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During the restoration of degraded vegetation, the mutual matching of
underground root systems is crucial for the formation and effective function of
the future plant community. In this study, the Amoeba graphic method was
integrated to comprehensively establish a root framework index (RFI), based on
the three dimensions of root morphology, as well as quantitative and spatial
connection characteristics, to quantify the root system architecture. The root
development characteristics of alfalfa (T-type), switchgrass (F-type), and mixed
planting with alfalfa and switchgrass (T+F-type) were monitored at the test
positions. The RFI parameters comprise the acting coefficient of the root
framework, root density, root framework degree, and soil bulk density. The RFI
values of T-, F-, and T + F-type were 0.38, 0.86, and 1.68, respectively, and were
found to provide a well representation of the root structure characteristics. The
findings obtained in this study provide scientific support for the ecological
construction and evaluation of degraded vegetation.

KEYWORDS

root density, root framework degree, root framework index, root structure, degraded
vegetation

1 Introduction

Plant roots and soil form a root–soil complex system through network connections,
root–soil binding, and biochemical processes, which are highly important for the
effective restoration of degraded vegetation and ecological sustainability (Yen, 1987;
Li et al., 2017). During the construction of vegetation under unfavorable habitats
affected by stress, such as drought, the root system can adapt and maintain the
stability of the plant community through bending and winding, decreasing the
branching capacity, increasing the connection length, and adjusting the turnover
time, thereby allowing for adaptation to a wide range of ecological conditions
(Doussan et al., 2003; De Baets et al., 2008; Huang et al., 2019). Therefore, mutual
matching of the underground root system during the restoration of degraded vegetation
will be key to the formation and effective functioning of plant communities with a well
structure in the future (Wang et al., 2019a; Wang et al., 2019b).

For a single vegetation type, the root architecture, i.e., the interconnection and spatial
distribution of roots at different levels in the same plant root system, is an important
indicator of the root system structure (Guo et al., 2019). Previous studies on root architecture
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characteristics have focused on quantitative indicators, such as root
density (Rd), root length density, effective Rd, and root specific
surface area density, as well as other spatial indicators, including the
root topology index, connection length, and branching rate (Li et al.,
2016a; 2016b; Yang et al., 2018). The characteristics of the horizontal
distribution of the uniform root system and the root system bending
characteristics have been integrated to describe root system
morphology and distribution (Nicoll et al., 2006; Wang et al.,
2020). In an innovative approach for quantifying root systems,
the Amoeba graphical method has been used in some studies to
quantify the overall root system configuration by using three
indicators: root diameter, root depth, and root length (Zhang
et al., 2016). However, in reconstruction of the vegetation modes
of two or more plant species, the root systems of different plants may
form a rigid framework with the soil through branching
connections, and thus the root architecture concept may not be
suitable for representing these structural features and functions.
Therefore, it is extremely important to comprehensively characterize
root structural traits and develop a quantifiable root framework
index (RFI) by effectively integrating root morphological features,
quantitative characteristics, and spatial connections (Li et al., 2020a;
Li et al., 2020b).

Based on three principles, including scientific credibility,
effectiveness, and practicality, in this study, we selected key
indicators for describing the root structure according to the
dimensions of plant root morphology, quantitative features,
and characteristic spatial connections. We used the Amoeba
graphic method to establish an RFI for typical plant
reconstruction models in loess hilly areas, thereby providing
scientific support for the ecological construction and evaluation
of degraded vegetation.

2 Materials and methods

2.1 Study area

The study area is located at the Ansai Water and Soil
Conservation Comprehensive Experimental Station of the
Chinese Academy of Sciences, China (109°19′ 23″E, 36°51′30″N).
The annual average rainfall in this area is 505.3 mm, but the inter-
annual variation is high, and the distribution is uneven throughout
the year. More than 60% of the precipitation is concentrated
between July and September. The soil in this area is loessal and
silt–loamy, with a clay, silt, and sand content of 9.3%, 57.4%, and
33.3%, respectively. The soil organic matter content is 3.65 g kg−1,
and the pH is 8.56.

2.2 Experimental design

The study area had long been used for growing potatoes,
millet, and other crops before 2001. The plot was abandoned
between 2001 and 2009. In May 2009, the area was reclaimed as
agricultural land for growing potatoes, millet, and other crops in
three consecutive years (2009–2012). The trial was conducted in
mid-May 2012. The experimental treatments involved growing
the following plants and combinations: (1) alfalfa (Medicago

sativa) with a typical taproot (T) system (251 plants m−2), (2)
switchgrass (Panicum virgatum) with a typical fibrous (F) root
system (157 plants m−2), and (3) mixed sowing of alfalfa and
switchgrass (T + F). Each treatment plot had an area of 27 m2

(9 m × 3 m), with a slope of 20° to the northeast. The topsoil was
artificially loosened, and large soil particles were broken into soil
particles <1 cm in diameter. No treatments were fertilized before
sowing. Because of the small size of the seeds, random sowing per
unit area (m2) was conducted after sowing with dry soil of the
same quality, to avoid an influence of sowing direction (Li et al.,
2015).

2.3 Statistical analysis

Analyses of the acting coefficient of the root framework, root
density (Rd), root framework degree (S), and root framework index
(RFI) were performed in Microsoft Office 2019. The graphs were
generated in SigmaPlot 18.0. The significance of differences was
tested with the least significant difference method (p < 0.05).

3 Results

3.1 Construction of the RFI

The root framework should comprehensively characterize the
root structure characteristics in terms of the morphological,
quantitative, and spatial characteristics of the root system. The
four assumptions of the root framework are: (1) the existence of
two or more morphological root systems, (2) a certain root biomass,
(3) a fine root spatial structure, and (4) specific soil structure
properties. In this study, we selected four indicators, including
the coefficient of root framework, root density, root framework
degree, and soil bulk density—based on our field research and
practice, as well as the principles of scientific credibility,
effectiveness, and practicability.

1) Acting coefficient of the root framework. Various forms of plant
roots differ in terms of their branch connections, root–soil
binding, and biochemical effects in the soil. In this study, the
acting coefficient of the RFI, i.e., the slope of the linear
relationship between the root system mass density and the
planting time, was used to characterize the root morphology.

2) Root density. This indicator was to describe the quantitative
characteristics of the RFI. The root biomass was obtained by
repeatedly washing the roots in a sieve before oven drying at
80 °C to a constant weight. Rd is calculated as follows:

Rd � M/V (1)
where Rd is the root density (kg m-3),M is the mass of the dried root
system (kg), and V is the sample volume (m3).

3) Root framework degree. Based on a previous study (Zhang et al.,
2016) and the principles of scientific credibility, effectiveness,
and practicability, we selected three indexes—root diameter (X),
root length (Y), and root depth (Z)—to establish a three-
dimensional coordinate system. The volume formed in
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Amoeba by connecting the three points was set as the root
framework degree and was used to characterize the spatial
connection characteristics of the RFI (Figure 1). The root
framework degree was calculated with the Amoeba graphical
method; therefore, the indicator had mathematical meaning but
no physical meaning and thus was regarded as dimensionless.
The root framework degree is calculated as follows:

S � 1
6
abh (2)

where S is the root framework degree, a is the average root diameter
(cm), b is the total root length (cm), and h is the maximum root
depth (cm).

4) Soil bulk density. According to the principles of scientific
credibility, representativeness, and accessibility, the soil bulk
density was selected to indicate the soil structural properties
by using following Equation:

ρ � m/v (3)

where ρ is the soil bulk density (g cm−3), m is the mass of dried soil
(g), and v is the volume of the soil sampler (100 cm3).

Finally, the root framework index (RFI,%) can be calculated
from the following equation:

RFI � α × Rd × S

ρ
× 100% (4)

3.2 Application of RFI

3.2.1 Acting coefficient of the root framework
Figure 2 shows that the Rd values for T-type, F-type, and T + F

type planting increased in a linear function with the planting age,
and the coefficients of determination for the linear regression
models all exceeded 0.94. The slope indicators suggested that
the acting coefficients for T-, F-, and T + F-type roots were
0.162, 0.227, and 0.265, respectively. These results showed that
the root biomass growth rate in mixed T + F plants was greater
than that in T- or F-type plants. Moreover, the T + F-type plant
combination formed a stable root framework more readily than the
T- or F-type treatment.

3.2.2 Root framework degree
The root framework degree refers to the three-dimensional

structure of plant roots in the soil, which reflects the spatial
framework of the roots. Figure 3 shows that the root framework
degree for the T-, F-, and T + F-type roots was 16.48, 23.32, and
34.40, respectively. The root framework degree for F-type roots
was 6.84 higher than that for T-type roots, representing an increase
of 41.5%. The root framework value for T + F-type roots was
17.92 and 11.08 greater than that for T- and F-type roots,
respectively, representing increases of 108.7% and 50.6%,
respectively.

3.2.3 RFI
RFI is a parameter used to comprehensively quantify plant root

structure in three dimensions according to the root morphology,

FIGURE 1
Schematic diagramof Amoeba. S, root framework degree; X, root
diameter; Y, root length; Z, root depth.

FIGURE 2
Root density in different root types during the growth.

FIGURE 3
Root framework degree in different root types.
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root coefficient, and root spatial connection characteristics. As
shown in Figure 4, the RFI values for T-, F-, and T + F-type
plants were 0.387, 0.851, and 1.676, respectively. The RFI value
for F-type plants was 0.464 higher than that for the T-type root
system. The RFI value for T + F type plants was 1.289 and
0.825 higher than that for T- and F-type roots, respectively,
representing increases of 3.3-fold and 0.97-fold. These differences
were similar to the changes in Rd. However, the root system spatial
connection characteristics were probably incorporated into the RFI,
thereby increasing the differences between the treatments.
Therefore, the RFI values obtained for T-, F-, and T + F- type
plants effectively reflected the characteristics of the root system
structures.

4 Discussion

The root density, root specific surface area density, fractal
dimension, connection length, and topological structure, as well as

other parameters, have been widely used for describing root
systems. Some studies have used Rd to evaluate the restoration
effect of degraded grassland and have determined an effective
density, denoted the optimal root content (Tang et al., 2016; Bo
et al., 2019).

Figure 5 shows that the optimal root content may change if the
root spatial connection characteristics are considered. The growth
characteristics of the root systems in different plant species can vary
in terms of the framework level and stability (Niu et al., 2019). RFI
was applied to the root–soil complex system formed by two or more
plant roots in the soil through branch connections, root–soil
binding, and biochemical interactions (Fan et al., 2010). The RFI
constructed in this study comprehensively quantifies and
characterizes the root structure characteristics based on the
dimensions of root morphology, quantitative features, and space;
moreover, it objectively reflects the effects of the mutual matching of
different root morphologies, and it accurately represents the
anchoring effect of deep roots and the reinforcement effect of
shallow roots. Moreover, because obtaining the required
indicators is simple, the RFI should support studies on the
structure of plant roots and the evaluation of plant community
ecological construction (Yang et al., 2011).

During the development of vegetation in unfavorable habitats,
such as those affected by drought, roots can adapt and maintain the
stability of the plant community by bending and winding,
decreasing the branching capacity, increasing the connection
length, and adjusting the turnover time, thereby allowing for
adaptation to a wide range of ecological conditions. When plants
are affected by wind, their underground root systems bend. Most of
the root mass is distributed in the downwind direction when plants
grow on flat ground, whereas more of the root mass is distributed in
the upwind direction when root systems grow on sloping ground.
Therefore, future studies using the RFI should comprehensively
consider the relationships among soil structure, species attributes,
and the external environment, and should weight the parameters in
the model to evaluate the stability and sustainability of plant
communities on a larger scale (Lifschitz et al., 2022). The RFI
constructed from the perspective of mutual matching of
underground root systems is helpful for evaluating vegetation
restoration effects, and it may support evaluations of regional
ecosystem services (Zhu et al., 2019).

5 Conclusion

In this study, based on the root growth characteristics of T-type,
F-type, and T + F type plants in a loess hilly area, we established the
RFI according to three dimensions: root morphology, functional
coefficient, and root spatial connection characteristics. The
parameters of the RFI comprise the acting coefficient of the root
framework, Rd, root framework degree, and soil bulk density. We
determined the RFI values for T-, F-, and T + F-type plants to be
0.38, 0.86, and 1.68, respectively. RFI could effectively reflects the
root structure characteristics of vegetation and provides scientific
support for ecological construction processes and evaluation of
degraded vegetation.

FIGURE 4
Root density and root framework index in different root types.

FIGURE 5
Relative contribution of root architecture on a, Rd, S, and RFI.
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