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Abstract: Belowground root systems under pasture intercropping exhibit complex interactions, and
the root interactions of different intercropping combinations are still poorly understood. Therefore,
in this work, two perennial and annual herbages were intercropped in pairs and evaluated at a ratio
of 1:1. The root morphology and topological structure differed significantly with intercropping com-
binations. (1) Compared with other cropping patterns, the mean root diameter (RD) of intercropped
alfalfa (Medicago sativa L.) and common vetch (Vicia sativa L.) increased notably. The root surface
area (RSA), root volume (RV), and mean RD increased significantly when oat (Avena sativa L.) was
intercropped with alfalfa. Similarly, the RSA and RV increased in intercropped oat, intercropping
relative to monocropping. (2) The forage topological index of the intercropping system was close to
one, which was close to that of the herringbone branching. Additionally, the intercropping system
had a lower intensity of underground root competition. The root system of the different forage
intercropping combinations tended to transition to dichotomous branching. (3) The correlations
between root parameters differed according to forage species. Therefore, different intercropping
combinations had different belowground root levels of competitiveness and interactions, thereby
changing the resource competition environment.

Keywords: herbage intercropping; root system architecture; root geometry; root topological index;
root fractal dimension

1. Introduction

Roots play an important role in the plant ecosystem. Plant roots are important organs
for transporting water and nutrients and anchoring plants [1]. The root structure is the
spatial distribution of the whole root system in the soil and is primarily determined by the
topological structure [2]. Fitter et al. described two types of root topological structures,
namely, herringbone and dichotomous branching, whereby the topological index (TI)
represents the branching pattern of the root system [3]. For example, the root system
topology of saltcedar (Tamarix chinensis Lour.), which grows in the Yellow River Delta
of China, tends to be dichotomous when the groundwater level is high, but exhibits
a herringbone branching pattern when the groundwater level is medium or low; the
root architecture of saltcedar changed from dichotomous to a herringbone branching
pattern with increased water salinity, indicating that saltcedar adapts to salt stress by
reducing its root branching. Thus, differences in the root topological structure show the
plant’s adaptive strategies to environmental stresses [4,5]. The characteristic parameters
of root geometry mainly include root length (RL), diameter, surface area, and volume,
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among others. These root traits were shown to have some phenotypic plasticity. For
example, the root system of tall fescue (Festuca arundinacea Schreb.) produces physiological
changes through the perception of external salinity pressure, which is closely related to the
aboveground parts, and may be the reason plants adapt to the environment and maintain
their stability [6,7]. The fractal dimension (FD) of the root system can be used to analyze the
spatial distribution and branching status of the roots; thus, FD is closely related to relative
competition between plant species [8]. Functional forage intercropping mainly depends on
niche complementarity between species [9], and forage-interspecific coexistence could be
enhanced by promoting root depth and growth phenology [10].

The use of perennial forage grass to build an efficient and high-quality artificial grass-
land through bean and grain intercropping is an important way of solving the imbalance
in integrated crop-livestock systems and restoring naturally degraded grasslands [11]. In
agricultural headlands where the soil structure has been destroyed, planting perennial
pastures increases the nitrogen and carbon contents of the soil and also affects the soil struc-
ture, which increases the yield and quality of the subsequent crop spring wheat (Triticum
aestivum L.) without affecting its root density [12]. Competition and complementarity
are the main factors involved in legume and grain intercropping. When silage corn (Zea
mays L.) is intercropped with different annual forages, the yield and quality of the forages
vary, indicating that different forages have varying levels of competitiveness with silage
corn intercropping [13]. Grains are generally more competitive, and the total nitrogen
uptake can be increased through niche complementarity between leguminous and grami-
neous plants [14]. The water use efficiency and RL density of crops were improved in
the intercropping system that involved corn and soybean (Glycine max (L.) Merrill) [15].
The interspecific interaction between underground roots in the intercropping system is
complex, and some crops increase their root distribution in soil by enhancing their ability
to expand [16]. In the soybean and triticale intercropping system, the elongation of soybean
roots increased the nitrogen and phosphorus absorption efficiency of triticale, but reduced
its root biomass [17]. Some plants promoted soil nitrogen absorption by increasing the
number of fine roots [18].

Leguminosae and Gramineae are often combined in intercropping systems because of
their niche complementarity [14] ensured through the nodulation and nitrogen fixation of
the Leguminosae, which enhances nitrogen utilization [19]. This is a key factor that affects
crop yield and quality [20]. Studies on the structure of underground root systems are mostly
concentrated in cereals and edible legumes. However, there are plasticity changes in the
underground root systems of perennial forages that are intercropped. Studies have shown
that there is an interaction between the seeds of two leguminous crops during germina-
tion [21], particularly the geometric shape, topological structure, and typing characteristics,
which are affected by the competitive environment. However, the full nature of these
interactions still remains unclear. Therefore, this study used perennial herbages, including
alfalfa and smooth brome, and annual herbages, including common vetch (Vicia sativa L.)
and oat (Avena sativa L.), for pairwise intercropping to provide a theoretical basis for the
establishment, stability, and sustainable utilization of perennial bean—grass intercropping
grasslands.

2. Materials and Methods
2.1. Experimental Location

This experiment was conducted in the Jiaozhou Science and Technology Demonstra-
tion Park (36°26/22" N, 120°04'43" E) at the Qingdao Agricultural University in Shandong
province, China. The experimental site has a temperate monsoon climate, which is affected
by the southeast monsoon and ocean current, with typical marine climate characteristics.
The annual average temperature is 12 °C, with an annual precipitation of 698.1 mm. The
soil type is brown loam with uniform soil fertility and a pH of 7.9.
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2.2. Experimental Design

The plants in the investigation were alfalfa (Medicago sativa L.), common vetch, smooth
brome (Bromus inermis Leyss.), oat, and sainfoin (Onobrychis viciaefolia Scop.). The exper-
imental field was sown in March 2021. Three legumes and two gramineous grass types
were intercropped in pairs, and only two gramineous grass types were intercropped with
sainfoin. There were six intercropping systems and four sole-sowing systems. Alfalfa,
common vetch, smooth brome, and oat were planted as controls. A randomized complete
block design was adopted for the study with the following 12 treatments:

1. Sole Medicago sativa (M)
2. Sole Vicia sativa (V)
3. Sole Bromus inermis (B)
4.  Sole Avenia sativa (A)
5. Sole Onobrychis viciaefolia (O)
6. M-V
7. M/V-B(M-B or V-B)
8. M/V-A (M-Aor V-A)
9. B-A
10. B/A-M (B-M or A-M)
11. B/A-V (B-Vor A-V)
12.  B/A-O (B-O or A-O)
Each treatment had three replicates. The experiment had 12 plots with each measuring
24 m? (4 m x 6 m). There were 20 rows in each plot, and the intercropping treatment had
5:5 rows of intercropping, with 10 rows of each of the two plants intercropped, and 5 rows
planted at intervals with a row spacing of 20 cm. The sowing rates (kg/ha) were 15 for
alfalfa, 75 for vetch, 80 for smooth brome, 80 for oat, and 60 for sainfoin. Diammonium
phosphate (225 kg/ha) and potassium sulfate (120 kg/ha) were applied before sowing.

2.3. Measurement of the Root Parameters

The sampling time was 10 September 2021. Four points were selected per plot and two
points per each plant. A 40 cm long soil block was dug 40 cm wide and 40 cm deep from
the horizontal plane centered on the plant. The soil block was placed in a net bag, soaked
in water for 30 min, and then rinsed with running water. Tweezers were used to clean the
fine impurities in the roots while they were submerged in water and the root system was
evenly combed before being placed in the water, so that the roots unfolded naturally. The
roots were then scanned with a ScanMaker i800 Plus (MICROTEK, Shanghai, China) and
the scanned root morphology was saved in a graphic file format. The total RL, root surface
area (RSA), root volume (RV), root diameter (RD), root tip number, and cross number were
obtained with the LA-S root analytical software.

The TI reflects the branching patterns of different plant roots [22,23]; the TI was
calculated as TI = 1g(A)/lg(M) (where M is the sum of all the exterior links of the root
system and A is the sum of the interior links of the longest path of the root system, Figure 1).
The branches of plant roots were between the herringbone branching pattern and the
dichotomous branching pattern. When TI was close to 1, it was a herringbone branching
pattern, and when TI was close to 0.5, it was a dichotomous branching pattern.

The intermediate transition form of the root branching status was determined using
the modified topological parameters proposed by Oppelt [24]. The correction value of
the herringbone branching was qa = q, = 1, while that of the dichotomous branching was
da = qp = 0, where a is the same topological length as A in the TI equation, b is the average
topological length of the root system, and vy is the same as M in the TI equation. The
relevant calculation formulae were as follows:

_Pe
vo

b 1)
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The root FD was directly analyzed with the LA-S root analytical software.

—— Interior link
Interior link

Exterior link¢———

—— Exterior link

Herringbone branching Dichotomous branching
M=8, A=8 M=8, A=4

Figure 1. Root topology diagram. A is the number of links of the greater path length, which is the
interior link of the root system. M is the number of the tip roots, which is the exterior link.

2.4. Data Processing

Microsoft Excel 2016 (Redmond, WA, USA) and SPSS 22.0 (IBM, Inc., Armonk, NY,
USA) were used to analyze the data, and Sigma Plot 12.5 (Systat Software, San Jose, CA,
USA) was used to generate the graphs.

3. Results
3.1. Comparison of Morphological Parameters of Forage Roots under Different Intercropping Modes

As shown in Figure 2, the morphology of the forage roots differed significantly un-
der different intercropping modes. The RSA, RL, and RV of the perennial leguminous
forage alfalfa intercropping increased by 57%, 62%, and 70%, respectively, compared with
the monoculture system. Compared with the other treatments, the number of root tips
and crosses increased by approximately 60~70%, while the number of root connections
increased by approximately 75%. When alfalfa was intercropped with the annual legumi-
nous pasture, vetch, the average diameter of its root system increased by approximately
56%. In addition, the RSA, RV, and root average diameter of the intercropped oat and
alfalfa changed significantly. The RSA and volume increased significantly by 80% and 85%,
respectively, when oat was intercropped with alfalfa compared with monocropping. The
average RD of intercropping with smooth brome was significantly higher than that of other
treatments by approximately 43%. In general, intercropping alfalfa with different types of
forage significantly changed the root morphology. Similarly, intercropping with different
types of forage resulted in different root morphological parameters. The root morphology
of smooth brome and the annual leguminous common vetch had no significant differences
across intercropping modes.
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Figure 2. CK: monocropping of each herbage; M. Medicago sativa; V. Vicia sativa; B. Bromus inermis;
A, Avena sativa; O, Onobrychis viciaefolia Scop. (M/V-B is M-B or V-B, same below.) (A) Signif-
icant differences in the root surface area of each pasture under different intercropping patterns.
(B) Root total length. (C) Total root volume. (D) Average root diameter. (E) Root crossing. (F) Root
tips. Differences in the geometric parameters of plant roots under different intercropping patterns.
Different lowercase letters (a, b) indicate that the root system of the grass species was significantly
different among planting patterns (p < 0.05).

3.2. Comparison of the Topological Structure of the Forage Root System under Different
Intercropping Modes

As shown in Figure 3, the root TI of the various forages under different intercropping
combinations was close to one, indicating that their root configuration was close to that
of the herringbone branching pattern. A one-way analysis of variance (ANOVA) showed
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no significant differences in the root TI between forage intercropping and monoculture
systems (p > 0.05). When alfalfa and common vetch were intercropped, the alfalfa roots
had the lowest average TI (TI ~ 0.86), with a modified topological parameter (q,) =~ 0.5,
and there was a trend of transition to dichotomous branching. The results of the one-way
ANOVA showed that the link number (Pe) of alfalfa intercropping was significantly higher
than that of the monoculture (CK) system. Moreover, the FD of the intercropped alfalfa
was significantly higher than that of its monoculture and other intercropping combinations,
with an average FD value of 1.65. When oat was intercropped with smooth brome, the FD
of the two forages was higher. However, the lowest FD of oat intercropped with annual
leguminous forage was close to that of monocropping, which was 1.63. The average TI
and g, of intercropped oat and alfalfa were the smallest (T1 = 0.95, ga = 0.69), and there
was a trend of transition to dichotomous branching. The TI and g, of intercropped smooth
brome were higher than that of the monoculture (CK) system, and the average TI and q, of
intercropping smooth brome and sainfoin were the highest.

3.3. The Relationship between Root Morphological Parameters and Root Topological Structure
under Different Intercropping Modes

To study the correlation between root configuration characteristics and root mor-
phological parameters, a Pearson correlation analysis was used to analyze the geometric
parameters, topological structure, and FD of the forage root system. As shown in Figure 4,
the results showed no significant correlation between the RL and volume of common vetch
and smooth brome, but there was a very significant positive correlation between the RL
and volume of alfalfa and oat. A significant positive correlation also existed between the
RL and FD of oat and between RL, TI, and Pe of several types of forages. There was no
significant correlation between the RSA and the average RD of alfalfa and common vetch,
but there was a very significant positive correlation between the RSA and the average
RD of the gramineous forages. Furthermore, there were significant positive correlations
between the RSA and the root tip and cross number in several forages except for smooth
brome. There was no significant correlation between the RSA and TI in the four forages.
There were no significant correlations between the RV, root tip number, and Pe, but there
was a significant correlation between the RV in alfalfa, vetch, and oat, except for the cross
number and TI. The average RD of alfalfa significantly positively correlated with the FD
and TIL, but that of the other three forages had a significant positive correlation with the FD.
In addition, the average RD of smooth brome had significant negative correlations with the
number of root tips, crossing numbers, and Pe. The root tip number of alfalfa positively
correlated with the TI and g, while that of common vetch negatively correlated with ga.
Moreover, the root tip number of oat positively correlated with the FD. Except for common
vetch, the crossover number of the other three forages had significant positive correlation
with the T1I, while that of oat had a significant negative correlation with the FD. The smooth
brome FD positively correlated with TI and g,, while the oat FD positively correlated with
Pe. There was no significant correlation between TI and Pe in oat and common vetch.
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Figure 3. CK: monocrop for each herbage; M, Medicago sativa; V, Vicia sativa; B, Bromus inermis; A,
Avena sativa; O, Onobrychis viciaefolia Scop. (M/V-B is M-B or V-B, same below.) (A) Significant differ-
ences in the topological index of each pasture under different intercropping patterns. (B) Corrected
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Figure 4. Correlation analysis of the root parameters. Alfalfa (A), common vetch (B), smooth
brome (C), and oat (D). TRL: total root length; TRSA: total root surface area; TRV: total root volume;
ARD: average root diameter; RT: root tips; RC: root crossing; FD: fractal dimension; TI: topological
index; qa, qp: corrected topological index; Pe: link number.

4. Discussion
4.1. Effects of Different Intercropping Patterns on Root Geometry

The forage species and the competitive abilities of crops are important factors that
affect the stability of intercropping grasslands. The RD, RL, RSA, RV, cross number, and
root tip number represent the distribution attributes of root systems in soil. The RD shows
the thickness of the root system, which results from the adaptation of plants to different
environments [25]. The RSA is an important index for measuring the water and nutrient
absorption potential of roots. The total RL shows the growth and elongation ability of
root systems, which is related to the acquisition of nutrients by plants [26]. The main
factors that affect the root structure of several natural grass vegetations in the lower reaches
of the Yellow River of China are the average RD, RSA, and RV [27]. In this study, the
root morphology of leguminous and gramineous herbage changed significantly in the six
intercropping systems, and there was no significant difference in the root geometry between
smooth brome and common vetch. However, the root morphology of intercropped alfalfa
was different from that of the monoculture system. When alfalfa was intercropped with
common vetch, its RD increased significantly. This could be because common vetch has
shallow roots that are mainly distributed in the 0~30 cm layer of soil, while alfalfa has deep
roots with a complementary niche and little interspecific competition, which promotes their
growth. The main reason for the difference in alfalfa root morphology is that the niche
overlap of different forages varies. The root morphology changes observed when alfalfa
was intercropped with gramineous forages might be related to the nitrogen fixation of
alfalfa nodules; when intercropping between alfalfa and gramineous grasses, gramineous
grasses absorb more nitrogen, which promotes the ability of alfalfa root nodules to fix
nitrogen. The competition of gramineous plants for nitrogen in the environment indirectly
affects the change of alfalfa root morphology; for example, in this paper, alfalfa intercropped
with grass had a longer RL and smaller RD. Furthermore, the RV and RSA of intercropped
oat and alfalfa were significantly higher than those of the monoculture system, while the



Agronomy 2023, 13, 2223

9of 12

RV and RSA of alfalfa were not significantly different from those of monoculture crops.
The effect of root interaction on root morphology among species results from competition
for underground nutrients [28]. The plant root system is a dynamic structure that produces
different morphological structures under the influence of biological and abiotic factors.
When there is little competition, plants exhibit larger RDs and longer roots, and when there
is high competition, plants exhibit thinner RDs and shorter roots [29]. In this study, the
root morphological parameters of the different intercropping combinations of forage grass
changed significantly, indicating that the differences in plant root morphology may have
resulted from plant competition.

4.2. Effects of Different Intercropping Patterns on the Root Architecture

The architecture of the root surface area determines the ability of plants to obtain
water and nutrients, and can objectively reflect the plasticity of roots to adapt to the
environment [30]. The root system structure is usually described by its topological structure
and FD [31]. The topological structure reflects the spatial distribution of roots in the soil.
Previous studies have shown that root resources utilize herringbone branching the most,
because it can reduce the intraspecific competition of the root system and requires a
higher energy cost from plants; however, dichotomous branching has higher intraspecific
competition, smaller RDs, and a lower plant cost [22,32]. For example, under water shortage
and rehydration conditions, the root system of alfalfa tends to be dichotomous, and its FD
increases, which results in more branches [33]. In this study, the T1I of several forages under
different intercropping systems was greater than one, with g, ~ 1, and their root systems
had herringbone branches. The minimum TI was observed when alfalfa was mixed with
common vetch, with a transition tendency to bifurcation branches, compared with the other
planting patterns. The Pe of mixing alfalfa with common vetch increased compared with
that of other types of intercropping, and there was less competition between alfalfa and
common vetch. This increased the RV, RSA, and average RD of alfalfa. The intercropping
between alfalfa and two gramineous grasses had a higher TI than the monoculture system
and had a significantly higher Pe than the other combinations, indicating that gramineous
herbage had a stronger competitive ability. The TI of the intercropped smooth brome was
higher than that of the monoculture system, indicating that intercropping promoted the
water and nutrient acquisition efficiency of smooth brome without a canopy and there
was more competition. However, the TI of intercropped oat was lower than that of the
monoculture system, indicating that intercropping reduced the root competition of oat.

Plant roots have fractal structures [34], and the FD of the roots reflects the branching
degree and ability of the roots [27]. Therefore, the FD is an index that reflects the growth
of plant roots, and it differs among the roots of different species. In this study, the FD of
the alfalfa root system increased significantly when alfalfa was intercropped with com-
mon vetch, indicating that the fine roots of alfalfa increased. This also indicated that the
intercropping of alfalfa with vetch promoted root growth. However, the FD of alfalfa inter-
cropping with Gramineae decreased, indicating high competition for water and nutrients.
Oat intercropped with smooth brome had the largest root FD, and that of intercropped
alfalfa was larger than that of the monoculture system, indicating that oat could improve
the utilization efficiency of water and nutrients by increasing the number of fine roots.
Studies have shown that the FD of the saltcedar root system positively correlates with the
soil water content [5], and its root system branching is reduced in areas of poor-quality
soil. Some studies reported that drought reduces the FD. For example, the FD of soybean
and Adzuki bean (Vigna angularis (Willd.) Ohwi and Ohashi) roots increased in parallel
with the soil water content, and alfalfa had a greater FD when rehydrated after severe
dehydration [33,35,36]. Thus, alfalfa plants that had more developed roots had a larger FD.
In this study, the RD of several forages positively correlated with the FD. The FD reflects
the relationship between the taproot and lateral roots and quantifies root space filling
and complexity, which can show the adaptability of plants to environmental changes [37].
The FD of the intercropping root system of Chinese elm (Castanea mollissima Blume)/tea
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(Camellia sinensis L.) is subject to interspecific competition, and stronger competition results
in a smaller FD [38]. A larger FD value results in the wider distribution of plant roots in the
soil and a higher ability to obtain resources.

Therefore, in this study, the changes in the root FD of plants in different planting
combinations indicated different plant competitiveness, and the interspecific competition
for water and nutrients caused changes in the rooting strategies of the herbages to im-
prove resource acquisition efficiency. The structure of plant roots depends on the external
environment, not only the intercropping species but also the soil [39], and it also affects
the soil [40]. In our study, we observed significant differences in root morphology and
topological structure among different intercropping combinations of perennial and annual
herbages. These findings suggest that intercropping can influence root development and
architecture, which can, in turn, have implications for soil health. The increased RSA, RV,
and mean RD observed in specific intercropping combinations, such as alfalfa and oat
intercropping, indicated potential benefits for soil health. A larger root system can enhance
nutrient uptake, improve soil structure, and promote soil microbial activity. These effects
can contribute to an increase in the accumulation of organic matter, nutrient cycling, and
overall soil fertility.

In addition to the influence of the external environment, the root structure of plants is
also regulated genetically. For example, drought-tolerant varieties of wheat have longer
roots [41]. Breeding programs that consider the response of plant roots to intercropping con-
ditions could lead to the development of cultivars with optimized root systems for specific
intercropping combinations. By selecting traits, such as enhanced root branching, explo-
ration capacity, and resource acquisition efficiency, in mixed cropping environments, it may
be possible to further improve soil health and optimize the performance of intercropping
systems.

5. Conclusions

The different intercropping combinations resulted in different root morphologies.
Moreover, the intensity of interspecific competition varied with intercropping patterns,
and the different competitive environments influenced the root morphology, topological
structure, and fractal dimension of forages. For example, there was little interspecific
competition when alfalfa was intercropped with common vetch. This resulted in an
increase in the alfalfa RD and fractal dimension and a reduction in the TI to promote water
and nutrient acquisition. Gramineae exhibited strong competitiveness when intercropped
with alfalfa. Alfalfa adapted to the strong competitive environment by increasing its RL,
RSA, and TI and reducing the fractal dimension. In the other intercropping systems, the
root morphology of smooth brome and common vetch had no significant changes, but the
oat roots adapted to the competitive environment by increasing the number of fine roots,
fractal dimension, RV, RSA, and RD. Thus, different forages adapt to different competitive
environments by comprehensively adjusting the plasticity of root geometry, root T, and
root fractal dimension, which is important for intercropping grassland stability and high
yields.
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