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Abstract: Grassland mixtures hold the potential for increasing biomass and productivity. In a field
experiment, monocultures and mixtures of eight white clover (Trifolium repens L.) genotypes and
perennial ryegrass (Lolium perenne L.) were analyzed over three years (2015, 2016, and 2018) for
their species-specific aboveground and belowground biomass. Roots were analyzed by Fourier
transform infrared (FTIR) spectroscopy to identify species-specific root mass, vertical distribution,
and belowground relative yield total (RYT). Aboveground biomass decreased strongly from 2015 to
2018. Aboveground and belowground RYT were always significantly higher than one. Aboveground
biomass overyielded in 2016 and 2018 compared to monocultures. Monocultures of perennial ryegrass
displayed a significantly higher proportion of roots in shallow soil layers than white clover in two of
the three examined years. In mixtures, these differences in vertical root distribution between both
species were not present and perennial ryegrass, and white clover occupied similar vertical niches in
2015 and 2016. Interestingly, in the dry year 2018, white clover had a higher proportion of roots in
shallow soil layers than perennial ryegrass in mixtures.

Keywords: intercropping; roots; ryegrass; white clover; pasture; vertical root distribution

1. Introduction

Diverse plant communities use a broader range of belowground resources, such as
nutrients and soil moisture. Roots have been rarely analyzed in mixed communities due
to a lack of appropriate methods to distinguish between roots of different species. Root
system architecture is a major morphological trait determining foraging capacity [1]. In
particular, deep rooting is fundamental for efficient nutrient acquisition and scavenging
subsoil water resources [1,2].

Grasses and legumes differ in their rooting depth [3,4] in a way that grasses are charac-
terized by a homorhizous root system, which is often associated with a higher proportion of
roots in the topsoil, whereas legumes are characterized by a more allorhizous root system,
which is often associated with a higher proportion of roots in the subsoil [5]. Therefore,
resource complementarity is assumed to occur between shallow rooting grasses and deep-
rooting legumes [4,6–9]. Vertical niche differentiation is a commonly proposed mechanism
to reach functional complementarity. Complementarity increases when roots of a given
species grow away from zones of intense nutrient competition with neighbors, leading to a
segregation of roots of the different species [10–12]. Nonlegumes and legumes differ in their
competitive ability regarding light, water, and soil resources [13,14]. While nonlegumes
often have a higher competitive ability under high N-fertility and are characterized by a
higher N-absorption under wet conditions, legumes can be fiercely competitive under high
soil P availability [15,16].

Spatial root segregation in vertical root distribution in wheat–legume intercrops was
demonstrated in [17]. An enhanced root segregation might be responsible for aboveground
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and belowground overyielding [18]. A flexible rooting response to interspecific competition
enabled plants to use the soil more optimal in a way that water and nutrient uptake as
well as plant performance increased [19–21]. Diversity-dependent shifts in rooting depth
contributed further to the positive diversity–productivity relationship [22].

White clover (Trifolium repens L.) and perennial ryegrass (Lolium perenne L.) are fre-
quently sown together in many pasture mixtures. White clover (WC) is considered as
the most important pasture legume in temperate zones of the world [23]. The creeping,
many-branched perennial plant grows in a broad range of different climates and ensures
a high nutritional quality and digestibility of its herbage [23]. White clover biomass and
yield are very unstable, largely due to poor survival rates during moisture stress, such
as summer droughts [24]. Perennial ryegrass is an important pasture and forage plant,
which is native to southern Europe, the Middle East, North Africa, and Central Asia. It
can produce high grass yield on fertile soil. High aboveground yields, however, are often
coupled with a shallow root system and a subsequent limitation of long-term persistence
and drought resistance [25].

To our knowledge, the number of studies dealing with species-specific root discrim-
ination is still limited. In a study by [26], roots of maize, faba bean, and wheat were
distinguished by different color, texture, and rooting pattern. Root discrimination has only
once been performed in white clover and perennial ryegrass mixtures [27], where roots of
white clover have been separated manually. Separating roots manually holds a high risk
of uncertainty. In a study by [27], a proportion of 7–45% of the root biomass could not be
attributed to either perennial ryegrass or white clover. Furthermore, root discrimination
can be performed by identifying species-specific DNA [1,12]. Recently, Fourier transform
infrared (FTIR) spectroscopy has been applied successfully to discriminate species-specific
root biomass in [17,28–30].

The aim of the current study was to investigate vertical root distribution of white
clover and perennial ryegrass grown in monocultures and mixtures. Species-specific root
biomass in the mixtures was determined by FTIR spectroscopy. Eight different genotypes
of white clover were grown in monocultures and mixtures with perennial ryegrass in a split
plot field trial. We determined (1) species-specific aboveground and belowground biomass
and (2) species-specific vertical root distribution of white clover and perennial ryegrass
grown in monocultures and mixtures. We tested the following hypotheses: (1) vertical
root distribution differs between white clover and perennial ryegrass, (2) vertical root
distribution differs between monocultures and mixtures, and (3) white clover–perennial
ryegrass mixtures have higher aboveground and belowground biomasses than monocul-
tures (relative yield total (RYT) > 1).

2. Materials and Methods
2.1. Study Site, Plant Material, and Experimental Setting

The field experiment was established at the agricultural experimental station at Rein-
shof (51◦29′42′′ N, 09◦55′11′′ E) in the south of Goettingen, Germany, in 2014. The field site
is located 167 m above sea level. The climate is characterized by an annual precipitation of
645 mm; the mean annual temperature is about 8.7 ◦C, and the mean temperature during
the growth season about 15.7 ◦C. Soils consist of 21% clay, 68% silt, and 11% sand and can
be characterized as a fertile Gleyic Fluvisols [13]. The crop rotation before the experiment
started was sugar beet, winter wheat, and winter barley.

Eight genotypes of white clover (WC) (Trifolium repens L.) and perennial ryegrass (PR)
(Lolium perenne L.) were sown in May 2014 in sole stands with a uniform seed density
(1000 seeds m−2). Each genotype of white clover (WC1–WC8) was sown also in mixtures
(WC1_PR–WC8_PR) with unfertilized perennial ryegrass (PR) (seed density: 400 white
clover seeds m−2, 600 perennial ryegrass seeds m−2). The 17 monocultures and mixtures
were part of a split plot design with four blocks (replication), which accumulated to a total
number of 68 plots. Each block contained eight main plots with mixtures and monocultures
stands of one genotype (eight). Each main plot contained five plots. The plot size was 2 m2
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(1 m × 2 m). The experiment was part of IMPAC3 (https://www.uni-goettingen.de/en/
impac%c2%b3/528191.html (accessed on 2 December 2020)), and only relevant plots for
our study were used.

2.2. Aboveground and Belowground Biomass and Root Length Density

Aboveground and belowground biomasses were sampled on 7 July 2015; 28 June 2016;
and 27 June 2018, before the second out of four cuts each year. The cuts in the experiment
were carried out from mid-May to mid-October in six-week intervals (for more details
see [31]). Aboveground biomass of 0.125 m2 (0.25 m × 0.5 m) was sampled per plot at a
cutting height of 5 cm. The aboveground biomass was separated visually into perennial
ryegrass and white clover components, dried at 60 ◦C for 72 h and weighted.

For root sampling, two soil cores per plot, with a diameter of 8.74 cm were sampled
up to a soil depth of 60 cm. One soil core was taken directly on the row, and one was taken
between the rows. Soil cores were divided into six segments of 10 cm. Soil samples were
air dried for 96 h and washed to extract roots with custom made sieves (1 mm mesh size).
Root samples were frozen at −20 ◦C until further processing. Frozen root samples were
defrosted and scanned for root length density using a flatbed scanner (Epson Perfection
V800 Photo) and the software WinRHIZO (version 2017; Régent Instruments Inc., Canada).
Subsequently, roots were dried at 55 ◦C for 72 h to constant weight, and root dry matter
per soil segment was determined. Dry roots were ground with a centrifugal mill (Retsch,
ZM 200, 0.12 mm, Germany). Micromilled roots were used for belowground species
determination via FTIR spectroscopy. For belowground biomass, the sum of the six root
samples (0–60 cm) was calculated.

Species-specific aboveground and belowground biomasses were used to calculate the
aboveground and belowground relative yield total (RYT) as follows:

RYT =
m

∑
m=1

iyi
syi

=
iyc1
syc1

+
iyc2
syc2

(1)

where iyi is the yield for the ith crop in mixed stands, syi is the yield for the ith crop in
monocultures, c1 is crop 1, and c2 is crop 2 [32,33]. A RYT higher than one indicates a
yield advantage of the mixture and therefore overyielding. The aboveground and the
belowground RYT were averaged over all WC genotypes.

2.3. FTIR Spectroscopy

An Alpha-P FTIR spectrometer combined with a platinum ATR unit (Bruker Optics,
Ettlingen, Germany) was used to determine species-specific root biomass of white clover
and perennial ryegrass in mixtures. Spectra were recorded five times with 32 scans in the
wavenumber range of 400–4500 cm−1.

First, monocultures were measured. For this, one homogenous sample of each white
clover (WC) genotype and perennial ryegrass (PR) was measured. To establish a quan-
tification model to determine species-specific biomass of mixed samples, a gradient with
artificial mixtures of each WC genotype and PR from the monocultures was created. These
artificial mixtures were used to calibrate and validate the quantification models (Software
package OPUS QUANT 2, Version 7.0, Bruker 2011) as follows: For calibration, 35 cal-
ibration samples with known species composition were used to prepare a two-species
calibration (from 100% PR and 0% WC to 0% PR and 100% WC, 3% steps). In addition,
20 artificial mixture samples with known species percentages were used for an external
validation of the quantification model. For each genotype, a model was established by
using the optimize procedure in the Quant 2 method (OPUS, Version 7.0, Bruker). This
procedure ranked the models according to the lowest root mean square error of cross
validation (RMSECV). Five models with the lowest RMSECV were tested by the external
validation. The model with the highest residual prediction deviation (RPD) was selected to
calculate the species-specific biomass in mixtures.

https://www.uni-goettingen.de/en/impac%c2%b3/528191.html
https://www.uni-goettingen.de/en/impac%c2%b3/528191.html
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2.4. Vertical Root Distribution

Vertical root distribution was assessed by the numerical index β, which can be calcu-
lated according to the equation:

Y = 1 − βd (2)

where d is the soil depth and Y is the proportion of roots from the surface to soil depth
d [34]. High β-values correspond to a larger proportion of roots in deeper areas, whereas
low β-values correspond to a higher proportion of roots in shallow soil layers [35]. The
β-values were calculated separately for white clover and perennial ryegrass and for each
cropping system. Calculation of β-values and associated figure development was per-
formed by using the software X-act (version 8.05f, SciLab, Hamburg, Germany). Vertical
root distribution was averaged over all WC genotypes. Differences in β-values were tested
by a t-test.

2.5. Weather

Weather data was provided by a weather station [36] approximately 3 km south of
Goettingen. Temperature was recorded hourly, and temperature means for each month
of the years 2015, 2016, and 2018 were calculated (Figure A1). Precipitation of 2015, 2016,
and 2018 was measured daily, and cumulated values were used for each month. Average
temperature of 2015, 2016, and 2018 was 10.1 ± 1.7 ◦C, 9.8 ± 1.9 ◦C, and 10.6 ± 2.1 ◦C. Pre-
cipitation of 2015, 2016, and 2018 was 627 mm year−1, 544 mm year−1 and 430 mm year−1.

2.6. Data Analyses

The statistical analysis was performed with SAS Version 9.4. The effects of year
(YEAR) and cropping system with mixture or monoculture (TREAT) on aboveground
and belowground biomass as well as root length density were analyzed with a mixed
model approach (proc mixed). Both effects were treated as fixed effects. Data was normal
distributed and not transformed. Differences between genotypes in aboveground biomass,
belowground biomass, and root length density were tested using a one-factorial ANOVA
(R, version 3.5.1, R Developmental Team). If no significant genotype effect was detected,
average values for all genotypes were calculated. Tukey’s range post hoc test (Tukey’s
honest significant difference test) was conducted to identify significant differences between
individual factor levels. Significance was determined at p ≤ 0.05. Means and standard
errors were calculated from four replicates per treatment.

Differences in vertical root distribution between monocultures and mixed stands
of perennial ryegrass and clover were analyzed by using a one-way ANOVA. For this,
average values for all clover genotypes were calculated. This analysis was performed
with R, version 3.5.1 (R Development Core Team). A two-sided student t-test was used to
reveal if the aboveground and belowground relative yield total (RYT) differed significantly
from one and if the relative yield (RY) of perennial ryegrass and white clover differed
significantly from 0.6 and 0.4, respectively. This analysis was performed with Excel 2010.

3. Results
3.1. Aboveground and Belowground Biomass and Root Length Density

Aboveground biomass, root biomass, and root length density did not differ between
white clover genotypes in monoculture (WC1–WC8) and in mixture with perennial ryegrass
(WC1_PR–WC8_PR) in 2015, 2016, and 2018 (Table 1). Therefore, average values of the
eight white clover genotypes (WC) and average values of the mixtures with perennial
ryegrass (WC_PR) are presented.
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Table 1. One-factorial ANOVA on the significance of the effect of eight different white clover (WC) (WC1–WC8) genotypes
on the variance of aboveground biomass, belowground biomass, and root length density of WC1–WC8 monocultures and
mixtures of white clover–perennial ryegrass (PR) (WC1_PR–WC8_PR) for 2015, 2016, and 2018. Significance was given at
p ≤ 0.05.

Year Aboveground Biomass Belowground Biomass Root Length Density
F p F p F p

WC1–WC8 2015 1.58 0.19 2.00 0.10 0.93 0.50
2016 1.49 0.22 1.36 0.27 0.58 0.76
2018 2.14 0.08 1.26 0.31 0.98 0.47

WC1_PR–WC8_PR 2015 0.53 0.80 1.55 0.20 1.54 0.20
2016 2.10 0.08 0.25 0.97 1.02 0.45
2018 0.96 0.48 1.58 0.19 0.91 0.52

Average aboveground biomass decreased from 2015 to 2018 from 958 ± 33 g m−2 in
2015, to 618 ± 19 g m−2 in 2016, and to 291 ± 17 g m−2 in 2018 (Figure 1a).

Figure 1. (a) Aboveground biomass and (b) root biomass (0–60 cm) in 2015, 2016, and 2018 of
monocultures of unfertilized perennial ryegrass (PR) and white clover (WC) and white clover–
perennial ryegrass mixtures (WC_PR). Shown are means and standard errors averaged over all eight
genotypes with four replicate samplings (n = 4). The results of the mixed models on the significance
of the effect of the cultivated crop (TREAT) and year (YEAR) are indicated by asterisks (*** for
p ≤ 0.001). Different uppercase letters indicate significant differences (** p ≤ 0.05, LSD post hoc test)
between different treatments and years.
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Cropping treatment and year and the interaction between treatment and year had a
significant effect on aboveground biomass (Table 2).

Table 2. Two-factorial analyses of a mixed model on the significance of the effects of mixture or
monoculture system (TREAT), year (YEAR), and their interaction (TREAT:YEAR) on the variance
of aboveground biomass, belowground biomass, and root length density (RLD) of the species sum
white clover and perennial ryegrass.

Aboveground Biomass Belowground Biomass Root Length Density

F p F p F p

TREAT 15.7 ≤0.0001 260.2 ≤0.0001 613.6 ≤0.0001
YEAR 64.3 ≤0.0001 27.6 ≤0.0001 165.4 ≤0.0001

TREAT:YEAR 8.7 ≤0.0001 4.6 ≤0.001 53.5 ≤0.0001

Aboveground biomasses of WC and WC_PR were significantly lower in 2018 than
in 2015 by 78% and 54%, respectively. Aboveground biomass of PR was 49% lower than
WC and 59% lower than WC_PR in 2015 and 52% lower than WC_PR in 2016 (Figure 1a).
WC_PR had a 76% significantly higher biomass than WC in 2018, but not in 2016 and 2015.
Aboveground biomass of WC was double that of perennial ryegrass (PR) in 2015 but not
in 2016 and 2018. Within mixtures, the proportion of WC and PR changed between years:
whereas, in mixed stands, PR produced 79.5%, 59.2%, and 96.8% of the total biomass in
2015, 2016, and 2018, WC produced 20.5%, 40.8%, and 3.2% only.

Belowground biomass was, on average, 269 ± 17 g m−2 in 2015, 229 ± 16 g m−2 in
2016, and 156 ± 14 g m−2 in 2018 (Figure 1b). Cropping treatment, year, and the interaction
between cropping treatment and year had a significant effect on belowground biomass
(Table 2). Root biomass of WC was approximately lowered by two-thirds, compared to PR
and WC_PR in 2015, 2016, and 2018. PR had a 38% significantly lower root biomass in 2018
than in 2015, and WC_PR had a 36% and 27% significantly lower root biomass in 2018 than
in 2015 and 2016.

Root length density was significantly affected by year, treatment, and the interaction
between treatment and year (Figure 2). Root length density of PR and WC_PR were
significantly lower in 2015 (73% and 66%), compared to 2018. WC had an 88% and 86%
significantly lower root length density than PR and WC_PR in 2015, an 86% and 83% lower
root length density in 2016, and an 80% and 81% lower root length density in 2018.

Figure 2. Root length density of 2015, 2016, and 2018 of monocultures of unfertilized perennial
ryegrass (PR), white clover (WC), and white clover–ryegrass mixtures (WC_PR). Shown are means
and standard errors for all eight genotypes and four replicate samplings (n = 4). The results of the
mixed models on the significance of the effect of the mixture or monoculture system (TREAT) and
year (YEAR) are indicated by asterisks (*** for p ≤ 0.001).
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3.2. Vertical Root Distribution (β-Value) of White Clover and Perennial Ryegrass in Monocultures
and Mixtures

High β-values are related to a deep rooting pattern, whereas low β-values point to a
shallow rooting pattern. Vertical root distribution (β-value) was similar in 2016 but differed
between species and treatments in 2015 and 2018 (Figure 3). White clover in monocultures
(WC) and mixtures (WC_mix) was 0.94 in all years except 2018 (0.90 in mixture). Perennial
ryegrass in mixtures (PR_mix) was also similar in all years (0.92–0.93), and PR was 0.90 in
2015 and 0.92 in 2016 and 2018.

Figure 3. Vertical root distribution in (a) 2015, (b) 2016, and (c) 2018 of monocultures of unfertilized perennial ryegrass (PR),
white clover (WC), and mixed stands of perennial ryegrass (PR_mix) and white clover (WC_mix). Average values of all WC
genotypes are presented. Shown are fits of vertical root distribution (β-values), according to [27]. R2 was 1.00 in all fits.

In monocultures, β-values of WC, and PR significantly differed in 2015 and 2018 in
a way that WC (β = 0.94) had a significantly deeper root system than PR (β = 0.90 and
β = 0.92) (Figure 3).

In 2015 and 2016, β-values of white clover and perennial ryegrass in mixtures were not
significantly different from each other (Figure 3). In 2018, PR_mix and WC_mix significantly
differed in a way that WC_mix (β = 0.90) had a higher proportion of roots in shallow soil
layers than PR_mix (β = 0.92) (Figure 3c). Further, WC_mix (β = 0.90) also displayed a
shallower root system than WC_mix (β = 0.94) in 2018.

3.3. Aboveground and Belowground Relative Yield Total

The aboveground and the belowground relative yield total (RYT) were always sig-
nificantly higher than one (Table 3). Aboveground relative yield of white clover (RYWC)
was significantly lower than 0.4 in 2015 and 2018, whereas aboveground relative yield of
perennial ryegrass (RYPR) was always significantly higher than 0.6. Relative yield total
(RYT) was highest in 2018.

Belowground RYT was 1.55 in 2015, 1.56 in 2016, and 1.50 in 2018 and, thus, similar in
all years. Belowground RYWC was 0.55 in 2015, 0.90 in 2016, and 0.65 in 2018, whereas
belowground RYPR was 1.00 in 2015, 0.65 in 2016, and 0.86 in 2018. Aboveground RYWC
was significantly higher than 0.4 in 2016, and RYPR was significantly higher than 0.6 in
2018. Averaged over years, perennial ryegrass contributed 0.70 and white clover 0.84 to the
belowground RYT (1.54).
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Table 3. Relative shoot and root yields of white clover (RYWC, n = 4), perennial ryegrass (RYPR, n = 4), and relative yield
total (RYT, n = 4) of the averaged eight white clover genotypes in mixture with perennial ryegrass (WC1_PR–WC8_PR) for
2015, 2016, and 2018. Given are means and standard errors. Asterisks indicate values significantly different from 0.4 for
RYWC, 0.6 for RYPR and 1 for RYT (p ≤ 0.05, t-test). RYT = relative yield total.

2015 2016 2018 Average

RY WC RY PR RYT RY WC RY PR RYT RY WC RY PR RYT RY WC RY PR RYT

Shoot
Yield

0.17 * ±
0.04

1.36 * ±
0.09

1.53 * ±
0.12

0.46 ±
0.08

1.28 * ±
0.17

1.74 * ±
0.18

0.07 * ±
0.01

2.26 * ±
0.20

2.33 * ±
0.19

0.23 * ±
0.02

1.63 * ±
0.14

1.87 * ±
0.24

Root
Yield

0.55 ±
0.06

1.00 ±
0.15

1.55 * ±
0.15

0.90 * ±
0.09

0.65 ±
0.09

1.56 * ±
0.14

0.65 ±
0.11

0.86 * ±
0.02

1.50 * ±
0.12

0.70 ±
0.04

0.84 * ±
0.06

1.54 ±
0.02

4. Discussion

Aboveground and belowground RYTs were always significantly higher than one over
the three examined years. Aboveground and belowground RY of perennial ryegrass was
always higher than RY of white clover. Aboveground and belowground biomass displayed
a strong decrease from 2015 to 2018. Roots of white clover and perennial ryegrass occupied
similar vertical niches in mixed stands in 2015 and 2016, thus indicating root competition
and synergism rather than complementary resource use. In the dry year 2018, vertical
root distribution of white clover and perennial ryegrass significantly differed in mixtures:
vertical root distribution of WC_mix was significantly shallower than that of PR_mix. In
2016, differences in vertical root distribution could be detected neither in monocultures nor
in mixtures.

4.1. Aboveground and Belowground Biomass

Aboveground yields of 2015, 2016, and 2018 were higher than those measured in [37],
where spring yield amounted to 2.1 t ha−1 and summer yields to 2.4 t ha−1. Higher yields
of the current study can be explained by high to moderate precipitation in 2015 and 2016
(Figure A1), whereas field sites in the Netherlands where exposed to drier conditions than
usual between 1990 and 1992 [37]. [38] measured 11.8 t ha−1 in the first year (1995) and
8.5 t ha−1 in the second year (1996), and thus slightly higher yields in comparison to the
current study in 2015 and 2016. This might be related to the fact that our study included
biomass of the second cut (May to July) out of four cuts, whereas [38] accumulated the
aboveground biomass of the whole season (4 to 5 cuts year−1). According to [38], cutting
frequency did not have an effect on aboveground biomass of white clover–perennial
ryegrass mixtures, but other studies reveal a negative effect of high cutting frequency on
dry matter [27], and thus, conclusions are inconsistent.

A decrease in aboveground biomass was detected from 2015 to 2018. Such a decrease
in dry matter of white clover–perennial ryegrass mixtures (no N fertilizer) was also found
by [39], where yields decreased from 12.2 t ha−1 to 10.5 t ha−1, and 8.7 t ha−1 and lowest
yields were reached in the last year of the experiment, which accumulated to 71% of the
initial biomass. In the current study however, yields decreased much stronger to 28% of the
initial biomass. The decrease in aboveground biomass from 2015 to 2018 can be associated
with substantial differences in precipitation (Figure A1), because white clover–perennial
ryegrass mixtures have limitations in the production and persistence in drought prone
regions [40]. In particular, white clover is characterized as heavily sensitive to low soil
moisture [41] and significantly reduces its shoot biomass under drought [42]. Consistently,
white clover biomass in monocultures decreased 78.1% in 2018, compared to its initial
biomass in 2015, whereas biomass of white clover–perennial ryegrass mixtures decreased
only 44.1%.

Root biomass amounted to less than a third of the aboveground biomass in the
beginning of the experiment and to more than half of the aboveground biomass at the end
of the experiment. Values are considerably lower than in [27], who measured between
2.4 t ha−1 and 10.2 t ha−1 of perennial ryegrass root biomass and between 0.2 and 0.5 t ha−1

of white clover root biomass under infrequent cutting treatments (3 to 4 cuts year−1) in
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Central Jutland, Denmark. Lower root biomass values certainly relate to the fact that the
current study included the standing root biomass in July of each year, whereas [27] used
the total cumulated root biomasses of four root biomass harvests.

Root biomass mostly consisted of perennial ryegrass biomass, whereas the proportion
of white clover root biomass was low. Explanations can be found in the presence of
root interaction that largely enhanced relative yield of Lolium perenne in clover–ryegrass
mixtures by 101%, compared to that of monocultures, thus suggesting that perennial
ryegrass benefited from interspecies root interaction [43].

4.2. Vertical Root Distribution of White Clover and Perennial Ryegrass
4.2.1. Monocultures

White clover and perennial ryegrass differed in their vertical root distribution in
monocultures in a way that perennial ryegrass had a higher root fraction in shallow soils
and white clover had a larger root fraction in deeper soils in two of the three examined
years. Thus, our first hypothesis can be confirmed for 2015 and 2018, but not for 2016.
Differences in vertical root distribution between grasses and forbs have been recently
described in [44], where vertical root distribution of pure grass communities had a greater
standing root biomass and root length density in the upper 10 cm of the profile than
mixtures of both functional groups and pure forb communities. In contrast, standing root
biomass in deeper layers of the profile was larger in communities containing forb species
than in pure grass communities [44].

Shallow rooting grasses concentrate most of their biomass to the upper 10 cm of the
soil. In the current study between 2015 and 2018, perennial ryegrass allocated on average
55–73% of its root biomass to the upper 10 cm of the soil, which is comparable to [45], who
detected a proportion of 33 to 75% of root dry matter in the topsoil (0–10 cm). In contrast,
white clover concentrated, on average, 52–55% of its root biomass to the upper 10 cm of the
soil between 2015 and 2018.

4.2.2. Mixtures

In mixtures, both perennial ryegrass and white clover occupied similar vertical root
niches in two of the three years. Similar results have been recently detected in four species
intercrops of white mustard, Phacelia, bristle oat, and Egyptian clover, where vertical
root profiles presented low niche complementarity, but rather root synergisms [1]. In
the mixtures, vertical root segregation did not occur in 2015 and 2016, although it was
determined in the monocultures in 2015. Thus, our second hypothesis that assumes
differences in vertical root distribution between monocultures and mixtures was confirmed
for 2015 and 2018, but not for 2016. Reasons for the missing differences in vertical root
distribution in 2016 might be found in the high dominance of white clover, as it displayed
a proportion in mixtures up to 40.8%, compared to 20.5% in 2015 and 3.2% in 2018. Because
white clover was a strong competitor in 2016, its roots were present in shallow as well as
in deeper soil layers. Further, vertical root segregation was detected at the same area and
time in wheat–faba bean intercrops [17]. Specific vertical root distribution in intercrops
of faba bean and wheat displays that root segregation was taking place in a way that,
in intercrops, roots of wheat grew shallower in their own row, while they were growing
deeper in their partner’s row, compared to pure stands [17]. These results suggest a
complementary use of resources, which could not be detected in the mixtures in 2015
and 2016. Moreover, in 2015, perennial ryegrass and white clover had a very similar root
distribution in mixtures. Deep rooting of perennial ryegrass in the mixtures in 2015 was
associated with significantly higher aboveground biomass in the mixtures, compared to
perennial ryegrass monoculture. An explanation could be that deeper rooting species
are more efficient in nutrient acquisition and prevention of nitrate leaching into deeper
soils [46,47]. In grassland studies of [45,48], root system architecture had no effect on nitrate
interception, whereas total biomass positively affected nitrate interception. Vertical root
distribution of white clover did not change in 2015 and 2016, which was consistent to
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recent findings of Trifolium alexandrinum in sole and mixed stands [1]. Mixed cultivation
does not necessarily lead to a spatial root niche segregation, which has also been shown
in [49]. The explanation might be that niche segregation may be less important than other
ecological factors for species coexistence [50,51]. This might be related to the N-fixation of
white clover in the current study. Perennial ryegrass could be the beneficiary in terms of
soil nitrogen, while growing in the same rooting depth as white clover.

Root coexistence in mixtures can be explained by the fixation of atmospheric nitrogen
of white clover, which is particularly relevant in the absence of nitrogen fertilizer [23]. A
legume-derived N transfer from clover to neighboring nonlegumes and grassland species
was determined in [52,53]. There, grass species relied to a great extent on clover N, whereas
forbs relied on soil N [53]. Residue incorporation of legumes can contribute to ameliorating
soil fertility in legume–nonlegume intercrops [54]. Recently, it was confirmed that the use
of grass–legume mixtures can substantially contribute to resource-efficient agricultural
grassland systems over a wide range of productivity levels, leading to important savings in
N fertilizers and thus greenhouse gas emissions [55]. In perennials, such as clover and grass
pastures, N transfer between species is quantitatively greater than in annual intercrops
and crucial for N cycling [56,57]. This could explain the similar rooting patterns of white
clover and perennial ryegrass in 2015 and 2016. In contrast, in the dry summer 2018, white
clover was characterized by shallower rooting and perennial ryegrass by a deeper rooting
pattern, favoring a complementary water use instead of a synergistic nitrogen use. Overall,
white clover is heavily sensitive to low soil moisture [41], and a further explanation for the
shallow rooting might be found in the general decrease in shoot and root biomass under
drought stress in white clover plants [58]. However, the decrease in belowground biomass
was, by far, less pronounced than the decrease in aboveground biomass, and the shallow
root system of white clover was only predominant in mixtures, but not in monocultures,
which could be an argument for the complementary use of water resources. Another
explanation might be the stronger competitiveness of perennial ryegrass in comparison to
white clover, especially under dry conditions.

4.3. Relative Yield Total

Aboveground and belowground RYT was higher than 1 among all genotypes and
years. Thus, our third hypothesis can be confirmed. Aboveground RYT was, on average,
higher than belowground RYT and increased with time from 1.53 (2015) to 1.74 (2016) and
to 2.33 (2018). The rising RYT from 2015 to 2018 can be explained by the decreasing nitrogen
content in the soil. The soil can be characterized as fertile [31], and nitrogen fertilization of
the mixtures stopped in 2014. The white clover had to increase N2 fixation from 2015 to
2018. Possibly, a nitrogen shift from white clover to perennial ryegrass occurred. Higher
yields in white clover–perennial ryegrass mixtures, compared to monocultures of white
clover, were also detected at the same field site in [31]. So far, larger yields in mixed cultures,
compared to monocultures of L. perenne and one Trifolium species (T. repens or T. pratense),
were explained by asynchrony in seasonal shoot growth [59]. White clover–perennial
ryegrass mixtures could further be characterized by a N-gain, compared to monocultures;
however, the N-gain was not related to site productivity [55]. In the current study, higher
yields of mixtures, compared to monocultures of perennial ryegrass, were detected in 2015
and 2016. In 2016, the total biomass of the mixtures overyielded, absolutely, compared
to the pure stands. In their study, [43] explain the high belowground overyielding by an
increase belowground biomass of perennial ryegrass in mixtures.

In 2018, mixtures achieved higher yields than white clover monocultures. Below-
ground RYT displayed a low fluctuation between the years (1.55, 1.56, and 1.50 in 2015,
2016, and 2018).

The two species differed in their overyielding potential, particularly regarding above-
ground biomass: while perennial ryegrass doubled its aboveground biomass in mixtures,
white clover reduced its aboveground biomass to a quarter. A dominance of perennial
ryegrass in a perennial ryegrass–white clover mixture has been shown in [60], where the
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grass–clover ratio increased with time from 2.4 after 7 weeks to 15.4 after 19 weeks. In
the current study, RY of perennial ryegrass dominated aboveground biomass in mixtures,
especially in the dry year 2018, where the proportion of white clover of the aboveground
biomass was only 3.2%. In the current study, the grass–clover ratio was 3.8 in 2015, 1.45 in
2016, and 30.21 in 2018.

Aboveground, all genotypes displayed high RYTs during the experiment, and no
significant differences could be additionally detected in their specific dry matter (Table 1).
This is in accordance with [31], who concluded that white clover populations did not
perform differently in monocultures and mixtures. Thus, research should rather focus on
combining new species mixtures and analysis of their complementary or synergistic effects
than of an extensive number of genotypes or populations.

Regarding the belowground rooting, higher root yields of perennial ryegrass than of
clover in mixtures were detected in seven out of eight genotypes in 2015 and 2018 and
in five out of eight genotypes in 2016 (data not shown). Thus, results are only partly
consistent with [61], who observed a belowground dominance of perennial ryegrass in
white clover–perennial ryegrass mixtures.

5. Conclusions

Under these experimental conditions, aboveground and belowground biomass dis-
played a strong decrease from 2015 to 2018. Aboveground and belowground RYT were,
in average, always significantly higher than one over the three examined years. This
indicates a biomass yield security of mixtures, compared to monocultures, even in dry
years. Vertical root distribution of clover and ryegrass significantly differed in 2015 and
2018 in a way that white clover had a significantly higher root fraction in deep soil layers
than perennial ryegrass.

While, in monocultures, significant differences in vertical root distribution between
white clover and perennial ryegrass could be detected in two of the three examined years,
roots of white clover and perennial ryegrass occupied similar vertical niches in mixed
stands in the two wet of the three examined years.
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Appendix A

Figure A1. Precipitation and temperature at Goettingen (Reinshof) in 2015, 2016, and 2018. The
figure shows monthly precipitation (mm) and temperature means (◦C).

Table A1. Average values and standard errors of aboveground biomass and root biomass (n = 4) of white clover genotypes
(GT) WC1–WC8 grown in monocultures and white clover (WC)–perennial ryegrass (PR) mixtures for 2015, 2016, and 2018.

GT Aboveground Biomass Root Biomass
Monocultures

(g m−2)
WC–PR Mixtures

(g m−2)
Monocultures

(g m−2)
WC–PR Mixtures

(g m−2)

AV SE AV SE AV SE AV SE

2015 WC1 1084 ±102 892 ±118 160 ±27 323 ±11
WC2 926 ±15 797 ±131 113 ±29 389 ±52
WC3 1078 ±67 913 ±143 84 ±2 304 ±18
WC4 811 ±65 736 ±45 108 ±26 375 ±11
WC5 1085 ±119 782 ±120 139 ±42 316 ±56
WC6 1279 ±170 999 ±289 69 ±8 425 ±31
WC7 1023 ±123 918 ±78 186 ±31 359 ±20
WC8 1130 ±142 1038 ±109 143 ±35 349 ±30
PR 521 ±102 361 ±20

2016 WC1 634 ±57 617 ±82 97 ±13 317 ±25
WC2 612 ±40 833 ±103 100 ±22 317 ±71
WC3 644 ±95 583 ±42 72 ±9 323 ±18
WC4 405 ±30 679 ±76 83 ±7 305 ±33
WC5 608 ±96 631 ±43 102 ±14 352 ±26
WC6 658 ±40 625 ±71 77 ±10 318 ±29
WC7 564 ±81 584 ±56 113 ±4 340 ±43
WC8 675 ±88 806 ±39 103 ±8 295 ±13
PR 322 ±32 345 ±45

2018 WC1 175 ±18 428 ±47 65 ±17 230 ±43
WC2 335 ±83 436 ±108 80 ±7 134 ±46
WC3 203 ±35 333 ±29 83 ±17 239 ±38
WC4 270 ±43 412 ±24 82 ±11 241 ±26
WC5 312 ±59 428 ±138 68 ±15 195 ±33
WC6 160 ±44 354 ±06 44 ±13 24 ±30
WC7 253 ±54 545 ±94 61 ±10 312 ±80
WC8 138 ±30 314 ±41 55 ±5 160 ±23
PR 177 ±26 224 ±7
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