vegetation coverage [21], and many reports
have pointed that evaluation of the land cover changes on the hydrology of the basin should also
include the impact of the vegetation cover dynamics [5,21,34]. In this study, LAI was considered
to be a suitable parameter to reflect vegetation cover dynamics [5,21]. The results of the ecological
model have been validated previously and they showed a good match with satellite observed data [21].
The outcome had also pointed towards deforestation as a main cause of the LAI decreasing trends.
Such correlations were observed in the downstream area of the DRB, which was severely affected by
deforestation, where the LAI values also declined significantly. Areas with unchanged land cover have
shown positive vegetation dynamics trends. For example, the land cover in the western area of the
DRB remained mostly intact, and LAI values showed an increased trend in response to the increasing
rainfall that promoted vegetation growth [34]. The accuracy of the land cover map and LAI predictions
was important for further evaluating the impacts of land cover changes on streamflow and sediment
load [1,13,33].
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4.5.2. Impacts of Forest Cover Changes on Streamflow

Impacts of deforestation on streamflow were analyzed by the BTOPMC hydrological model
simulation. Our results have shown that both land cover and LAI have contributed to changes
in streamflow.

There have been many arguments over the impacts of forest cover on streamflow in the large
basins/regions. Though most researchers have agreed that forest degradation increases the streamflow
or water yield [5,60–62], some have argued that the same forest cover changes had weak effects on
streamflow in large basins due to their high water retention capacity [16]. Liu et al. [5] concluded
that afforestation could reduce streamflow, while deforestation could increase streamflow at both
grid and river basin scales in China. Moreover, Wang et al. [15] on the other hand indicated that
forest cover had positive impacts on runoff generation in northeast China. Our results agreed with
the mainstream view [60–62]; deforestation (21.3%) was the main reason for an increase in annual
streamflow (6.7%) and surface runoff (15.8%), along with the decrease in ET (7%) and ground water
(6%) through the whole basin. The consistency of spatial variation among runoff depth (Figure 7b),
land cover changes (Figure 4b), and LAI changes (Figure 5) supported the same opinion as the majority
of other studies [5,61].

LAI values mainly affect the ET [2,5,51,52] and the canopy interception [51,52]; the maximum
storage capacity of the root zone (Srmax) is also important as it reflects the available water in the
root zone, which is used for evapotranspiration and infiltration to the ground water [2,48,63]. In our
hydrological simulation, deforestation decreased LAI values, and this would consequentially produce
less ET [5] and canopy interception [51] on different scales. Meanwhile, Srmax was reduced from
0.05 m (forest) to 0.3 m (shrublands) or 0.2 m (croplands) respectively, which would further decrease
ET and groundwater values. All of these behaviors were caused by deforestation, affected the water
balance of the river basin, and increased streamflow in the river basin.

Additionally, many researchers [7,64] have revealed that land cover changes have significant
influences on flood discharge. An increase in the streamflow due to forest degradation would be
highly likely to increase flood risk in the Red River [64]; however, a shortage of hourly flood event
data limited detailed analysis into the flood risk in this study.

4.5.3. Impacts of Increased Sediment Load on Reservoir Lifetime

Deforestation is known for increasing soil erosion and suspended sediment transportation in
rivers of southeast Asian countries [21,23,24,65]. A decrease in LAI and an increase in streamflow due
to deforestation would further increase sediment loads [21,25]. This study indicated that the predicted
annual sediment load was expected to increase by 9.7% by the 2050s at the Lai Chau station of the
DRB. It is also well known that large reservoirs trap suspended sediment from upstream areas, and so
increasing sediment load would aggravate reservoir siltation and shorten the life span of the reservoir.
The HoaBinh Reservoir has decreased its total suspended load to almost 70% [23]. Wang et al. [21]
concluded that land cover change was the main factor for the sedimentation load in the reservoir inflow.
This effect has caused a reevaluation of the HoaBinh Dam’s operation, reducing its lifetime from more
than 100 years to about 50 years [26]. Many observers have feared that the newly constructed the Son
La Dam could suffer the same situation.

The Son La Reservoir’s sediment trapping efficiency (TE), used to estimate the siltation of the
dam, can be evaluated by the hydraulic retention time (HRT) [66,67]. The HRT allows the calculation
of the average length period of sediment compounds remaining in the reservoir; it is calculated as
a volume of the effective storage divided by the average streamflow into the reservoir. The TE is the
percentage of the sediment compounds retained by reservoir, calculated as follows [66]:

TE = 1 − 0.05√
HRT

(10)
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where HRT is water residence time (year) and TE is the trapping efficiency (%). The Son La Reservoir
effective storage is equal to 16.2 km3; the calculated HRT is averaged to about 103 days, that is, 28.3%
of a year. Thus, the annual average TE of the Son La Reservoir was estimated to be equal to 90.6%.
SSC at the Lai Chau station was used to calculate sediment load into the Son La Reservoir, as SSC
was not available at the Son La Dam. The mean annual sediment settlement of the Son La Dam was
evaluated to be equal to 17 Mt/year without land cover changes, and 19 Mt/year with land cover
changes. The increase in sediment load by about 10% as a result of land cover change would reduce the
useful lifetime of the Son La Reservoir ahead of the designed time. The subsequent vital problems of
possible sedimentation in reservoirs are declines in dam lifetime, increases in flood risk, and reduction
in hydropower generation.

4.5.4. Uncertainties Analysis

Impacts of land cover change and vegetation dynamics were considered at the same time.
However, as only aggregated results were generated and there were no mechanism-based combinations,
the prediction models were also full of uncertainties. Although a series of driving factors reflecting
both human activities and climate were used to drive the land cover change model to predict potential
changes, changes in government policy were hard to oversee and predict. Overall uncertainties
may come from potential errors in input datasets and model parameters, and simplification of
ecological or hydrological process [59,60]. In addition, the future increase in CO2 concentration
was not used to simulate future dynamics of LAI changes, and this should be addressed in the
future [5]. All of the uncertainties above would bring prediction errors in land cover change and this
may cause a deceptive evaluation of impacts. Therefore, in-depth surveys of government policy and
physical-based ecohydrological processes should be investigated, in order to reduce uncertainties in
future research.

5. Conclusions

In this study, modeling hydrological appraisal of future potential land cover change and vegetation
dynamics under environmental changes was carried out. This study indicated that deforestation
pressure in the study basin would continue to rise by 2050. The forest area was expected to decrease
to about 22% of the total area by 2050, with a lower LAI during the dry season. The streamflow
and sediment yield in the DRB would generally increase in the 2050s in both the wet season and
dry season, due to deforestation. Streamflow changes in the wet season showed higher rates than
that in the dry season, and this poses flood risks in the future. The increase of the sediment load
to 2 million tons per year and the high sediment trapping efficiency of the Son La Reservoir would
likely shorten the designed reservoir operation time. It is important to analyze the impacts of the land
cover change on all characteristics of the river, including impacts on sediment load and streamflow
change, for a better understanding of this phenomenon. This information could be helpful for policy
makers and water resource managers with regards to dam operation and vegetation cover protection,
in a rapidly changing environment.

Author Contributions: This manuscript was primarily designed and written by J.W.; S.N. contributed to its model
simulation and calculation; T.K. contributed to the results analysis and polished the English writing of this draft.

Funding: This research was supported by the National Natural Science Foundation of China (Grant No. 41501029,
No. 41671022, No. 51709071, No. 51709148), the Huaihe Meteorology Research Open Foundation (HRM201703),
and the Startup Foundation for Introducing Talent of NUIST (Jie Wang).

Acknowledgments: The authors are also thankful to the Vietnam Academy of Science and Technology and the
China Meteorological Data Sharing Service Center for providing the hydro-meteorological data. We would like to
express our thanks to Hiroshi Ishidaira for his guidance in the writing process of this paper. We also express our
thanks to the academic editor and the reviewers for their useful comments.

Conflicts of Interest: The authors declare no conflict of interest.

128



Forests 2018, 9, 451

Abbreviations

The following abbreviations are used in this manuscript:

DRB Da River Basin
LCM Land Change Model
Biome-BGC Biome-BioGeochemical Cycle Model
BTOPMC Block wise use of TOPMODEL with Muskingum–Cunge routing model
NSRC New Sediment Rating Curve
SSC Suspended Sediment Concentration
SL Sediment Load
LAI Leaf Area Index
LC Lai Chau
TB Ta Bu
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Abstract: As a basal measure of soil bioengineering, the living brush mattress has been widely
applied in riparian ecological protection forest construction. The living brush mattress shows
favorable protective effects on riverbanks. However, there are few reports on the root structure
and the soil strengthening benefit of the living brush mattress. The present work reports a series of
experiments on root morphology and soil shear strength enhancement at the temporal and spatial
scales. The object of the study is 24 living brush mattress trees constructed with Salix alba L. ‘Tristis’
(LBS hereafter). Traditional root morphology and mechanical measurement methods were used to
collect the parameters. The results showed that the root systems of LBS had the characteristics of
symmetry and upslope growth. The roots were mainly distributed in a cylindrical region of the
soil (radius × thickness: 0.4 m × 0.5 m) and their biomass increased with different growth rates
for the periods from 1 to 5 and from 5 to 7 years. Both age and slope position were factors that
influence root growth. The root diameter falls within 0–5 mm, has a significant effect on the soil
shear strength and provides a conical-shape potentiation zone to ensure the efficient protection of
a riverbank. The results of this study demonstrate that LBS is an efficient and feasible engineering
measure in the field of riverbank protection.

Keywords: living brush mattress; root distribution; shear strength; spatio-temporal scales;
soil bioengineering; riverbank

1. Introduction

Riverbank ecosystem functions play important roles in human society and economic
development [1]. The stability of a riverbank is related not only to property losses on immediately
adjoining lands and in adjacent areas but also to the downstream deposition phenomenon [2,3].
Although the concept of ecological riparian shelterbelts has been proposed in China [4], the traditional
hardening protection methods, such as dry-stone masonry, concrete, and precast block revetments,
are still applied in riverbank reinforcement projects due to a lack of theoretical research. In July 2016,
a heavy rainfall event occurred in Beijing, the maximum peak flow of which was approximately
7.26 times that of the daily average water discharge in the flood season, and the event destroyed
the bare bank and many riverbank hardening projects. According to the investigation of the soil
bioengineering measure damage rate in the demonstration area after the flood, 100 m of a high-density
planting living brush mattress that was installed along a straight riverbank was approximately 75%
well preserved (Figure 1).
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Figure 1. The protection measures damaged by the flood. (a) Destroyed retaining wall; (b) collapsed
riverbank; (c) the living brush mattress measure before the flood; (d) the living brush mattress measure
during the flood.

The living brush mattress is widely used as an asexual reproductive technique in soil
bioengineering projects because of its characteristics of simple construction, low cost and quick
effect [5–7]. In the past decade, soil bioengineering researchers have explored the contributions of
certain measures to the stability of slopes and riverbanks. Bischetti et al. [8] calculated the safety factor
of slopes reinforced by brush layering, which is a common soil bioengineering technique, based on
the principle of limit equilibrium, and demonstrated that the safety factor will increase over time
as the root system grows. Dhital and Tang [9] compared the control efficiency of wire net check
dams and soil bioengineering vegetative check dams on riverbank erosion in three growth cycles.
The results indicated that the effect of vegetative check dams on bank slope stability was more obvious.
Fernandes and Guiomar [10] used a SLIP4EX model and a normal Coulomb model to evaluate the
slope protection efficacies of different types of soil bioengineering interventions (including certain
complex structures constructed using wooden materials in combination with plants) and suggested
that although a wooden structure will decay with time, the plants in the structure can ensure the
safety of the slope. These studies indicate that soil bioengineering techniques that employ living plant
materials for civil engineering structures [11] depend on the plants to stabilize riverbanks [12].

Plants stabilize slopes through mechanical mechanisms between their root systems and the
soil [13]. The root system morphology affects the mechanical properties of root-soil composites [14,15].
It is important to describe the root distribution, especially on the time scales used to evaluate the effects
of root systems on soil enhancement [16,17]. Many studies have been performed on the morphological
characteristics of plant roots in gentle and steep slopes and have suggested that site conditions
(e.g., the slope, soil composition and soil moisture content) significantly affect root development and
that tree species can also cause different root distributions [18,19]. In addition, McIvor et al. [19]
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found that the root distribution has downslope growth characteristics, meaning that the roots in the
downslope direction are closer to the surface than are the roots that follow an upslope path. In the
studies of Di et al. and Nicoll et al., an asymmetric growth characteristic on both sides of the slope of
the root distribution was found [20,21]. Furthermore, the root biomass is increased with the growth
of seeding but showing different increments in the same time interval; that is, the growth rate of
root biomass is not uniform [22,23]. However, in the juvenile stages of soil bioengineering plants,
the proportion of adventitious roots is prominent [24], and there is still an absence of knowledge on
whether a living brush mattress planted in riparian zones has these features.

The contribution of plants to soil safety lies in the complex mechanical interactions at the root-soil
interface, mainly due to the resistance to soil shear deformation through root strength [25–30]. The soil
shear strength of root-soil composites, which can directly reflect the effect of the root system on the
soil [14,31], is influenced by many factors, such as the root strength, root branches, root hairs and
secretions that are difficult to reconstruct in laboratory experiments [32]. Furthermore, in assessment
models of root-to-soil reinforcement effects, such as the simple force equilibrium theory [33,34], the fiber
bundle model [35] and the root bundle model [36], the shear strength of the rooted soil has been used
as a factor to evaluate slope stabilization. Therefore, clearly understanding the soil shear strength
distribution with roots is the most effective way to assess the safety of ecological engineering measures.

In recent years, soil bioengineering techniques have been increasingly applied in China [5,37].
Liu [38] and Qian [39] analyzed the suitability of eight dominant plant species in the riparian zone
in Beijing and identified that living brush mattress constructed with Salix alba L. ‘Tristis’ (hereafter
referred to as LBS) has a better rooting ability, survival rate, and tolerance to waterlogging than
other plants.

The key to predicting the outcomes of soil bioengineering interventions is to quantify the evolution
of the structures [10]. LBS has been applied with favorable results in a riparian ecological restoration
project in Beijing during the flood event. However, little information exists regarding LBS root
development and its shear strength distribution characteristics in different zones of the bank and
in its growth stages, which are important for characterizing its bank stabilization ability. Therefore,
this study aimed to (1) explore the root distribution characteristics of LBS in different time intervals;
and (2) identify the variation in the soil shear strength enhanced by the LBS root system at varying
depths, lateral distances from the stem, and development times. Furthermore, (3) the relationships
between the root morphology (the number of root and root cross-sectional area) and shear strength
were considered to estimate the soil-reinforcing effects of LBS.

2. Materials and Methods

2.1. Construction Methods for Living Brush Mattress and Salix alba L. ‘Tristis’ (LBS)

The live brush mattress comprises living shoots of plants (approximately 20 mm in diameter)
that have been spread in horizontal rows on the surface of the bank such that the thick end is soaked
in water and the soil is covered above the shoots. The interspaces between each living shoot are as
small and uniform as possible to ensure greater bank protection benefits [40]. After construction,
a number of newborn plants will grow on the living shoots. Our research is aimed at these individual
newborn plants.

The structural material of LBS is Salix alba L. ‘Tristis’ living shoots with a diameter of 20 mm.
The interspace between adjacent shoots is approximately 0.5 m. A schematic of the LBS structure is
shown in Figure 2. The LBS was constructed before the end of the plant dormancy period in 2009,
2010, 2011, 2012, 2015 and 2016, with planting areas of approximately 300 m2, 300 m2, 180 m2, 180 m2,
300 m2 and 300 m2, respectively. In the first year after construction, a large number of herbs were found
growing in the interspaces between the living shoots, and weeding and watering were undertaken
twice a month for the first three months. In the following year after construction, few herbs were
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found, and only a weeding operation was undertaken in May. After five years of growth, few plants
were growing in the interspaces, and the LBS had colonized.

 

Figure 2. Construction effect diagram of a living brush mattress. (a) Under construction; (b) one month
after completion; (c) six months after completion; (d) side view of the living brush mattress.

2.2. Site Details

The experiment was conducted at a bank along the Liuli River in the Huairou District, Beijing,
China (alt.: 243 m, lat.: 40◦39′ N, long.: 116◦40′ E) (Figure 3). Following artificial transformation in
accordance with the original riverbank terrain, the soil distribution 0–0.4 m below the surface at the
experiment site is sandy loam (measured by the hydrometer method) with small gravel, and below
0.4 m, loamy sand (measured by the hydrometer method) with gravel is found. After land preparation,
the riverbank slope was transformed to be consistently 15◦.

 

Figure 3. The location of the research area.
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2.3. Tree Selection and Extraction

Twenty-four LBS trees, eight each of 1-year-old, 5-year-old and 7-year-old trees, were chosen for
the experiment. Five trees were used for the morphological study, and three trees were used for shear
strength tests of each age. Before sample collection, the basic condition of the LBS in the plot was
investigated. The results are shown in Table 1. According to the arithmetic mean of the basis diameter
of the survey, a well-grown single tree that had no neighbors [20] within a radius of nearly 1 m was
regarded as the standard wood.

Table 1. Basic conditions of various growth years.

Age 1 5 7

Plot Area (m2) 3 m × 2 m 3 m × 4 m 3 m × 4 m

Plot Number 1 2 3 1 2 3 1 2 3
Plot Slope 15◦ 15◦ 15◦ 15◦ 15◦ 15◦ 15◦ 15◦ 15◦

Number of Trees 8 8 8 13 9 11 12 7 8
Mean Basal Diameter (mm) 10.7 10.2 10.6 75.4 82.7 86.8 115.6 130.4 113.2

The root system exposure method, which requires a heavy workload but can provide more
comprehensive root information, was used in this study. Excavation was conducted from 15 August
to 17 September 2016, and from 3 August to 25 August 2017. Before excavation, each tree was cut
horizontally at the point immediately above where the top-most root emerged from the stem, and the
aspect was marked using a permanent pen. A trench with the stem at the center was dug by hand,
trowel and water rinsing until all roots were exposed. After excavation, efforts were made to ensure
that the root system remained unchanged, and the sample was transported to the laboratory for
digitizing. Inevitably, roots were broken during excavation, and these broken roots were collected,
marked, and reconstructed in the laboratory.

2.4. Root System Parameter Measurements

Four test zones were established for each sample, divided into the upslope-upstream face
(hereafter referred to as U-U), the downslope-upstream face (hereafter referred to as D-U),
the upslope-downstream face (hereafter referred to as U-D) and the downslope-downstream face
(hereafter referred to as D-D). In each test zone, the space was divided into many test units composed
of various special geometric shapes. In the vertical direction, the thickness of the geometric shape was
0.1 m, and in the horizontal direction, demi-semi-circles or annuluses were divided with individual
radii of 0.1 m (Figure 4).

 

Figure 4. Schematic diagram of the test units. (a) 3D schematic of the test units; (b) top view of the test
units. The intersection of the X-axis and the Y-axis is the center of the stem. This figure shows only
the shape of the test unit. The morphological measurement range of the root includes the whole root
system, and the test depth for the soil shear strength is 0.6 m below the surface.
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The maximum vertical depth (MVD) from the surface, the maximum lateral distance (MLD),
and the diameter of every root in each test unit from the stem were measured. The root biomass values
were recorded after oven-drying at 70 ◦C for 48 h [41]. The number of roots and the root cross-sectional
area were recorded during shear strength tests, and the content was converted into unit volume.

2.5. Shear Strength Determination

The shear strength was measured using a field inspection vane tester (Figure 5), which was used
to measure the in situ undrained shear strength of the soil [13]. The lower and upper parts of the
instrument are connected by a threaded joint. The scale-ring is also supplied with threads and follows
the upper part of the instruments by means of two lugs. The 0-point is indicated by a line on the
upper part. When the handle is turned, the spring deforms, and a mutual angular displacement
formed between the upper and lower parts of the instrument, with the scale-ring following the upper
part of the instrument. When failure is obtained, the scale-ring will remain in its position due to the
friction in the threads. The size of the displacement depends on the torque that is necessary to turn
the vane. The product of the scale reading and the vane coefficient is the measured value of the soil
shear strength. The measuring range of the instrument is from 0 to 260 kPa when three differently
sized vanes (16 × 32, 20 × 40 and 25.4 × 50.8 mm) are used, and the corresponding vane coefficients
for each size are 2, 1 and 0.5, respectively. The measurement accuracy is within 10% of the reading.

 

Figure 5. Field inspection vane tester device used for the shear strength tests.

Profile quantities parallel to the bank slope were excavated, and the shear strength was recorded
for each unit (similar to Section 2.4). Certain outliers (e.g., samples with no obvious signs of root
rupture or samples for which boulders were encountered during the test) were eliminated. Although it
cannot be denied that the soil shear strength test method used in this study has some shortcomings
for soils permeated by large roots, the sample plot was on the riverbank, and the soil contained large
amounts of gravel of an uneven distribution, which can greatly affect the measurements obtained with
other methods such as the shear box test [18,42]. We attempted to increase the number of tests in each
unit as much as possible to compensate for the defects caused by the methods used in this study.

During the test, at greater distances from the stem, no roots were found in a number of test units.
The shear strength of these units was considered to be the shear strength of the pure soil. For each
root-soil composite unit, the shear strength enhancement value was determined by a subtraction
operation of the shear strength between this unit and the pure soil.
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The fact that coarse roots tend to act as separate anchors rather than as a component reinforcing
soil strength has been confirmed in past studies [43]. Compared with fine roots, coarse roots make
no significant contribution to improving the shear strength of root-soil composites [44]. In this study,
the relationships between the number and cross-sectional area of fine roots and the soil shear strength
were revealed. In addition to hair roots, the diameter of the fine root was defined as less than 5 mm [45].

2.6. Statistical Analysis

The data were analyzed using the statistics package SPSS 18.0 (SPSS Inc., Chicago, IL, USA).
Multiple comparisons of the tree height, stem diameter, root biomass, maximum lateral root extent,
and maximum root depth were performed using Tukey’s honestly significant difference test for the
three tree ages. Analysis of variance (ANOVA) was performed to test the effect of age on root biomass
in different slope positions (upslope and downslope) and a paired t-test was performed to test the effect
of slope position on root biomass for each age. Regression analyses were performed to investigate the
relationships between the root biomass and depth, between the root biomass and the distance from
the stem, between the shear strength and the number of roots, and between the shear strength and
cross-sectional area.

3. Results

3.1. LBS Dimensions

Table 2 shows selected basic parameters of the excavated samples. The basal diameters of all trees
were close to the average of the plot.

Table 2. General measurements of the excavated Salix alba L. ‘Tristis’ (LBS).

Age (Year) N H (m) D (mm) RB (g) MLD (m) MVD (m)

1 5 2.01 ± 0.35 a 9.16 ± 1.36 a 24.5 ± 7.02 a 0.45 ± 0.06 a 0.20 ± 0.03 a

5 5 9.79 ± 1.00 b 79.92 ± 11.46 b 507.28 ± 49.00 b 1.00 ± 0.20 b 1.46 ± 0.11 b

7 5 14.11 ± 1.22 c 122.08 ± 11.66 c 1006.25 ± 157.85 c 1.27 ± 0.11 c 1.73 ± 0.07 c

Note: Data are represented as means and standard deviations (mean ± SD). N = sample size; H = tree height;
D = stem diameter at ground level; RB = root biomass; MLD = maximum lateral root extent; MVD = maximum root
depth. Different letters in the same column indicate a significant difference at α = 0.05.

After 5 and 7 years of growth, the root biomass was 20 and 41 times the biomass of the 1-year-old
LBS, respectively. As observed during the extraction process, the LBS had a large number of
adventitious roots, and the main root was not formed in the early stage of planting. After 5 and
7 years of growth, the main root was formed and extended to above 1.46 m and 1.73 m, respectively.
In terms of the basic parameters over time, both the tree height and the basal diameter increased
steadily. The MLD development was relatively fast in the first 5 years and then became slower in the
next two years, in contrast with the development of the MVD.

The approximate relationships between the tree height (H) and the MLD and MVD are presented
in Table 3. Note that with the exception of the MLD, that was measured for the 1-year-old LBS, both the
MVD and MLD are approximately 10% of the tree height.

Table 3. Relationships between the tree height (H) and the maximum lateral distance (MLD) and
maximum vertical depth (MVD) of the root system.

Age (Year) MLD/H MVD/H

1 0.22 0.1
5 0.1 0.15
7 0.09 0.12
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3.2. Spatio-Temporal Root Biomass Distribution with the Depth below the Ground Surface

The spatio-temporal root biomass distribution is shown in Figure 6. The root biomass was less
on the upslope face than on the downslope face, and the biomass was larger on the downstream face
than on the upstream face, except in the 1-year-old LBS. As observed during the excavation, the roots
of the LBS developed on both sides of the living shoot buried in the soil. Therefore, the root growth
symmetry of the LBS was determined from the biomass on both sides of the living shoot (namely the
upstream and the downstream faces of the slope, respectively). When the colors of the color blocks
in the figure (representing the root biomass content of each test unit) at the same slope position are
compared, similar colors are observed on the upstream and downstream faces for the 1-year-old LBS,
indicating that the root system showed obvious symmetry in these two zones. After 5 years of growth,
this symmetry was preserved only in the soil above 0.4 m in the upslope area. After the 7th year,
this symmetry was no longer detectable.

 

Figure 6. Spatio-temporal distribution of root biomass with depth in every unit. U-U, D-U, U-D and
D-D represent the upslope-upstream face, the downslope-upstream face, the upslope-downstream face
and the downslope-downstream face of the sample, respectively. Each color block represents the range
of root biomass in each test unit. The value of each color block is the arithmetic mean corresponds of
the 5 morphological research objects at each age.

In general, roots located in the upslope zone were concentrated primarily in the 0–0.4 m soil layer
or in the 0.1–0.7 m downslope layer. In the 0–0.1 m soil layer, the root biomass was much larger in
the upslope zone than in the downslope zone; however, at an increased depth, the result was the
opposite. The root biomass distributed in the downslope zone was deeper than that in the upslope
zone, except for the 1-year-old LBS. For example, for the 5-year-old LBS, color blocks representing
less than 10 g of biomass are found below 0.5 m in the U-U zone and 0.3 m in the U-D zone, while for
the downslope zone, such color blocks are found below 0.5 m in the D-U zone and 0.6 m in the D-D
zone. The LBS root system exhibited characteristics upslope growth, meaning that the root system in
the upslope zone grew close to the surface, whereas the growth behavior in the downslope zone was
the opposite.
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The root biomass distributions with depth in the upslope and downslope zones were analyzed
(Figure 7). The root biomasses of the 5- and 7-year-old LBS, with approximately 71% and 63% of
the total residing in the depth range of 0–0.4 m, first increased with depth and then decreased while
exhibiting larger fluctuations. Therefore, this soil layer could be identified as the active layer of root
growth. When the depth reached below 0.4 m, the root biomass, accounting for approximately 29%
and 37% of the total, showed a steady decrease. Thus, this area could be defined as the stable layer of
root growth [17]. Since the root system of the 1-year-old LBS was concentrated in the 0–0.3 m soil layer,
the stable layer and the active layer could not be separately identified. The change in root biomass
with depth was described by regression analysis. The optimal curve fit was identified by evaluating
linear, power, logarithmic, exponential and polynomial equations in terms of their R2 values.

Figure 7. Average root biomass distribution with soil depth for 1, 5 and 7-year-old LBS. The fit curves
of root biomass with depth by regression analysis are also shown. The solid lines represent the fitted
curves of the active layers. The dotted lines represent the fitted curves of the stable layers.

Based on the fitting results, the relationships are best represented by the 2nd-order polynomial
equation (Table 4). From these equations, it is possible to estimate the root biomass at any depth under
similar site conditions.

Table 4. Regression equations and R2 values of the root material by biomass with depth in the
axial direction.

1-Year-Old 5-Year-Old 7-Year-Old

Active
Layer

Total
B = 727.9d2 − 311.9d + 34.03

R2 = 0.9148
B = −2193.2d2 + 885.03d + 26.90

R2 = 0.6731
B = −2174.9d2 + 823.17d + 106.31

R2 = 0.4272

Upslope
B = 623.2d2 − 265.68d + 28.68

R2 = 0.921
B = −902.55d2 + 304.34d + 23.41

R2 = 0.5164
B = 1091.8d2 − 610.72d + 139.09

R2 = 0.5717

Downslope
B = 104.7d2 − 46.22d + 5.35

R2 = 0.711
B = −1290.6d2 + 580.69d + 3.50

R2 = 0.4486
B = −3266.7d2 + 1433.9d − 32.78

R2 = 0.7217

Stable
Layer

Total
B = 77.72d2 − 190.25d + 116.66

R2 = 0.8665
B = 140.34d2 − 371.09d + 246.37

R2 = 0.8891

Upslope
B = 32.01d2 − 75.92d + 44.20

R2 = 0.7618
B = 64.561d2 − 152.06d + 87.29

R2 = 0.8966

Downslope
B = 47.71d2 − 114.33d + 72.47

R2 = 0.8418
B = 75.78d2 − 219.03d + 159.08

R2 = 0.8368

Note: B = root biomass (g); d = distance below the surface (m).
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The growth rates of the total root biomass from 1 to 5 years and from 5 to 7 years in the vertical
direction are shown in Table 5. The growth rates in the first four years were significantly smaller than
those from 5 to 7 years in the soil layers 0–1 m below the surface. In the 1–1.3 m layers, the growth
rates from 5 to 7 years were still greater than those from 1 to 5 years, but the growth trend was gradual.
When the soil depth reached 1.3 m or more, the growth rates from 5 to 7 years were no longer greater
than those from 1 to 5 years.

Table 5. The growth rate of total root biomass in each soil layer in the vertical direction.

Vertical Depth (m)
Growth Rate

1−5 Years 5−7 Years

0.0–0.1 11.16 37.79
0.1–0.2 27.44 36.42
0.2–0.3 27.05 31.38
0.3–0.4 17.19 30.38
0.4–0.5 12.50 27.23
0.5–0.6 8.92 26.31
0.6–0.7 5.64 24.75
0.7–0.8 3.40 13.48
0.8–0.9 2.77 7.86
0.9–1.0 1.98 7.74
1.0–1.1 0.80 3.74
1.1–1.2 0.57 1.80
1.2–1.3 0.56 0.85
1.3–1.4 0.71 −0.08
1.4–1.5 0.22 0.13

The paired t-test was performed to test the effect of slope position (upslope and downslope) on
root biomass for each age and the ANOVA was performed to test the effect of age on root biomass in
different slope positions (Table 6). Considering the effect of slope position on the root biomass, in the
1st year, the slope position influenced the root biomass at the soil depths of 0–0.2 m, and in the 5th year,
impacted the root biomass at the depths of 0.4–0.6 m, 0.7–0.9 m, 1.0–1.1 m and 1.2–1.3 m. In the 7th
year, the slope position affected the root biomass throughout the whole system except at the depths of
0.1–0.2 m and 0.3–0.4 m. Considering the effect of age on the root biomass, in the upslope area, the age
influenced the root biomass at the soil depths of 0–0.8 m, and in the downslope area, it impacted the
root biomass at the depths of 0–1.3 m.

Table 6. Results of paired t-test and analysis of variance (ANOVA) for evaluating the effects of slope
position and age on the root biomass across different ranges of soil depth.

p-Value

Soil Depth (m)

Paired t-Test ANOVA

Slope Position Age

1-Year-Old 5-Year-Old 7-Year-Old Upslope Downslope

0.0–0.1 <0.01 0.308 <0.01 <0.01 0.030
0.1–0.2 0.038 0.271 0.090 <0.01 <0.01
0.2–0.3 0.398 0.130 0.012 <0.01 <0.01
0.3–0.4 - 0.062 0.477 <0.01 <0.01
0.4–0.5 - 0.019 0.018 <0.01 <0.01
0.5–0.6 - <0.01 <0.01 <0.01 <0.01
0.6–0.7 - 0.060 <0.01 <0.01 <0.01
0.7–0.8 - 0.045 <0.01 <0.01 <0.01
0.8–0.9 - 0.020 <0.01 0.061 <0.01
0.9–1.0 - 0.227 <0.01 0.428 <0.01
1.0–1.1 - 0.037 0.011 0.471 <0.01
1.1–1.2 - 0.122 <0.01 0.397 <0.01
1.2–1.3 - 0.035 <0.01 0.397 <0.01
1.3–1.4 - 0.160 0.021 0.397 0.142
1.4–1.5 - 0.174 0.012 0.397 0.078

Note: The boldface values indicate significant differences (p < 0.05). The symbol “-” indicates that there was no root
in this soil layer.
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3.3. Spatio-Temporal Root Biomass Distribution with Lateral Distance from the Tree Stem

The root biomass distributions with lateral distance from the tree stem were analyzed (Figure 8).
The root biomasses of the 5- and 7-year-old LBS, with approximately 93% and 96% of the total
residing in the distance range of 0–0.6 m, first increased with distance and then decreased while
exhibiting larger fluctuations. Therefore, this soil layer could be identified as the active layer of
root growth. When the distance reached 0.6 m, the root biomass, accounting for approximately 7%
and 4% of the total, showed a steady decrease. Thus, this area could be defined as a stable layer
of root growth. For the 1-year-old LBS, the roots were distributed entirely within 0–0.6 m of the
lateral distance. The root biomass in the downslope was slightly larger than that in the upslope
area, and approximately 80% of the root materials were concentrated in the 0–0.4 m lateral distance.
Contrary to expectations [17], the root biomass variation with the horizontal distance in certain growth
periods did not show a decreasing trend at the beginning but decreased after the first increase in the
0.1–0.2 m soil layer. The variation of root biomass and the horizontal distance from the tree stem were
fitted using regression analysis (Table 7). The results showed that the root biomass of 1-year-old LBS
was best fitted by the 2rd-order polynomial equation, and that of the 5- and 7-year-old LBS by the
3rd-order polynomial equation.

Similar to the presentation of the results in Section 3.2, the growth rates of the total root biomass
from 1 to 5 years and from 5 to 7 years in the horizontal direction are shown in Table 8.

Table 7. Regression equations and R2 values for the variation of the root biomass with the distance
from the stem in the horizontal direction.

1-Year-Old 5-Year-Old 7-Year-Old

Active
layer

Total
B = −5.2l2 − 14.70l + 9.11

R2 = 0.8109
B = 2909.4l3 − 2713.2l2 + 443.9l + 116.4

R2 = 0.8426
B = 4651.7l3 − 4162l2 + 573.2l + 232.5

R2 = 0.895

Upslope
B = −15.80l2 − 3.94l +6.44

R2 = 0.7758
B = 368.7l3 − 173.1l2 − 147.8l + 76.4

R2 = 0.8612
B = 2666.1l3 − 2587.3l2 + 535.9l + 64.2

R2 = 0.8406

Downslope
B = -35.7l2 + 3.72l + 1.89

R2 = 0.3868
B = 2540.6l3 − 2540.1l2 + 591.7l + 40

R2 = 0.6702
B = 1985.6l3 − 1574.7l2 +37.2l + 168.3

R2 = 0.8358

Stable
layer

Total
B = −38.6l3 + 147.2l2 − 187.1l + 79.3

R2 = 0.8225
B = −218.8l3 + 783.6l2 − 930.7l + 368

R2 = 0.6232

Upslope
B = 3.9l3 − 7.93l2 + 0.4l + 4.3

R2 = 0.2126
B = −48.1l3 + 186.3l2 − 240.7l + 103.9

R2 = 0.5382

Downslope
B = −42.5l3 + 155.2l2 − 187.5l + 75.1

R2 = 0.5966
B = −170.7l3 + 597.3l2 − 689.9l + 264.2

R2 = 0.6001

Note: B = root biomass (g); l = lateral distance from the tree stem (m).

Table 8. The growth rate of the total root biomass in each soil layer in the horizontal direction.

Distance from the Stem (m)
Growth Rate

1−5 Years 5−7 Years

0.0–0.1 30.26 60.19
0.1–0.2 33.67 52.53
0.2–0.3 22.32 43.65
0.3–0.4 14.33 30.71
0.4–0.5 9.83 17.81
0.5–0.6 5.26 20.05
0.6–0.7 2.30 13.36
0.7–0.8 1.48 4.43
0.8–0.9 0.58 3.11
0.9–1.0 0.36 2.22
1.0–1.1 0.21 0.69
1.1–1.2 0.03 0.56
1.2–1.3 0.01 0.37
1.3–1.4 0.01 0.21
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Figure 8. Average root biomass distribution with distance from the stem for 1-, 5- and 7-year-old
LBS. The fit curves of root biomass with depth by regression analysis are also shown. The solid lines
represent the fitted curves of the active layers. The dotted lines represent the fitted curves of the
stable layers.

The growth rates of the root biomass in the first four years were smaller than that in the 5–7 years
in the 0–0.7 m soil layer from the stem. In the 1–1.4 m layer, the growth rates over 5 to 7 years were
still greater than that over 1 to 5 years, but the growth trend was gradual.

The paired t-test was performed to test the effect of slope positions (upslope and downslope) on
root biomass for each age and the ANOVA was performed to test the effects of age on root biomass in
different slope position (Table 9). Considering the effect of slope position on the root biomass, in the
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1st year, the slope position influenced the root biomass at the lateral distances of 0–0.4 m, and in the
5th year, it impacted the root biomass at the lateral distances of 0.2–0.5 m. In the 7th year, the slope
position influenced the root biomass at the lateral distances of 0–0.4 m. Considering the effect of age
on the root biomass, in the upslope area, the age influenced the root biomass at the lateral distances of
0–0.7 m and 0.8–0.9 m, and in the downslope area, it impacted the root biomass at the lateral distances
of 0–0.9 m.

Table 9. Results of paired t-test and ANOVA for evaluating the effects of slope position and age on the
root biomass across different distances from the stem.

Distance from the Stem (m)

Paired t-Test ANOVA

Slope Position Age

1-Year-Old 5-Year-Old 7-Year-Old Upslope Downslope

0.0–0.1 <0.01 0.376 0.012 <0.01 <0.01
0.1–0.2 <0.01 0.132 <0.01 <0.01 <0.01
0.2–0.3 <0.01 0.018 0.043 <0.01 <0.01
0.3–0.4 0.010 0.016 0.038 <0.01 <0.01
0.4–0.5 0.052 0.017 0.092 <0.01 <0.01
0.5–0.6 0.374 0.065 0.051 <0.01 <0.01
0.6–0.7 - 0.219 0.054 <0.01 <0.01
0.7–0.8 - 0.584 0.671 0.062 <0.01
0.8–0.9 - 0.755 0.857 0.049 <0.01
0.9–1.0 - 0.693 0.331 0.108 0.070
1.0–1.1 - 0.898 0.689 0.231 0.230
1.1–1.2 - 0.374 0.565 0.292 0.111
1.2–1.3 - 0.374 0.404 0.175 0.117
1.3–1.4 - 0.374 0.293 0.619 0.257
1.4–1.5 - - - - -

Note: The boldface values indicate significant differences (p < 0.05). The symbol “-” indicates that there was no root
in this soil layer.

3.4. Spatio-Temporal Distribution of the Soil Shear Strength with LBS Roots

Figure 9 describes the shear strength distribution of the soil with LBS roots. Because the water
level exceeded the riverbank height, it was impossible to determine the shear strength of certain
deeper soil layers; thus, testing was conducted only up to 0.6 m below the surface. An unambiguous
stratification of shear strength caused by the unique distribution characteristics of the riparian soil
structure occurred 0.4 m underground. The maximum shear strength of the root-soil composite was
approximately 159.61 kPa in the upper layer (0–0.4 m below the surface) and 80.94 kPa in the lower
layer (0.4–0.6 m below the surface) (Table 10). In the upper and lower layers, the shear strength of
pure soil was 67.61 kPa and 36.78 kPa, respectively (Table 10). The reinforcement effect of the LBS
roots on the soil was mainly concentrated in the horizontal layer 0.6 m from the stem. When the
distance was more than 0.6 m, the strengthening effect was not easily detectable. In the upslope zone,
the distribution range of the shear strength in the horizontal direction markedly decreased with an
increase in soil depth. By contrast, in the downslope zone, the distribution range of the shear strength
in the horizontal direction initially increased and then markedly decreased with increasing soil depth.
In general, the range of the shear strength increased with the tree age. For a given unit, however, the
shear strength did not necessarily increase with age; for example, in the U-U region, the horizontal
0.1–0.2 m layer, and the vertical 0.1–0.2 m layer, the soil shear strength of the 7-year-old LBS was less
than that of the 5-year-old LBS. The shear strength of the 1-year-old LBS in the 0–0.1 m soil layer varied
between 20 kPa and 31 kPa, which was obviously less than the shear strength of the pure soil. In order
to demonstrate that the use of LBS has an advantage over other plant species in improving soil shear
strength, the average soil shear strength enhancement values of all root-soil composite units, 24.05 kPa
and 11.4 kPa in the upper and lower layers, respectively, were calculated (Table 10).
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Figure 9. Spatio-temporal distribution of the soil shear strength. U-U, D-U, U-D and D-D represent
the upslope-upstream face, the downslope-upstream face, the upslope-downstream face and the
downslope-downstream face of the riverbank, respectively.

Table 10. The shear strengths of the pure soil and the root-soil composite.

Depth (m) SSP (kPa) MSSC (kPa) ESS (kPa)

0–0.4 67.61 ± 4.41 159.61 24.05 ± 22.27
0.4–0.6 36.78 ± 2.33 80.94 11.74 ± 10.53

Note: SSP and ESS data are represented as means and standard deviations (mean ± SD). SSP = shear strength
of the pure soil; MSSC = maximum shear strength of the root-soil composite; ESS = average soil shear strength
enhancement values of all root-soil composite units.

The regression relationships between the shear strength enhancement and the root materials for
the 5- and 7-year-old LBS are shown in Figure 10. The results show that both the number of roots and
the root cross-sectional area per unit volume were highly significantly correlated with the enhancement
values of the soil shear strength (p < 0.01).

Figure 10. Best-fit curves of the shear strength enhancement with the number of roots and the root
cross-sectional area per unit volume.
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4. Discussion

4.1. Spatio-Temporal Dynamic Distribution Characteristics of the LBS Root System

Among all tree ages, the MVD and MLD corresponded to a relatively small proportion of the
tree height. The relationships were 0.1 H < MVD < 0.15 H and 0.09 H < MLD < 0.22 H. These ratios
are obviously less than the approximate relationships of H < Dr < 2 H reported by Greenway [46],
Wu [47], and Docker and Hubble [17], where Dr = the root diameter = 2MLD. These findings show
that the extents of the LBS root system in the vertical and lateral slope directions were small relative to
the shoot growth aboveground. Furthermore, the MLDs of the 5- and 7-year-old LBS were 1 m and
1.27 m, respectively, corresponding to only 1/8 and 1/10 of the MLD of 5- and 7-year-old Veronese
poplars, respectively [19]. Therefore, the LBS had a small root system in general. Although the lateral
root extension of the LBS was small, the living shoots that were used to construct the LBS limited
its growth position, and the interspaces between the living shoots were also small to ensure that the
LBS would form a root grid in the interspace of shoots and soil. According to the spatio-temporal
dynamic distribution of the root biomass, the roots were distributed primarily in a cylindrical soil
pattern with an approximate radius of 0.4 m and a thickness of 0.5 m. This characteristic arose
because the root system was mainly distributed in the shallow soil layer, as reported by Mclvor et
al. [19]. For the 1-year-old LBS, 95% of the total root biomass was distributed in the first 0.1 m of
depth; thus, this shallow root biomass was obviously larger than the root biomass in the 0.1–0.3 m
layer underground. This result indicates that in the early planting stage, the roots of the LBS were
concentrated in the 0–0.1 m layer and developed primarily in the horizontal direction. Thus, the ratio
between the MLD and the tree height for the 1-year-old trees is greater than that for the LBS at other
ages, as shown in Table 3. The total root biomasses at the depth of 0.1–0.2 m for the 5- and 7-year-old
LBS and at 0–0.1 m for the 1-year-old LBS were the largest of any soil layer (Figure 7). These findings
indicate that the roots of the LBS were able to develop even in the thinner soil layer on the lower part
of the slope. For original bank slope structures such as a rocky bank slope, root development would be
difficult. However, an artificial soil covering could create a growing environment for the roots of LBS.

Symmetry of the 1-year-old LBS root system was found between the upstream and downstream
faces. This finding is consistent with the symmetries of other plant species’ root systems during the
seedling period [48,49]. However, with increasing time, the root system symmetry was no longer
evident. Root growth reacts to mechanical impedances and soil nutrients [50]. During extraction,
gravels were found in the deep soil, and the random distribution of gravel and soil nutrients was
probably the cause of the disappearance of symmetry. An upslope growth characteristic of LBS was
also found in this study; the roots in the upslope zone were closer to the surface than the roots in
the downslope zone, in contrast to the growth trend reported by Mclvor et al. [19]. In fact, however,
the amount of root biomass in the downslope zone was obviously higher than that in the upslope zone;
thus, it should be noted that the upslope growth explains only the direction of root growth. Our results
also exhibited that, except at depths below 1.3 m, the growth rate in the last two years was greater than
that in the first four years. From this discrepancy in root biomass growth rate, the root development of
LBS shows a non-uniform trend in time scale over the first 7 years.

Both slope position and age had an effect on the LBS root biomass (Tables 6 and 9). In the vertical
direction, the effect of the slope position on the root biomass at different ages were different, and with
aging, the influence range gradually increased. In the 1st year, the effect of slope position on root
biomass was significant at depths of 0–0.2 m; in the 5th year, the effect of slope position on root biomass
was mainly concentrated in deeper soil layers; in the 7th year, slope position almost influenced the
root biomass in all soil layers. In addition, the influence range of age on the root biomass in the
downslope area was deeper than the upslope area. This difference may be due to the upslope growth
characteristic of the root of LBS. In the horizontal direction, the influence of the slope position on the
root biomass at different ages was mainly concentrated in the range of 0–0.5 m. This concentration
may be due to the fact that the LBS roots were mainly distributed in this soil layer at these three
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ages. Notably, for 5-year-old LBS, no effect of slope position on root biomass was observed in the
0–0.1 m and 0.1–0.2 m soil layers. This may indicate that there were no remarkable differences in the
increments of root biomass in upslope and downslope areas in these two soil layers from 1 to 5 years.
On the other hand, the effects of age on the root biomass in the upslope and downslope areas were
found in the 0–0.9 m soil layers. This result may indicate that although the root biomass increases with
age, in the horizontal direction, the LBS roots frequently grew only in the soil layers at 0–0.9 m.

4.2. Soil Shear Strength Enhancement by the LBS Root System

From the distribution of the soil shear strength (Figure 9), it was found that the shear strength
enhancement was distributed in the soil with a conical shape, and with an increase in the lateral
distance, the enhancement became no longer obvious; this result is consistent with the conclusion
offered by Fan and Lai [14] and indicates that plant roots provide a cone-shaped soil shear strength
enhancement zone in the soil below that is centered on the stem [17,44,51]. In the first five years,
the plant age has an obvious influence on the range of the root-induced enhancement of the soil shear
strength. With aging, the soil shear strength gradually expands in both the horizontal and vertical
directions. However, the effect of age on the soil shear strength expansion was not obvious between
the 5th and 7th years. Furthermore, in some soil layers closer to the stem, the shear strength did not
increase but rather decreased. This result may demonstrate that the contribution of plants to riverbank
stability cannot be determined solely from the growth period of the plants but mainly from the root
distribution, which has also been demonstrated by previous studies [17]. In the 1-year growth stage
after construction, the backfill was loose, and a large number of adventitious roots were growing in
the first 0.1 m depth layer. Most of the roots were pulled out of the soil rather than shearing during
the test. This effect caused the soil shear strength provided by the 1-year-old LBS root system in the
0–0.1 m depth layer to be less than that of other units.

The significant linear relationship between the shear strength enhancement by roots in the
diameter class from 0 to 5 mm and the number of roots or the root cross-sectional area was similar to
that reported in earlier studies [43,52]. These results demonstrate that fine roots mainly increase soil
shear strength, while thicker roots anchor the soil in the vertical direction [21,44]. The number of roots
in the 0–5 mm diameter class decreased with vegetation development in some soil layers close to the
stem. This effect may explain why the shear strength did not increase but decreased.

The maximum enhancement values in the upper and lower layers were approximately 1.3
and 1.2 times with respect to the pure soil (calculated from Table 10). This finding indicates that
the LBS roots had an obvious strengthening effect on the soil. The average soil shear strength
enhancement values of LBS (Table 10) were 24.05 kPa and 11.4 kPa in the upper and lower soil
layers, respectively. Compared with the living brush mattress constructed using Salix babylonica L. [5],
the enhancement value of LBS is larger. Liu et al. used the pull-out test to compare the capability of
Populus canadensis Moench, Amorpha fruticosa L., and LBS, which are dominant plant species suitable for
soil bioengineering technology, to reinforce soil. The capabilities of Populus canadensis Moench and LBS
were similar [37]. However, the vertical distribution of the Populus canadensis Moench root system [39]
was smaller than that of LBS. This caused enhanced range of soil shear strength for Populus canadensis

Moench that was less than that of LBS. Although the capability of individual Amorpha fruticosa L. was
the largest [37], the survival rate of planting is much lower than that of LBS using soil bioengineering
technology [38]. Therefore, it is not guaranteed that Amorpha fruticosa L. can form a dense population
on the slope to improve the stability of the riverbank. Moreover, Guo [53] measured the tensile strength
of the LBS roots using tensile tests. Compared with Picea abies (L.) H. Karst. and Ostrya carpinifolia

Scop. [54], the roots of LBS had greater tensile strength. Based on the Wu’s model theory [29,47],
this finding indirectly indicated that the contribution of LBS roots to enhance soil shear strength is
greater than the contributions of Picea abies (L.) H. Karst. and Ostrya carpinifolia Scop. Based on these
results, we speculate that LBS has a higher efficiency for soil protection, which further confirms the
advantages of LBS for riverbank restoration engineering.
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In this study, we investigated the root distribution characteristics of LBS and its bank protection
capacity. However, considering the results may be affected by site-specific factors, such as river
morphology, river flow, riverbank structure, etc., further investigations should be conducted to test the
generalization of this measure. Despite this limitation, our results suggest that LBS plays an important
role in riverbank protection and represents an efficient and easily applicable engineering measure for
riverbank protection.

5. Conclusions

In this study, we revealed the root distribution characteristics and bank protection capacity of
LBS by investigating the root biomass and soil shear strength. Our results show that the roots of LBS
exhibited characteristics of symmetry and upslope growth and were mainly distributed in a cylindrical
region of the soil. Moreover, the LBS provided a conically shaped shear strength enhancement zone
in the soil by means of the root system. The amount of fine roots (the number and cross sectional
areas here) per unit volume significantly affected the soil shear strength enhancement value. On the
basis of these results, LBS protected the riverbank via improving the soil shear strength by fine roots.
Compared with other plant species, LBS showed advantages in improving the soil shear strength.
Although this is a case study, our results indicate that LBS is an efficient and feasible engineering
measure in the field of riverbank protection.
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Abstract: Quantifying the impacts of multiple factors on surface runoff and base flow is essential
for understanding the mechanism of hydrological response and local water resources management
as well as preventing floods and droughts. Despite previous studies on quantitative impacts of
multiple factors on runoff, there is still a need for assessment of the influence of these factors on
both surface runoff and base flow in different temporal scales at the watershed level. The main
objective of this paper was to quantify the influence of precipitation variation, evapotranspiration
(ET) and vegetation restoration on surface runoff and base flow using empirical statistics and
slope change ratio of cumulative quantities (SCRCQ) methods in Pengchongjian small watershed
(116◦25′48”–116◦27′7” E, 29◦31′44”–29◦32′56” N, 2.9 km2), China. The results indicated that, the
contribution rates of precipitation variation, ET and vegetation restoration to surface runoff were
42.1%, 28.5%, 29.4% in spring; 45.0%, 37.1%, 17.9% in summer; 30.1%, 29.4%, 40.5% in autumn; 16.7%,
35.1%, 48.2% in winter; and 35.0%, 38.7%, 26.3% in annual scale, respectively. For base flow they
were 33.1%, 41.9%, 25.0% in spring; 39.3%, 51.9%, 8.8% in summer; 40.2%, 38.2%, 21.6% in autumn;
24.3%, 39.4%, 36.3% in winter; and 24.4%, 47.9%, 27.7% in annual scale, respectively. Overall, climatic
factors, including precipitation and ET change, affect surface runoff generation the most, while ET
affects the dynamic change of annual base flowthe most. This study highlights the importance of
optimizing forest management to protect the water resource.

Keywords: precipitation variation; vegetation restoration; evapotranspiration (ET); surface runoff;
base flow; empirical statistics; slope change ratio of cumulative quantities (SCRCQ)

1. Introduction

At present, runoff is generally divided into two parts: surface runoff and base flow [1–3]. During
a rainfall process in a basin, the flow duration curve formed at the outlet of a watershed consists
of surface runoff and base flow (Figure 1) [4]. There are many quantitative studies on the effects
of precipitation variation and vegetation restoration on surface runoff [5–11]. Distinct hydrological
effects based on different time scales were reported [12]. For instance, Chaplot investigated water and
soil resources response to changes in precipitation and air temperature in Iowa (USA), pointing to a
considerable effect of precipitation changes with a 170% runoff increase as precipitation increases by
40% [11], while Zhang and Nearing predicted that decreasing precipitation by 7–14% would result in
greater runoff (67–82%) [13]. The above two results showed the opposite effects on runoff caused by
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precipitation, which is mainly due to different topography, forest change, soil condition, temperature
as well as other factors like NO3–N loads [9]. Zhang conducted research over Poyang Lake basin and
found that contributions of climate change and human activities to streamflow changes were 73.2% and
26.8%, respectively. However, human-induced and climate-induced influences on streamflow were
different in different river basins [14]. Similarly, Gu demonstrated that human activities accounted for
a low portion (5.5%) in the runoff inputs in Poyang Lake [15]. Interestingly, however, the decrease of
streamflow in the Fuhe River (sub-catchment of Poyang Lake) in 2000s was mainly affected by human
activities (156.9%), rather than climate change [6]. More recently, Rogger et al. reviewed research
gaps in the field of land-use change impacts on floods at the catchment scale [16]. They proposed
that land-use change impacts on floods are poorly understood at the catchment scale at present, then
suggested possible ways forward for addressing these gaps. Despite numerous works, most research
focused on calculating surface runoff in annual scale [8,17,18], but little attention was paid to the
seasonal scale. However, a study on the effects of precipitation and evapotranspiration (ET) variation,
vegetation restoration on the seasonal surface runoff is of great significance for rationally allocating
water resources yearly, especially for watersheds with seasonal droughts. Thus, it is still necessary
to further study the influences of precipitation and ET variation, vegetation restoration on seasonal
surface runoff.

 

Figure 1. Process of water inputs, storage, and losses in watershed.

Base flow is a relatively stable part of streamflow. Base flow studies are not only helpful for
reasonable regulation of water quantity and high-efficiency utilization of water resources, but also
beneficial for hydrological analysis, evaluation and the management of water resources [19,20]. At
present, studies on base flow mainly focus on regression models, improvement of base flow separation
methods and influencing factors. The studies of base flow in China began in the 1960s, and mainly
dealt with qualitative analysis of base flow evolution principles and its driving factors, base flow
separation and estimation. Nonetheless, quantitative studies on the contribution rates of different
factors to base flow are rarely reported.

Consequently, with the support of the National Natural Science Foundation of China, taking
Pengchongjian small watershed with rich precipitation as a study area, we quantitatively assessed
the impacts of multiple factors on both surface runoff and base flow (Figure 2). This study could
help to understand how precipitation variation, ET and vegetation restoration affect runoff, and
provide scientific foundations for the sustainable utilization of water resources and the evaluation of
hydrological benefits for natural forest protection and afforestation projects.
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Figure 2. Graphical structure of this paper.

2. Study Area and Methods

2.1. Study Area

Pengchongjian small watershed is located between 116◦25′48”–116◦27′7” E and 29◦31′44”–29◦32′56” N
in Duchang County, Jiujiang City, Jiangxi Province, covering a catchment area of 2.90 km2 (Figure 3). It is
high in the north-west and low in the south-east, whose altitude ranges from 80 to 560 meters, belonging to
subtropical humid monsoon climate zone with average annual precipitation of 1560 mm. Major exposure
strata here are epimetamorphic rock, granite and limestone. Moreover, the watershed is rich in vegetation
types, with stand types of 70% Cunninghamia lanceolata (Lamb.) Hook., 20% Quercus acutissima Carruth.
and 2% Phyllostachys heterocycla (Carr.) Mitford cv. Pubescens. The watershed is completely closed as there
are no inhabitants, water conservancy facilities or soil and water conservation projects. Yet the China fir
forest suffered from deforestation in early 1980s, after which the secondary forest has been recovering,
which provides an ideal study area for this study. According to the investigating data of forest resources
by Wushan forest farm in Duchang County, forest coverage increased from 80% in 1985 to 98% in 2016,
and forest stocking volume rose from 1.2 × 104 m3 in 1985 to 2.5 × 104 m3 in 2016. In 1981, a hydrological
station was built up at the outlet of the watershed by Jiangxi Province Bureau, and the precipitation and
surface runoff have been continuously monitored till now.

154



Forests 2018, 9, 553

Figure 3. Location map and observation sites in Pengchongjian small watershed.

2.2. Methods

2.2.1. Data

Data used in this paper include daily precipitation, surface runoff and daily mean temperature
at Pengchongjian hydrological station from 1983 to 2014, which was supplied by Jiangxi Province
Hydrology Bureau. Base flow were separated from daily surface runoff datasets using the Kalinlin
improving method [21]. Seasonal and annual precipitation, surface runoff and base flow during these
30 years were then calculated based on daily statistical data for subsequent trend analysis. Meanwhile,
based on the water balance equation in a totally closed small watershed, mean ET is basically equal to
mean precipitation minus mean surface runoff.

2.2.2. Trend Analysis

The Mann–Kendall test (MK) is a suitable method to determine the variation trend of hydrological
time series [22,23], which has been widely applied for trend and inflection analysis of precipitation
and runoff [24,25]. Thus, in this paper, we found a consistent inflection point of the year 2003 both for
precipitation and surface runoff. The research period was the divided into baseline period (1983–2003)
and changing period (2004–2014), which lays a solid foundation for separating the impacts of multiple
factors on surface runoff and base flow in different time scales. The calculation procedures of an MK
trend test are given as follows.

For a time series {r1, r2, . . . , rn−1, rn}, the statistic index UFm is calculated as,

UFm =
Sm − E(Sm)
√

Var(Sm)
(m = 1, 2, . . . n) (1)

where Sm is deemed as cumulative number of ri > rj (1 f i f j), E(Sm) is averaged Sm, and Var(Sm)
represents variance of Sm. The change of UFm reflects the variation in hyro-climate variables. UFm >
0 (<0) means the variables show an increasing (a decreasing) trend. If |UFm| > 1.64, 1.96, 2.58, the
change trend is significant at p > 0.1, 0.05 and 0.01, respectively. Contrarily, the value calculated with
inverse series (rn, rn−1, . . . , r2, r1) is termed as UBm. If the exact intersection point of the two lines
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located within the critical limit line and the trend is significance, the point is deemed as the possible
change point [22].

2.2.3. Separating the Effect of ET on Surface Runoff and Base Flow

The slope change ratio of cumulative quantities (SCRCQ) method was proposed to quantitatively
assess the factors impacting the streamflow in the Huangfuchuan River Basin, a first-level tributary of
the middle reaches of the Yellow River. It is believed that this method can be applied to the quantitative
assessment of river runoff changes and its influencing factors in arid and semi-arid regions [26].
Subsequently, similar research on Songhua River basin [27], Miyun Reservoir watershed [28] and
some areas of the southern humid areas such as the Yinjiang River watershed [29], Dongting Lake
catchment [30], and Ning Jiang River basin [31] had been carried out in China. The cumulative
quantities can eliminate the effects of inter-annual fluctuations to some extent, with a high correlation
coefficient between year and cumulative quantities, which creates conditions for quantifying
analysis [26]. Therefore, using the method of SCRCQ, we calculated the contribution rates of ET
to surface runoff and base flow in seasonal and annual scale. Calculation equations are as follows:

CET = −100 × (K2 − K1)/K1

(K4 − K3)/K3
(2)

where K (mm·year−1) is the slope of the linear relationship between year and cumulative ET in baseline
period (labeled by 1) and changing period (labeled by 2), cumulative surface runoff or base flow in
baseline period (labeled by 3) and changing period (labeled by 4). CET is the relative contribution
rate of ET to surface runoff or base flow. According to the water balance equation in a relatively
closed watershed, the change in soil water storage is likely to be small, which is negligible in annual
scale [26,28]. Thus, the contribution rates of precipitation variation and vegetation restoration to
surface runoff and base flow is equal to 1 − CET.

2.2.4. Excluding the Contribution Rates of Precipitation Variation and Vegetation Restoration

The formation of surface runoff is mainly affected by precipitation and underlying surface
conditions. For the same small watershed with no inhabitants and water and soil conservancy projects,
underlying surface change can be mainly regarded as vegetation restoration. In this paper, empirical
statistics was used to quantitatively assess the two factors (precipitation variation and vegetation
restoration) that have significant influence on surface runoff as well as base flow.

Firstly, regression analyses were conducted between observed precipitation, surface runoff and
base flow in baseline period when vegetation was less changed, after which a linear Equation (1) could
be built. Then, substituting observed mean precipitation in the changing period, when vegetation
changes apparently in the equation, a value that represents surface runoff (base flow) produced in the
condition of vegetation in baseline period can be obtained which is called simulated surface runoff
(base flow). The value of simulated surface runoff (base flow) minus observed mean surface runoff
(base flow) in the changing period represents surface runoff (base flow) variation caused by vegetation
restoration. Similarly, the value of observed mean surface runoff (base flow) in the baseline period
minus simulated surface runoff (base flow) represents surface runoff (base flow) variation caused by
precipitation variation. In this way, the impacts of precipitation variation and vegetation restoration
on surface runoff and base flow can be quantitatively distinguished. Calculation equations of the
contribution rates of precipitation variation and vegetation restoration are listed as follows:

Q = aP + b (3)

where Q is surface runoff (base flow) [mm], P is precipitation [mm], a and b are parameters.

∆Qv = Qsim − Q′
obs, ∆QP = Qobs − Qsim (4)
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∆Qtotal = ∆Qv + ∆QP = Qobs − Q′
obs (5)

Cp =
∆QP

∆Qtotal
× (1 − CET)% and Cv =

∆Qv

∆Qtotal
× (1 − CET)% (6)

where Qobs and Q′
obs are observed mean surface runoff (base flow) (mm) in baseline period and

changing period respectively; Qsim = aP′
obs + b, which means simulated surface runoff (base flow),

where P′
obs is observed mean precipitation (mm) in the changing period; ∆Qtotal is total change in

observed mean surface runoff (base flow) comparing baseline period to changing period; ∆Qv and ∆QP

are surface runoff (base flow) changes caused by vegetation restoration and precipitation variation,
respectively.

3. Results and Discussion

3.1. Seasonal Distribution of Precipitation, Evapotranspiration (ET), Surface Runoff and Base Flow

Based on daily precipitation, runoff data and base flow separation results of Pengchongjian
hydrological station in 1983–2014, the monthly, seasonal (spring is March to May, summer is June
to August, autumn is September to November, winter is December to the following February) and
annual precipitation, ET, surface runoff and base flow were obtained. In this condition, it was possible
to investigate the annual and inter-annual distribution of precipitation, ET and runoff, and the impacts
of various factors on surface runoff and base flow in small watershed. Annual mean precipitation, ET,
surface runoff and base flow from 1983 to 2014 were 1560.3, 811.9, 743.7 and 353.2 mm, respectively
(Table 1). In spring and summer, both parameters except ET accounted for a large proportion in
whole year, while a small ratio in autumn and winter. However, the seasonal distribution of ET was
relatively even.

Table 1. Seasonal distribution of precipitation, ET, surface runoff and base flow in Pengchongjian small
watershed from 1983 to 2014.

Parameters Spring Summer Autumn Winter Year

Precipitation/mm 564.6 589.7 199.3 206.7 1560.3
Annual proportion/% 36.2% 37.8% 12.8% 13.2% —

ET/mm 218.0 272.2 168.8 153.0 811.9
Annual proportion/% 26.9% 33.5% 20.8% 18.8% —

Surface runoff/mm 354.8 300.9 34.3 53.7 743.7
Annual proportion/% 47.7% 40.5% 4.6% 7.2% —

Base flow/mm 159.9 131.2 19.1 43.0 353.2
Annual proportion/% 45.3% 37.1% 5.4% 12.2% —

3.2. Variations of Precipitation and Surface Runoff

According to the MK test, the annual variation trend of precipitation (P) in Pengchongjian small
watershed during 1983–2014 was as follows: (i) precipitation generally showed a fluctuated downward
trend (Figure 4a). For example, it declined significantly in 1983–1986, and reached the bottom in 1986
(p > 0.05), while in 1987–2003, it showed a fluctuated rise, reaching the peak in 1998. However, from
2004 to 2009, precipitation began to decline, at the beginning of 2010 a peak (2010) and a valley (2011)
appeared, then gradually it increased. (ii) According to the intersection point of UF and UB curves, the
t test method was applied. It was also determined that the inflection point of the small watershed was
2003 (Figure 4b).
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P y

Figure 4. Inter-annual variation of observed precipitation (a) and its Mann–Kendall (MK) test results
(b) in Pengchongjian small watershed. in 1983–2014.

According to the MK test, annual variation trend of surface runoff (SR) in 1983–2014 was as
follows: (i) surface runoff showed a fluctuated downward trend (Figure 5a). It decreased significantly
in 1983–1986 (p > 0.05), then increased gradually in 1987–2003 and reached the maximum value in 1999;
since 2004, surface runoff was relatively small except for 2010. (ii) UF and UB curves have multiple
intersections (Figure 5b). In order to remove the invalid mutation point, the t test method was used.
Furthermore, surface runoff and precipitation shared the same inflection point of year 2003. In other
words, surface runoff change was directly related to precipitation.

SR y

Figure 5. Inter-annual variation of observed surface runoff (a) and its MK results (b) in Pengchongjian
small watershed in 1983–2014.

On the basis of the trend and inflection point analysis of precipitation and surface runoff, the
research periods were divided into 1983–2003 and 2004–2014. The average annual precipitation and
surface runoff in 1983–2003 were 1608.2 and 831.9 mm, while in 2004–2014, they were 1468.9 and
588.9 mm. Compared with the baseline period, precipitation and surface runoff in the changing
period decreased by 8.7% and 29.2%, respectively, with mean annual reduction of 12.7 and 22.1 mm.
The decreasing proportion of surface runoff was larger than that of precipitation. That was to say,
besides precipitation, ET and vegetation factors also influenced surface runoff. How to quantitatively
distinguish the contribution rates of various factors on surface runoff in a small watershed is a scientific
problem that needs to be further investigated.

3.3. Contribution Rates of ET to Surface Runoff and Base Flow

3.3.1. Variation in Temperature and ET

Annual mean temperature from 1983–2014 overall presented an upward trend, with a rate of
0.0349 ◦C·year−1 (Figure 6a). It reached its highest level of 17.9 ◦C in year 2013, while in year 1984,
its historical low level was 15.9 ◦C. Compared to the baseline period (1983–2003), annual mean
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temperature in the changing period (2004–2014) increased by 1 ◦C. The annual variation of ET is
shown in Figure 6b. The fluctuation since the early 21st century was more remarkable than that in
the 1980s, and showed an upward trend not as remarkable as that as temperature. However, the
rising temperature caused the ET to go up, which would probably affect the process of the water cycle,
directly leading to a decrease in surface runoff as well as base flow. Thus, we firstly calculated the
contribution rate of ET to surface runoff and base flow decrease by SCRCQ.

T y

ET y

Figure 6. Variation trend of annual mean temperature (a) and ET (b) from 1983 to 2014.

3.3.2. Impacts of ET on Surface Runoff and Base Flow

The linear relationships between year and cumulative ET, surface runoff and base flow are shown
in Figures 7 and 8. The calculation results of the contribution rates of ET to surface runoff and base
flow are shown in Table 2. Annual average ET during the baseline period and changing period were
773.4 and 860.9 mm, while annual mean surface runoff were 831.9 and 588.9 mm, and average base
flow were 384.3 and 293.7 mm, respectively. Compared with the baseline period, ET, surface runoff
and base flow in changing period increased by 87.5, 243 and 90.6 mm, with corresponding change rates
of 11.3%, −29.2% and −23.6%, respectively. This somewhat reflected the fact that surface runoff and
base flow declined synchronously with the increase of ET. In annual scale, the contribution rates of ET
to the decrease of surface runoff and base flow were 38.7% and 47.9%, which was basically consistent
with the conclusion drawn in the Yinjiang basin [29], while quite distinct from that (less than 10%) in
the Yellow River basin [32]. This fully illustrated that under the subtropical humid monsoon climate,
ET could affect surface runoff and base flow to a greater extent, similar to the conclusion drawn by
Chaplot [11]. On a seasonal scale, the contribution rates of ET to the decrease of surface runoff was
between 28%~40%, while that to base flow reduction was between 38%~52%. We could deem that the
sensitivity of response of base flow to ET is higher than that of surface runoff, as depicted by Lin [33].
Moreover, the contribution rate of ET to base flow in summer was obviously higher than that in other
seasons, which may be due to more precipitation, higher temperature and higher ET in summer caused
by forest restoration. On the other hand, the variation of average ET, surface runoff and base flow in
winter were both 2~3 times that of other seasons compared to the baseline period (Table 2). Meanwhile,
the contribution rates of ET to surface runoff and base flow in winter were quite close to that in other
seasons, indicating that vegetation accounted for a larger part in water yield when encountering the
dry season with less precipitation.

In short, ET impact on surface runoff and base flow could not be negligible whether in annual
scale or seasonal scale, especially in winter. The response of dry season runoff to forest change is
mainly determined by soil conditions, tree species and vegetation regeneration after disturbances, as
well as topography [34], or rather, water consumption (ET) and subsequent changes in soil infiltration
and water storage capacity.
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Figure 7. Relationships between year and cumulative surface runoff, ET in spring (a), summer (b),
autumn (c), winter (d) and whole year (e) during two periods in Pengchongjian small watershed.

Table 2. Slopes of the relations between year and cumulative quantities of ET (K1,2), surface runoff
(K3,4), base flow (K’

3,4) and contribution rates of ET to surface runoff and base flow decrease.

Slope (mm·year−1) Spring Summer Autumn Winter Whole Year

K1 213.6 260.2 152.7 146.9 773.4
K2 229.7 289.1 165.5 176.6 860.9

∆KET 0.075 0.111 0.084 0.202 0.113
K3 381.1 353.9 26.2 62.8 831.9
K4 280.9 248.1 18.7 26.7 588.9

∆KSR −0.263 −0.299 −0.286 −0.575 −0.292
K’

3 166.5 150.1 18.2 49.5 384.3
K’

4 136.7 118 14.2 24.1 293.7
∆KB −0.179 −0.214 −0.220 −0.513 −0.236

CET to surface runoff (%) 28.5 37.1 29.4 35.1 38.7
CET to base flow (%) 41.9 51.9 38.2 39.4 47.9

Note: ∆KET, ∆KSR, ∆KB is the variation rate of slopes of ET, surface runoff and base flow compared to baseline
period, respectively.
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Figure 8. Relationships between year and cumulative base flow, ET in spring (a), summer (b), autumn
(c), winter (d) and whole year (e) during two periods in Pengchongjian small watershed.

3.4. Contribution Rates of Precipitation Variation and Vegetation Restoration to Surface Runoff Decrease

The regression analysis between mean surface runoff and precipitation in seasonal and whole
year scale during baseline period were carried out, and the linear equations were shown in Figure 9.

The mean annual and seasonal precipitation during changing period were then substituted into
the corresponding equations, and the simulated mean surface runoffs were obtained. The calculation
results of contribution rates of precipitation variation and vegetation restoration to surface runoff are
shown in Table 3.
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Figure 9. Relationship between observed surface runoff and precipitation in seasonal and annual scale
during baseline period.
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Table 3. Calculating results of contribution rates of precipitation variation and vegetation restoration
to surface runoff decrease.

Time Scale
Simulated Mean

Surface Runoff (mm)
Observed Mean

Surface Runoff (mm)

Impact of Precipitation
Variation

Impact of Vegetation
Restoration

Variation
(mm)

Contribution
(%)

Variation
(mm)

Contribution
(%)

Spring 322.1 280.9 −59.0 42.1 −41.2 29.4
Summer 278.2 248.1 −75.7 45.0 −30.1 17.9
Autumn 23.0 18.7 −3.2 30.1 −4.3 40.5
Winter 53.5 26.7 −9.3 16.7 −26.8 48.2

Year 693.2 588.9 −138.7 35.0 −104.3 26.3

Note: The observed mean surface runoff during baseline period is 381.1, 353.9, 26.2, 62.8 and 831.9 mm in spring,
summer, autumn, winter and whole year respectively.

Compared to the baseline period, average surface runoff in spring, summer, autumn, winter
and the whole year decreased by 100.2, 105.8, 7.5, 36.1 and 243 mm, respectively. The surface runoff
decrease caused by precipitation variation was 59.0, 75.7, 3.2, 9.3 and 138.7 mm, respectively, while by
vegetation restoration was 41.2, 30.1, 4.3, 26.8 and 104.3 mm. The contribution rates of precipitation
variation and vegetation restoration to surface runoff were 42.1%, 29.4% in spring, 45.0%, 17.9% in
summer, 30.1%, 40.5% in autumn, 16.7%, 48.2% in winter, and 35.0%, 26.3% in annual scale, respectively
(Table 3). Obviously, in seasonal scale, attribution of surface runoff reduction to precipitation in spring
and summer was larger than that in autumn and winter, and vice versus for attribution to vegetation
restoration. Herein the contribution rate of precipitation in summer reached the maximum, which may
be related to much more precipitation, heavier rainfall intensity, and more rainfall days. For this reason,
on the contrary, vegetation restoration counted less (only 44% of that in autumn) than precipitation
for surface runoff decease in summer (Table 3). The water diminishing effect of vegetation in autumn
and winter was significantly strengthened, which is likely because of less precipitation in autumn and
winter, and vegetation enriched the understory and forest litter, and enhanced soil infiltration and
water storage [34], hence reducing surface runoff. On an annual scale, in contrast to the conclusion
that vegetation change induced by human activity dominated surface runoff generation in arid areas
of northern China [25,26,31,35,36], we found that for Pengchongjian small watershed, the contribution
of precipitation (35%) to surface runoff was nearly close to that of ET (38.7%), followed by vegetation
restoration (26.3%). The reason why the results varied, on the one hand, is probably due to distinct
climatic conditions, topography, vegetation structure and type. On the other hand, human activity
there is relatively slight with no local residents or water conservancy facilities and soil and water
conservation projects. In general, climatic factors (including precipitation variation and elevated ET
caused by rising temperature) are the major drivers for annual surface runoff, which is in accordance
to similar results in Poyang Lake basin, China [15,16,37].

3.5. Contribution Rates of Precipitation Variation and Vegetation Restoration to Base Flow Decrease

The regression analysis between mean base flow and precipitation in seasonal and whole year
scale during the baseline period were carried out, and the linear equations were shown in Figure 10.

The mean annual and seasonal precipitation during the changing period were then substituted
into the corresponding equations, and the simulated mean base flow was obtained. The calculation
results of contribution rates of precipitation variation and vegetation restoration to base flow are
shown in Table 4.
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Figure 10. Relationship between observed base flow and precipitation in seasonal and annual scale
during baseline period.

Table 4. Calculated results of contribution rates of precipitation variation and vegetation restoration to
base flow decrease.

Time Scale
Simulated Mean
Base Flow (mm)

Observed Mean
Base Flow (mm)

Impact of Precipitation
Variation

Impact of Vegetation
Restoration

Variation
(mm)

Contribution
(%)

Variation
(mm)

Contribution
(%)

Spring 149.5 136.7 −17.0 33.1 −12.8 25.0
Summer 123.9 118.0 −26.2 39.3 −5.9 8.8
Autumn 15.6 14.2 −2.6 40.2 −1.4 21.6
Winter 39.3 24.1 −10.2 24.3 −15.2 36.3

Year 341.8 293.7 −42.5 24.4 −48.1 27.7

Note: The observed mean base flow during baseline period is 166.5, 150.1, 18.2, 49.5 and 384.3 mm in spring,
summer, autumn, winter and whole year respectively.

Compared to the baseline period, average base flow in spring, summer, autumn, winter and the
whole year decreased by 29.8, 32.1, 4.0, 25.4 and 90.6 mm, respectively. Base flow decrease caused
by precipitation variation was 17.0, 26.2, 2.6, 10.2 and 42.5 mm, respectively, while by vegetation

164



Forests 2018, 9, 553

restoration it was 12.8, 5.9, 1.4, 15.2 and 48.1 mm. The contribution rates of precipitation variation
and vegetation restoration to base flow were 33.1%, 25.0% in spring, 39.3%, 8.8% in summer, 40.2%,
21.6% in autumn, 24.3%, 36.3% in winter and 24.4%, 27.7% on an annual scale, respectively (Table 4). It
could be seen that, as with surface runoff, the contribution rate of each factor to the reduction of base
flow also showed obvious seasonality. The contribution rate of precipitation variation was the lowest
in winter while almost the same in other seasons. The contribution rate of vegetation restoration,
however, reached the minimum in summer (only 20%~40% of that in other seasons). Moreover, base
flow reduction due to vegetation restoration obviously escalated in winter, which was consistent
with the conclusion drawn on surface runoff. On an annual scale, the contribution rate of vegetation
restoration to base flow reduction was slightly larger than that of precipitation, but ET still dominated.
We know that the increase of vegetation coverage and the improvement of stand quality directly led
to the increase of ET and thus base flow decrease. So, we assumed that forest may be a main factor
with a negative impact on base flow, as mentioned by Huang [38] and Zhang [39]. Anyhow, ET has an
important influence on the dynamic change of base flow. Meanwhile, vegetation plays an irreplaceable
role in regulating water flow in dry seasons and improving hydrological ecology in watersheds.

4. Conclusions

In this paper, we quantitively calculated the contribution rates of precipitation variation,
vegetation restoration and ET to surface runoff and base flow. The results indicated that each factor
played a role in reducing surface runoff and base flow, and their contribution rates varied from season
to season. For spring and summer, the contribution rate of precipitation was equal to that of ET,
which was slightly larger than vegetation restoration; for autumn and winter; however, the effect of
vegetation restoration on water yield was obviously stronger than that in spring and summer. On
an annual scale, climatic factors including precipitation and ET change dominated surface runoff
generation. Meanwhile, the sensitivity of base flow response to ET was higher than surface runoff, so
that ET dominated the dynamic change of annual base flow. As presented in this study, ET change
is closely associated with vegetation restoration, which fully illustrates that the protection of natural
forest ecosystem and the optimization of forest operation and management are important guarantees
for ecological water circulation and the sustainable utilization of forest resources.
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Abstract: Substrate is a factor that significantly influences the quality and production costs of
nursery seedlings. The objective of this study was to evaluate combinations of peat moss, composted
pine bark, and fresh pine sawdust in order to identify the proportions that favour the quality of
Pinus engelmannii Carr. seedlings and minimise the production costs in the nursery. Substrates were
formed using mixtures of peat moss (15% to 50%), composted pine bark (15% to 50%) and fresh
pine sawdust (20% to 70%), with 2, 4 and 6 g L−1 of controlled release fertilizer (Multicote®, Haifa,
Israel). A completely randomised experimental design with a factorial arrangement of 7 × 3 was used.
The evaluated factors are root collar diameter, biomass, N-P-K content, and production costs of the
substrates which were determined based on the container volume and three commercial quotations.
Significant differences were found in root collar diameter and biomass, highlighting the treatments
using 50% to 70% sawdust with 6 g L−1 of fertilizer. Assimilated values of N-P-K were acceptable in
all treatments with 4 and 6 g L−1 of fertilizer. In the substrates with high percentages of sawdust,
seedlings with morphological characteristics and nutritional levels within the values recommended
for conifers were produced. In addition, it was possible to reduce the production cost of the substrates
by up to 67%.

Keywords: composted pine bark; fresh pine sawdust; seedling quality; peat moss;
Pinus engelmannii Carr.

1. Introduction

Mexico has 42% of the world’s total number of Pinus species, of which 47% are found naturally in
the state of Durango in northwest Mexico [1]. Within this great diversity, Pinus engelmannii Carr. stands
out due to its wide distribution in semi-dry and temperate forests of the Sierra Madre Occidental,
which is a system of mountains in the west of Mexico. This species is found on hillsides of between
1900 and 2700 m in altitude, in areas with deep or poor and rocky soils [2]. During its initial growth,
P. engelmannii has increases in diameter in relation to height [3]. From an economic point of view,
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this species is important due to the characteristics of the wood, which makes it widely used in
reforestation programmes and commercial forest plantations. Hence, it is the second most produced
species in forest nurseries in northern Mexico [4–6].

In the nursery, P. engelmannii reproduces by seed, and is generally planted in polystyrene
containers or polyethylene tubes, with volumes of 170 to 220 mL, with growth media based on
peat moss, pine bark, perlite and vermiculite [5,7]. The seedling quality varies in the different
nurseries, hence, viable culture alternatives are sought that allow the production of individuals with
suitable characteristics; the characteristics include: a well-developed root system, root collar diameter
greater than 5 mm, balance between stem-root, foliage adapted to weather conditions, adequate
carbohydrate reserves, and sufficient mineral nutrition [8,9]. These attributes, together with mineral
nutrition, influence the growth and adaptation of individuals at the plantation site [10]. Therefore, it is
important that fertilization is adequate, as it will promote growth and strengthen tolerance to stress in
unfavourable environments [11].

Another important component in the seedling production process in the nursery is the substrate,
since the properties of the constituent materials have an effect on seedling growth and future
development [12]; and the materials are related to substrate quality [13]. In addition, substrate
has a direct relationship with the costs of plant production. Research on the substitution of peat by
local substrates, as a culture medium in nurseries, is of great interest [14–17], since this material has a
significant influence on the final cost of seedling production [9]. Importantly, excessive extraction of
peat in ecosystems with wetlands, where it is obtained, causes great environmental damage [14,18].

Recent studies have shown that fresh sawdust, as a component of the culture medium, serves as an
alternative in the production of forest species, such as Cedrela odorata L. [19], Pinus greggii Engelm. [20],
Pinus montezumae Lamb. [21] and Pinus pseudostrobus Lindl., among others [16,22]. However, while
these types of studies have evaluated a few Pinus species that are located in the centre of the country,
to our knowledge, there have been no such studies of species such as P. engelmannii in northern Mexico.

These considerations support the objective of evaluating combinations of peat moss, composted
pine bark, and fresh pine sawdust, in combination with three doses of controlled-release fertilizer,
in order to identify the proportions that favour seedling quality and minimise costs of production in the
nursery. We propose the hypothesis that substrates which include high proportions of fresh sawdust
in combination with controlled release fertilizers, allow the production of P. engelmannii seedlings with
adequate morphological characteristics for optimal development, while reducing production costs.

2. Materials and Methods

2.1. Study Site

This study was carried out in the “General Francisco Villa” Forest Nursery, which is located at
coordinates 23◦58′20.38′′ N and 104◦35′55.83′′ W, at an altitude of 1875 m, in the City of Durango,
State of Durango, Mexico. The experiment was established in a greenhouse covered with 720 gauge
plastic and 50% shade mesh, with overhead, lateral and frontal ventilation, and with an automated
irrigation system having micro-sprinklers.

2.2. Establishment of the Experiment

The production seedling cycle was from 15 September 2015 to 20 June 2016 (10 months), and
in this period the temperature and relative humidity were monitored (Figure 1). The sowing was
performed in polystyrene containers of 77 cavities with 170 mL per cavity, using seeds of P. engelmannii

that had been collected in the Coyote de Calaveras, an area which is located in Durango. Before sowing,
the seeds received a pre-germinative treatment (soaking in water for 24 h at room temperature) and
then they were disinfected for 5 min in a solution of 90% water and 10% chlorine. Finally, 2.5 g L−1

of fungicide (Captán® N-trichloromethylthio-4-cyclohexene-1,2-dicarboximide, Industrial engineer,
Mexico City, Mexico) dissolved in water was applied.
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(a) (b) 

Figure 1. Temperature (a) and relative humidity (b) recorded during the production of Pinus engelmannii

from September 2015 to June 2016.

2.3. Substrate and Fertilizer

Seven substrates composed of peat moss, composted bark of Pinus douglasiana Martínez, and
fresh pine sawdust were evaluated, three weeks after being obtained from the sawing of logs of
Pinus engelmannii Carr., Pinus cooperi Blanco, and Pinus durangensis Martínez (Table 1). Multicote®

18 N - 6 P2O5 + - 12 K2O + 2 Mg + ME fertilizer (Haifa Chemicals Ltd., Hifa, Israel) was used, with
8 to 9 months of nutrient release, in three doses: 2 g L−1 (M2), 4 g L−1 (M4) and 6 g L−1 (M6).
The said doses of fertilizer were incorporated into the substrate when preparing the mixture. With
the interaction of the seven substrates and the three doses of fertilization, 21 treatments were formed,
which were identified using the following keys: S1-M2, S1-M4, S1-M6, S2-M2, S2-M4, S2-M6, S3-M2,
S3-M4, S3-M6, S4-M2, S4-M4, S4-M6, S5-M2, S5-M4, S5-M6, S6-M2, S6-M4, S6-M6, S7-M2, S7-M4 and
S7-M6, where S refers to the substrate and M refers to the Multicote® fertilizer in its different mixtures
and doses, respectively.

Table 1. Substrates evaluated in the production of Pinus engelmannii seedlings in the nursery, during
the crop cycle of September 2015 to June 2016.

Code Substrate

S1 (Control) 50% Peat moss + 50% Composted pine bark
S2 40% Peat moss + 40% Composted pine bark + 20% Fresh pine sawdust
S3 35% Peat moss + 35% Composted pine bark + 30% Fresh pine sawdust
S4 30% Peat moss + 30% Composted pine bark + 40% Fresh pine sawdust
S5 25% Peat moss + 25% Composted pine bark + 50% Fresh pine sawdust
S6 20% Peat moss + 20% Composted pine bark + 60% Fresh pine sawdust
S7 15% Peat moss + 15% Composted pine bark + 70% Fresh pine sawdust

In addition to the doses of controlled-release fertilizer, the seedlings in all of the treatments were
irrigated using water-soluble fertilizers (Poly-Feed® Foliar, Haifa, Israel) during the production cycle,
according to the growth phases of the seedlings. In the first or establishment phase (8%-52%-17%,
N-P-K), the dose was from 40 to 70 ppm of nitrogen with a duration of 2.5 months. In the rapid
growth phase (20%-9%-20%, N-P-K), the dose was 100 to 200 ppm of nitrogen with a duration of
2.5 months and, in the last or pre-conditioning phase (4%-25%-40%, N-P-K), the dose was 20 to
40 ppm of nitrogen, which lasted for two months. The three doses were applied during irrigation
by using an automated system. This regimen of foliar fertilization is the one used in the Francisco
Villa Nursery, combined with 3 g L−1 of Multicote®, when it is used as a substrate of 50% moss peat
+ 50% composted pine bark. In addition, the presence of pests and diseases was prevented with
the application of insecticides (LORSBAN®, Tlaxcala, Mexico, CONFIDOR®, Leverkusen, Germany,
ENGEO®, Mexico City, Mexico) and fungicides (CAPTAN®, Mexico City, Mexico, TECTO®, Mexico
City, Mexico, DEROSAL®, Leverkusen, Germany) every 4 days.
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2.4. Experimental Design

A completely randomised experimental design was used with a factorial arrangement of 7 × 3,
with seven substrates and three doses of fertilization. The experimental unit consisted of 12 seedlings
with four replications per treatment, with a total of 1008 seedlings being evaluated in the trial.

2.5. Variables Evaluated

2.5.1. Physical and Chemical Characteristics of Substrate Mixtures

The physical characteristics that were determined for the substrates were: aeration porosity (%),
humidity retention porosity (%), and total porosity (%), using the method described by Landis [23],
and the chemical properties were: pH and electrical conductivity (dS m−1), which were based on
NOM-021-RECNAT-2000. These studies were carried out at the beginning of production, in the
Environmental Sciences Laboratory, of the Integral Rural Centre for Interdisciplinary Research for
Integral Rural Development (CIIDIR is the Spanish-language acronym), which is a Durango-based
unit of the National Polytechnic Institute (IPN is the Spanish-language acronym).

2.5.2. Morphological Variables

When the seedlings were ten months of age, the root collar diameter (mm) was measured with a
digital vernier caliper, together with the dry aerial biomass, dry root biomass, and dry total biomass (g).
To determine the biomass, the plants were dehydrated in a drying oven at 70 ◦C for 72 h, until reaching
a constant weight. Then, the samples were weighed on an Ohaus® (Ohaus of Mexico, Mexico City,
Mexico) analytical balance with an accuracy of 0.0001 g.

2.5.3. Concentrations of Nitrogen (N), Phosphorus (P) and Potassium (K)

Representative samples of dry foliage were integrated to determine the content of N, P and K;
these consisted of needles from the middle part of each seedling, up to 5 g per treatment, with three
repetitions. N content was determined by using the Kjeldahl method [24]. P content was determined
by complex determination of yellow colour production of vanadomolybdate reagent in reaction with
phosphates, and K content was determined by using atomic emission (the samples were digested using
60% nitric acid and 40% perchloric acid) [25]. With the obtaining of the concentration of each element,
vector nomograms were constructed, based on the weight of 100 needles of each treatment [26].

2.5.4. Cost of the Substrate

The cost of the substrate was determined based on the volume of the cavity (170 mL) of the
container, and was valued in US dollars based on three commercial quotations (Date: 15 March 2018).

2.6. Statistical Analysis

The data of the morphological variables were evaluated by the non-parametric statistical
test of Kruskal-Wallis, due to the non-compliance of the normality assumptions; therefore,
the Bonferroni-Dunn means separation test (p f 0.05) was used. The data were analyzed using
the R statistical software version 3.2.3, Vienna, Austria [27].

3. Results

3.1. Physical and Chemical Characteristics of Substrate Mixtures

Aeration porosity ranged from 23.6% in S6 to 29.2% in S1; humidity retention porosity varied from
33.6% in S1 to 49.4% in S7; while total porosity presented a range of 62.8% in S1 to 76.3% in S7; in the latter
two variables, the porosity increased as the proportion of sawdust increased. Regarding the chemical
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characteristics of the substrate mixtures, the pH and electrical conductivity presented slightly higher
values in the substrates which included sawdust, in comparison with the control substrate (S1) (Table 2).

Table 2. Physical and chemical properties of the substrates evaluated in the production of Pinus

engelmannii.

Substrate

Physical (%) Chemical

Aeration
Porosity

Humidity
Retention
Porosity

Total
Porosity

pH
Electrical

Conductivity
(dS m−1)

S1 29.2 33.6 62.8 4.07 0.06
S2 28.1 39.2 67.3 4.47 0.08
S3 25.5 41.3 66.8 4.54 0.09
S4 26.4 40.6 67.0 4.65 0.09
S5 25.6 39.8 65.4 4.68 0.09
S6 23.6 46.1 69.7 4.82 0.07
S7 26.9 49.4 76.3 4.74 0.08
RV 25 to 35 25 to 55 60 to 80 5 to 6.5 <1.0

S1: 50% peat moss + 50% composted pine bark, S2: 40% peat moss + 40% composted pine bark + 20% fresh pine
sawdust, S3: 35% peat moss + 35% composted pine bark + 30% fresh pine sawdust, S4: 30% peat moss + 30%
composted pine bark + 40% fresh pine sawdust, S5: 25% peat moss + 25% composted pine bark + 50% fresh pine
sawdust, S6: 20% peat moss + 20% composted pine bark + 60% fresh pine sawdust, S7: 15% peat moss + 15%
composted pine bark + 70% fresh pine sawdust. RV: Recommended values [23,28].

3.2. Morphological Variables

3.2.1. Root Collar Diameter

The root collar diameter was not influenced significantly by the substrate or fertilizer doses.
The interaction of the factors presented significant differences, with the highest values being related to
the seedlings that were produced in the treatments S5-M2 (7.41 mm) and S4-M4 (7.35 mm) (Table 3,
Figure 2).

3.2.2. Dry Aerial Biomass

The dry aerial biomass did not present significant differences at the substrate level, while at the
fertilizer level it was significantly higher at the 6 g L−1 dose with 4.74 g. The interaction of the factors
showed significant differences, highlighting the S7-M6 treatment (5.40 g) (Table 3, Figure 2).

3.2.3. Dry Root Biomass

The dry root biomass showed significant differences at the substrate level, in which the substrate
with the highest proportion of sawdust S7 (1.35 g) was notable, while the effect of the fertilising factor
was non-significant. The interaction of the factors presented highly significant differences, and the
treatment with the highest value was S7-M6 (1.56 g) (Table 3, Figure 2).

3.2.4. Dry Total Biomass

The dry total biomass did not show significant differences in its influence over the substrate,
while the fertilizer significantly influenced with the dose of 6 g L−1 with 5.96 g in the upper level.
The substrate and fertilizer interaction was significant, within which the treatment S7-M6 (6.96 g) stood
out. In all the morphological variables that were evaluated, the treatments that included sawdust were
superior to the control, whereas the control only included peat moss and composted pine bark (Table 3,
Figure 2).
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Table 3. Significance values (p value) based on the response of the substrate, the fertilizer and its
interaction, in the variables evaluated in Pinus engelmannii, with the non-parametric Kruskal-Wallis test.

Variable Substrate Fertilizer Substrate × Fertilizer

Root collar diameter 0.3276 ns 0.3506 ns <0.0001 ***
Dry aerial biomass 0.6821 ns <.0010 ** 0.0010 **
Dry root biomass 0.0223 * 0.4116 ns <0.0010 **
Dry total biomass 0.7577 ns 0.0057 ** 0.0060 **

Significant differences are denoted by: *** p < 0.001, ** p < 0.01, * p < 0.05, and ns: non-significant.

 
(a) (b) 

 
(c) (d) 

Figure 2. Variables evaluated in Pinus engelmannii: Root collar diameter (a); dry aerial biomass (b); dry
root biomass (c) and dry total biomass (d). Differences between letters indicate significant differences
between treatments (Bonferroni, α = 0.05).

3.3. Nutrimental Analysis of the Foliage

In the concentrations of N, P and K, no significant differences were found between treatments
(Table 4). Despite this, relationship of concentrations and needles weight generated variable responses
in the vector nomograms of each element, based on the substrates and doses evaluated.

3.3.1. Nitrogen (N)

The nomogram of N with 2 g L−1 Multicote®, indicates that the treatments S2-M2, S3-M2, S4-M2,
and S5-M2 generated an increase in the biomass of needles, but had a lower concentration of the
element with respect to S1-M2 (substrate without sawdust). Meanwhile, the treatments S6-M2 and
S7-M2 presented an amount of biomass of needles that was similar to S1-M2, but with a lower
concentration of N (Figure 3a).
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Table 4. Means of N, P and K concentrations in foliage of Pinus engelmannii.

Treatment N (%) P (%) K (%)

S1-M2 1.6 ± 0.01 0.31 ± 0.01 1.3 ± 0.16
S1-M4 1.7 ± 0.15 0.30 ± 0.02 1.2 ± 0.02
S1-M6 1.7 ± 0.03 0.31 ± 0.01 1.2 ± 0.01
S2-M2 1.3 ± 0.17 0.31 ± 0.03 1.2 ± 0.08
S2-M4 1.7 ± 0.11 0.31 ± 0.00 1.1 ± 0.08
S2-M6 1.7 ± 0.02 0.30 ± 0.01 1.2 ± 0.11
S3-M2 1.4 ± 0.04 0.27 ± 0.00 1.2 ± 0.12
S3-M4 1.6 ± 0.10 0.29 ± 0.03 1.1 ± 0.10
S3-M6 1.5 ± 0.20 0.31 ± 0.01 1.2 ± 0.14
S4-M2 1.3 ± 0.12 0.30 ± 0.03 1.5 ± 0.14
S4-M4 1.5 ± 0.17 0.31 ± 0.00 1.2 ± 0.14
S4-M6 1.6 ± 0.08 0.29 ± 0.01 1.4 ± 0.16
S5-M2 1.4 ± 0.05 0.26 ± 0.02 1.1 ± 0.01
S5-M4 1.6 ± 0.04 0.29 ± 0.01 1.1 ± 0.10
S5-M6 1.7 ± 0.16 0.29 ± 0.03 1.2 ± 0.18
S6-M2 1.3 ± 0.01 0.27 ± 0.02 1.3 ± 0.05
S6-M4 1.4 ± 0.07 0.29 ± 0.01 1.1 ± 0.08
S6-M6 1.5 ± 0.14 0.28 ± 0.02 1.3 ± 0.06
S7-M2 1.3 ± 0.05 0.28 ± 0.01 1.2 ± 0.04
S7-M4 1.4 ± 0.07 0.28 ± 0.01 1.2 ± 0.06
S7-M6 1.5 ± 0.04 0.27 ± 0.00 1.2 ± 0.03
p value 0.7543 0.9037 0.9976

 
(a) (b) 

 
(c) 

 

 

Figure 3. Nomograms of nitrogen (N) concentration vectors in the foliage of Pinus engelmannii,
produced on seven substrates with the addition of three fertilization doses: (a) 2 g L−1 Multicote®;
(b) 4 g L−1 Multicote® and (c) 6 g L−1 Multicote®.

On the other hand, according to the nomogram where 4 g L−1 of Multicote® was added, the
S3-M4 treatment showed a greater increase in the biomass of needles in relation to S1-M4, but had
a slight decrease in N; treatments S4-M4, S5-M4, S6-M4 and S7-M4 showed a smaller increase in the
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biomass of needles and lower concentration of N than S1-M4; and finally, the S2-M4 treatment showed
a lower increase in biomass of needles, and the same concentration of N (Figure 3b).

In the nomogram with 6 g L−1 of Multicote®, it can be observed that the treatments S3-M6 and
S7-M6 present a biomass of needles similar to S1-M6, but with a lower concentration of N. On the other
hand, the treatments S4-M6 and S6-M6 show a lower biomass of needles and a lower concentration of
N. Finally, treatments S2-M6 and S5-M6 present a lower biomass of needles and a similar concentration
of N, compared to S1-M6 (Figure 3c).

3.3.2. Phosphorus (P)

The nomogram with the dose of 2 g L−1 Multicote®, shows that the treatments S2-M2 and S4-M2
generated a greater increase in the biomass of needles and similar concentration, with respect to the
S1-M2. On the other hand, treatments S3-M2 and S5-M2 show a higher biomass of needles, but with a
lower concentration of P, while treatments S6-M2 and S7-M2 present a lower biomass of needles and a
lower concentration of P (Figure 4a).

On the other hand, in the nomogram with the addition of 4 g L−1 of Multicote®, only S3-M4
presents a biomass in needles that is similar to S1-M4, but with a lower concentration of P; treatments
S5-M4, S6-M4 and S7-M4 show a lower increase in the biomass of needles and a lower concentration
than S1-M4; finally, in the treatments S2-M4 and S4-M4 there was a smaller increase in biomass of
needles, and a slight increase in the concentration of P (Figure 4b).

In the nomogram with 6 g L−1 of Multicote®, treatment S3-M6 has generated the same amount of
biomass of needles and concentration of P as SI-M6, while S7-M6 shows the same biomass of needles
but lower concentration of P; finally, the treatments S2-M6, S4-M6, S5-M6 and S6-M6 have a lower
biomass of needles and a lower concentration of P, all in comparison to S1-M6 (Figure 4c).

 
(a) (b) 

 
(c) 

 

 

Figure 4. Vector nomograms of the concentration of phosphorus (P) in the foliage of Pinus engelmannii,
produced in seven substrates with the addition of three doses of fertilization: (a) 2 g L−1 Multicote®;
(b) 4 g L−1 Multicote® and (c) 6 g L−1 Multicote®.

3.3.3. Potassium (K)

The nomogram with 2 g L−1 of Multicote®, shows that the treatment S4-M2 generated a greater
increase in the biomass of needles and a higher concentration of K with respect to the S1-M2. On the
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other hand, the treatments S2-M2, S3-M2 and S5-M2 achieved a greater biomass of needles than S1-M2,
but with a lower concentration of K; while the treatments S6-M2 and S7-M2 had a lower biomass of
needles and lower concentration of K (Figure 5a).

On the other hand, in the nomogram with the addition of 4 g L−1 of Multicote®, only the S3-M4
attained a greater increase of biomass in needles in relation to S1-M4, but with a lower concentration
of K; treatments S2-M4, S5-M4 and S6-M4 show a lower increase in the biomass of needles and a lower
concentration of K than S1-M4. Finally, treatments S4-M4 and S7-M4 show a lower increase in biomass
of needles, but a higher concentration of K (Figure 5b).

In the nomogram with 6 g L−1 Multicote®, the treatments S3-M6 and S7-M6 have practically the
same amount of biomass and concentration as the S1-M6 treatment, while the treatments S4-M6 and
S6-M6 express a lower biomass of needles but with higher concentrations of K; the S5-M6 treatment
has a lower biomass of needles and an equal concentration of K. Finally, the S2-M6 treatment presents
a lower biomass of needles and a lower concentration of K (Figure 5c).

 
(a) (b) 

 
(c) 

 

 

Figure 5. Vector nomograms of the potassium concentration (K) in the foliage of Pinus engelmannii,
produced in seven substrates with the addition of three doses of fertilization; (a) 2 g L−1 Multicote®;
(b) 4 g L−1 Multicote® and (c) 6 g L−1 Multicote®.

3.4. Substrate Cost

The cost per litre of substrate was valued in dollars as follows: S1 = 3.49, S2 = 2.82, S3 = 2.49,
S4 = 2.15, S5 = 1.82, S6 = 1.48 and S7 = 1.15 ($). Based on the previous quotations, the substrates that
contain sawdust are between 23% and 67% more economical, in relation to the substrate that contains
only peat moss and composted pine bark. With the costs obtained from the substrate, an extrapolation
was carried out in a production of 100,000 plants (Figure 6), where the investment in the seedling
production by substrates appreciates when including the fresh sawdust.
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Figure 6. Projected substrate cost in a production of 100,000 seedlings of Pinus engelmannii, produced
in polystyrene containers with 77 cavities of 170 mL.

4. Discussion

4.1. Physical and Chemical Characteristics of Substrate Mixtures

In general, the substrates that were evaluated in the present study had percentages of moisture
retention within the recommended values, which were increasing in the mixtures when increasing
the percentage of sawdust, due to the size of the fine particles of that sawdust. As a consequence,
aeration porosities were lower in the mixtures with higher percentage of sawdust, without presenting
root rot problems due to excess moisture, since the size and composition of the pine bark particles
provide a greater flow of air, and greater water filtration [29], although it is inevitable that the porosity
decreases with time due to the compaction and settlement of the substrate by way of constant humidity
changes [30].

The three porosities that were evaluated are within the recommended ranges for producing
coniferous seedlings (Table 1) [23,28]. This indicates that the evaluated substrates retain sufficient
moisture, due to the degree of porosity that was determined in this study, which generated a broad root
system that favoured the growth of the seedlings, and that root system is expected to help withstand
severe growing conditions in the field [15]. Other works in the body of literature agree on the feasibility
of including fresh sawdust in substrates when producing Pinus spp., and on which substrates can be
formulated regarding their appropriate physical and chemical characteristics [16,17,21].

Because these properties can change according to time and source, they must always be tested for
each condition [9], since the physical and chemical properties of organic waste can change according
to type and origin [31]. In this case, the materials used in this study did not cause problems of diseases
and pests, nor did they cause toxicity in the seedlings when using sawdust without composting.

The pH and electrical conductivity are also important properties, as they influence the availability
of nutrients in growth media [32]. On the one hand, the pH presented values with a strong acidity in
all of the treatments, but the S6 substrate (pH of 4.82) with sawdust presented a value that was closer
to the recommended value (pH of 5). However, pH values increase during the production process,
due to watering. Substrates including composted pine bark and sawdust have been found with pH
values of 4.3 to 4.7 [21], that is, pH values that are very close to those reported in the present study.
In general, pH values within the range of 4.0 to 6.0 are typical in substrates with pine bark and moss in
the production of various species under nursery conditions [33].

On the other hand, the values that were reached in the electrical conductivity are also low
in comparison with the recommended values; however, these values must not exceed 3.5 dS m−1,
since they could cause salinity problems [28].
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4.2. Morphological Variables

4.2.1. Root Collar Diameter

The most widely used morphological attribute with which to estimate the quality of the seedlings
is root collar diameter [8,11,34]. Because the survival and growth of plants in the field is associated
with the root system of the seedling, the diameter has been defined as an important indicator [35,36].
In this sense, treatments with S4-M4 (30% peat + 30% bark + 40% sawdust + 4 g L−1 of Multicote®)
and S5-M2 (25% peat + 25% bark + 50% sawdust + 2 g L−1 of Multicote®) stood out from the rest with
respect to this variable; however, the criteria established by the NMX-AA-170-SCFI-2016 standard to
produce P. engelmannii, establishes a root collar diameter of g 5 mm [37]; that is, all treatments exceed
this parameter.

For this variable, in Pinus montezumae Lamb. (species of similar growth), average values of
7.26 mm have been reported, and they were produced in substrate with composted pine sawdust
(70%) + composted pine bark (15%) + vermiculite (15%) in combination with 4, 6 and 8 g L−1 of
Multicote® [17]. Also, in the same species, values of 9.7 to 11.4 mm are reported in substrates with
different proportions of fresh pine sawdust (20% to 80%) in combination with peat moss (10% to 80%),
composted pine bark (10%), perlite (10%), and vermiculite (10%) [21]. The information in the above
indicates that the inclusion of sawdust in high proportions does promote suitable conditions for the
seedlings to reach the appropriate diameter.

4.2.2. Dry Biomass (Aerial, Root, and Total)

In general, dry biomass was favoured in the treatments with the highest proportion of sawdust
(40% to 70%), with addition of 4 and 6 g L−1 of Multicote®; that is, with values higher than those
found in the treatments that include the control substrate (S1-M2, S1-M4, and S1-M6). This can
be attributed to the fact that the substrates with sawdust retained more moisture, a condition that
could increase the availability of nutrients in these seedlings. This indicates that the fertilization
scheme that was used (controlled-release fertilization plus foliar fertilization) was sufficient to prevent
competition between the microorganisms and the seedlings, based on their dry biomass and diameter.
Aguilera-Rodríguez et al. [17] reported similar values in aerial biomass (3.28–4.41), root biomass
(0.91–1.11) and total biomass (4.19–5.51), when evaluating substrates with composted pine sawdust
(70%) + composted pine bark (15%) + vermiculite (15%) in combination with 4, 6 and 8 g L−1 of
Multicote® in the production of P. montezumae.

In general, the root system of the seedlings produced in the different treatments, presented good
physiognomy based on the points of growth observed in the root, possibly due to the ratio of the dry
root biomass and the growth potential [8]. These results suggest a good performance of these seedlings
in the field, since at the beginning of their establishment they will depend on the root system that
was created in nursery [38], because the growth of the root is a determining factor in ensuring the
development and establishment of the plantation [8].

4.3. Nutrimental Analysis of the Foliage

When observing the nomograms of N, P and K, it is evident that with the dose of 2 g L−1 of
Multicote® an increase of biomass of needles is generated in most of the treatments that include fresh
pine sawdust, but with effects of dilution of the elements, with reference to the treatment that only
includes peat moss and composted bark (S1-M2). On the other hand, in the doses of 4 and 6 g L−1 of
Multicote®, it can be seen that the treatments containing sawdust are below their referents (S1-M4 and
S1-M6) for the three elements. This decrease in the concentration of the elements may be due to the
greater growth in aerial biomass, root biomass, and total biomass in plants grown on substrates that
include sawdust, derived from their use in the production of photosynthates.

On the other hand, these concentrations of N, P and K are within the recommended levels
of sufficiency for conifers (N 1.40%–2.20%, P 0.20%–0.40%, and K 0.40%–1.50%, respectively) [39],
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in 17 treatments, and only in the case of N did the treatments S2-M2, S4-M2, S6-M2 and S7-M2 not reach
the minimum value. However, in the ranges recommended for the species (N 1.1%–3.5%, P 0.1%–0.6%
and K 0.2%–2.5%) [7], all treatments presented an acceptable value.

In P. montezumae produced in composite substrate with 70% compost pine sawdust + 15% compost
pine bark + 15% vermiculite, with added high fertilization doses (8 g L–1 of Multicote® and 8 g L−1 of
Osmocote Plus®), Aguilera-Rodríguez et al. [17] reported slightly lower values (0.79% to 1.33% in N,
0.06% to 1.16% in P, and 0.12% to 0.31% in K) compared to the values in the present study, despite using
composted sawdust. It is possible that this was due to the fact that the controlled release fertilizers
were not accompanied by foliar fertilization, or it is possible that this was because they had already
been assimilated by the seedlings.

4.4. Costs

In this study, sawdust substrates were up to 67% cheaper than those substrates that include peat
moss and bark, due to the low cost of sawdust, being that it is a locally-produced material. Otherwise,
peat increases its cost due to increases in fuel consumption related to logistics, since the peat has to be
imported from other countries, mainly from the U.S.A., hence it is important to replace or gradually
reduce its use [40,41].

The main objective of the seedlings producers is to minimise the cost and to improve the quality
of the seedlings [42]. Therefore, it is recommended that the managers of the forest nurseries use local
materials in their culture media [41,43,44]. In addition, special attention should be paid to the use of
simple and environmentally acceptable materials that are easily accessible to nursery producers [40,45].
Composted materials have disadvantages, because developing countries are not necessarily equipped
with the appropriate infrastructure to treat and compost solid waste, which generates pollutants that
negatively affect human health and that contaminate the water table [40]. For this reason, the inclusion
of high proportions of fresh pine sawdust turns out to be a viable option and with favourable results
in the morphology of P. engelmannii, likewise presenting no toxic waste or health risks during its
production in the nursery.

5. Conclusions

The species P. engelmannii can be produced in a nursery in substrates with high proportions of
fresh sawdust (up to 70%), with nutrient reserves (N, P and K) within the ranges recommended for
the species. Based on the price of peat moss, composted bark and fresh sawdust, substrates with
these materials can be 23% to 67% cheaper than the control substrate, depending on the proportion of
sawdust in the mix. Finally, it is recommended to carry out tests to corroborate whether, after planting
in the field, the same tendency of the best substrates and fertilization doses found in the nursery
is maintained.
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