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Abstract: Growing perennial grasses is often cited as one of the possible and most affordable solutions
for mitigating climate change. This practice is also recommended for sustainable soil management in
agriculture. Our experiment involved timothy grass (Phleum pratense L.), red clover (Trifolium pratense
L.), and their mixture; tall oat grass (Arrhenatherum elatius L.), alfalfa (Medicago sativa L.), and their
mixture, with the aim of diversifying the annual rotation; and periodical, twice-per-season cultivated
plots in the same area (the bare soil fallow). Soil samples were collected in late October after plant
vegetation’s first, second, and third growth years from three field replicates at the soil layers 0–0.1 m,
0.1–0.2 m, and 0.2–0.3 m and plant roots—at the beginning of November in the second cultivation
year. After three years, the SOC content increased in all the study areas occupied by plants, regardless
of their species composition, while it decreased in fallow plots. Grass roots were characterized by the
highest C/N ratio (38.2 and 45.5). The roots of the red clover–timothy grass mixture also reached a
C/N ratio greater than 30. Based on our research, choosing a combination of at least two plants, such
as legumes and grasses, is possibly more effective for enriching the soil with carbon compounds in a
short period.

Keywords: carbon sequestration; sustainable soil management; rotation; legume; grass

1. Introduction

As global food and forage production needs grow, agricultural strategies have con-
centrated on maximizing crop yields. This goal was commonly achieved with systems
dominated by a single or few annual crop species [1]. However, this choice of crop rotation
can have a negative impact on the sustainability of agricultural ecosystems, resulting in
soil erosion, the loss of organic carbon and other nutrients, and the build-up of diseases
and pests [2]. These problems become even more apparent in the background of climate
change and force scientists, farmers, and politicians to search for solutions and consensus
to mitigate the inevitable consequences. Also, the European Union aims to achieve by 2050
becoming a climate-neutral economy with net-zero greenhouse gas emissions, according
to the European Green Deal and the duty to act on climate change under the Paris Agree-
ment [3–6]. All these steps require, and in the future will need, even more knowledge,
cooperation, planning, and, of course, financial costs, both in solving the current and future
problems of sustainable farming [7,8].

Growing perennial grasses is often cited as a possible and the most affordable solution
to these problems. Although perennial grasses are usually highlighted as beneficial for
soil ecosystems in the long term (at least 10 years), the advantages can be recognized
after a shorter period [9–11]. In annual rotations with excessive soil tillage, which leads
to soil degradation, perennial grasses can be used to regenerate soil health and restore
agroecosystem functions before the next period of annual grain crops as a part of the
rotation or as cover crops [12,13]. The roots of perennial grasses are rich in organic matter
and can improve agricultural soil quality through C sequestration, water, and nutrient
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cycling, as well as supporting biodiversity [14]. However, this process is slow, and the
results are not always visible, so choosing plant species and their mixtures that best fulfill
the needs and climatic conditions is essential [15–17]. It is also required to predict for what
purpose the grasses’ biomass will be used: whether for feed, energy production, fibers,
protein products, etc. [18].

Various perennial legumes and grasses are available for agricultural and other objec-
tives. Although the legumes alfalfa (Medicago sativa L.) and red clover (Trifolium pratense
L.) and grasses timothy grass (Phleum pratense L.) and tall oat grass (Arrhenatherum elatius
L.) belong to different plant families, their needs for environmental conditions differ little
(Table 1). Moreover, they grow in the natural Lithuanian environment and are not only
cultivated in agriculture.

Legume–grass mixtures contain one or more legumes, such as red clover, alfalfa, etc.,
adjusted for various aims, such as forage, belowground biomass for nitrogen or carbon
addition to the soil, erosion prevention, or other. They are widely used in considerable
regions of Europe [2,19].

Table 1. Biological characteristics of tested perennial grass species.

Species Growth Form Storage Organ Type of Clonal
Growth Organ

Ellenberg-Type Ecological Indicator Values

Light 1 Temperature 2 Moisture 3 Nutrient 4

Arrhenatherum
elatius Perennial clonal

herb
Shoot tuber,

tuft

hypogeogenous
rhizome 7 5x 5x 7

Phleum pratense epigeogenous
rhizome 7 5 5 7

Medicago sativa Polycarpic
perennial

non-clonal herb

Pleiocorm,
primary

storage root

- 8 6 4 5x

Trifolium
pratense - 7 5x 5 6x

1 7—half-light plant, mostly occurring at full light but also in the shade up to about 30% of diffuse radiation
incident in an open area; 8—light plant, only exceptionally occurring at less than 40% of diffuse radiation incident
in an open area. 2 5x—moderate heat indicator, occurring from lowland to montane belt, mainly in submontane-
temperate areas (generalist); 5—moderate heat indicator, occurring from lowland to montane belt, mainly in
submontane-temperate areas; 6—transition between values 5 and 7; 7—heat indicator, occurring in relatively
warm lowlands. 3 4—a transition between values 3 and 5; 5—indicator of fresh soils, focus on soils of average
moisture, missing on wet and on soils that frequently dry out; 5x—indicator of fresh soils, focus on soils of
average moisture, missing on wet and on soils that frequently dry out (generalist). 4 5x—occurring at moderately
nutrient-rich sites and less frequently at poor and rich sites (generalist); 6x—transition between values 5 and
7 (generalist); 7—occurring at nutrient-rich sites more often than at average sites and only exceptionally at poor
sites. Note. Presented data are sourced from the Pladias Database of the Czech Flora and Vegetation [20].

Soil organic carbon (SOC) is essential for soil quality and health. Increasing SOC in
agricultural systems can simultaneously reduce net CO2 emission, improve soil fertility,
and increase productivity and resistance to climate change [21]. The highest amounts
of SOC usually accumulate in the top layer of soil. The most sensitive and active SOC
fraction is water-extractable organic carbon (WEOC), which makes up a few percent of SOC
and can show the anthropogenic impact on the soil. Forests and grasslands hold higher
concentrations of labile WEOC fractions than arable soils [22]. These carbon compounds
have relatively simple structures, contain carbohydrates from plant roots, their exudates,
microorganisms, and humus substances, and are easily mineralized. WEOC is also a
bioavailable carbon that plants and particularly microorganisms absorb quickly and use
as an energy source [22]. All these features make WEOC suitable to use as an integrated
soil quality indicator. WEOC fractions in deeper layers are likely to be less sensitive to
degradation. Thus, there is potential for SOC preservation in the future [22,23].

The roots of grasses are not evenly spread out in the soil. They are primarily concen-
trated in the upper 0–10 cm layer of soil, and their distribution throughout the entire soil
profile depends on various factors, such as soil properties and plant species or mixtures.
These differences affect how roots impact soil and carbon accumulation potential. The
amount and composition of the organic matter from the roots carried into deeper soil
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layers play a crucial role in these effects [24–26]. The C/N ratio of biomass is a common
indicator that can be used to predict root decomposition in soil. A higher C/N ratio implies
lower soil mineral N, resulting in a slower decomposition of root organic matter. Con-
sequently, the components of the organic matter remain in the soil for a more extended
period [27,28]. In this way, the physical and chemical properties of the soil and the structure
of the rhizosphere bacterial community are improved [29].

Given the relevance of this issue described above in the Introduction Section, this
study aimed to determine how some indicators predicting carbon accumulation in soils
previously used for annual or biennial crop rotations change after introducing perennial
grasses and their mixtures. The most crucial question was whether, within a period of
3 years, differences could emerge that could be used to select perennial plant species with
the most significant positive effect on soil carbon accumulation through crop diversification,
which is important to sustainable agriculture.

2. Materials and Methods
2.1. Study Area and Sampling

This research was carried out in the central part of the Middle Lithuanian Lowland at
the Lithuanian Research Centre for Agriculture and Forestry (LAMMC) experimental base
in Akademija, Kedainiai district (Figure 1). Its location is at 55◦39′65.9′′ N 23◦86′76.1′′ E [30],
with the soil type being Cambisol according to the classification by WRB (2022) [31].
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stages of the study. The experiment involved the following plants: timothy grass, red 
clover, and their mixture; tall oat grass, alfalfa, and their mixture; and the bare soil fallow. 
Although some shortcomings in bare soil fallow agricultural management practices have 
been identified, such fallow is used as an ecological tool for weed control or to prepare 
fields for other crops after perennial vegetation [34]. 

Figure 1. The experimental site in Akademija, Kedainiai district, Lithuania.

Based on Europe’s environmental stratification, the site is situated in the Nemoral
zone, with a short growing season of 195 days [32]. According to the standard climate norm
from 1991 to 2020, the mean annual precipitation is 695 mm, and the average temperature
is 7.4 ◦C (Figure 2) [33].

The experimental field before the experiment was used for the short-term cultivation
of grasses for one or two years, managed by conventional fall plowing (0.2 m) after their
vegetation. The field was fertilized with the complex fertilizer at a N 24 kg, P 72 kg, K
136 kg ha−1 rate before the experiment, and no additional fertilizer was used during the
later stages of the study. The experiment involved the following plants: timothy grass, red
clover, and their mixture; tall oat grass, alfalfa, and their mixture; and the bare soil fallow.
Although some shortcomings in bare soil fallow agricultural management practices have
been identified, such fallow is used as an ecological tool for weed control or to prepare
fields for other crops after perennial vegetation [34].
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Figure 2. Weather conditions from 1991 to 2020 and the years of the experiment 2021, 2022, and 2023.
The average temperature of the months (a) and total monthly precipitation (b). The sowing time of
the seeds is marked with an asterisk.

Plant seeds were sown mechanically (seed rate 10–30 kg ha−1, depending on the plant
species) in 9 m2 plots in three field replicates in separate blocks in June 2021. The plant
mixtures consisted of legumes 40% and grasses 60%. During the season, the aboveground
biomass was cut twice and removed from the field, as would be conducted in producing
forage or preparing to use biomass for other purposes.

Soil samples were collected in late October after plant vegetation’s first, second, and
third growth years from three field replicate plots using a steel auger at the soil layers
0–0.1 m, 0.1–0.2 m, and 0.2–0.3 m. Soil samples were analyzed for SOC content during the
first and third years of plant growth and for WEOC dynamics over the entire three-year
period. Plant roots were collected from the same areas and depths at the beginning of
November after the end of active plant vegetation in the second cultivation year, using a
metal frame of 1000 cm3. The soil and roots were separated using a wet sieving system
with three different sieves, of which the densest was 0.25 mm, removing both stones and
aboveground biomass residues and collecting roots for further analyses.

Before the experiment was set up, the soil properties were determined. The soil at
a 0–30 cm depth contained 72.3% silt, 26.3% sand, and 1.4% clay and was classified as a
sandy loam [35]. The soil pH was near neutral (pHKCl 6.9), and it contained 0.23 g kg−1

plant-available phosphorus (P2O5) and 0.37 g kg−1 plant-available potassium (K2O). The
concentration of Kjeldahl nitrogen was 1.52 g kg−1.

2.2. Chemical Analyses of Soil and Roots

Chemical analyses of the soil and roots were carried out in the Chemical Research
Laboratory of the Institute of Agriculture of LAMMC. The soil samples before chemical
analyses were crushed, sieved through a 2 mm sieve, and mixed. For SOC and WEOC
analysis, the samples were further ground and passed through a 0.25 mm sieve. SOC
content was determined by the Nikitin-modified Tyurin dichromate oxidation method
using wet combustion at 160 ◦C for 30 min. SOC measurement was performed by a
spectrophotometer at a wavelength of 590 nm using glucose as a standard [36,37]. The
roots’ organic carbon (Corg.) content was measured using the same dichromate oxidation
method after drying and grinding the samples.

The WEOC analysis procedure was performed according to the methodology guided
by SKALAR, using C8H5KO4 as a standard. The sieved soil was poured with distilled
water at a ratio of 1:5, and the extract was prepared by shaking, centrifugation for 15 min
at 4500 rpm, and filtration. Then, the automated measurement procedure was performed
based on the IR detection method following UV-catalyzed persulfate oxidation under
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nitrogen. WEOC oxidized to carbon dioxide during this process and was measured using
an ion analyzer (SKALAR, The Netherlands) [38,39].

The amount of Nt in the soil and roots was measured using the Kjeldahl method, which
involved a spectrophotometric measurement at 655 nm. The reaction between nitrogen
salicylate and hypochlorite ions in an alkaline solution, along with the presence of sodium
nitroferricyanide, formed a blue-colored compound [40,41].

To prepare the roots for scanning their length, they were cut into 2 cm long pieces
and then soaked in a solution of 20% ethyl alcohol and 0.05% neutral red dye for staining.
Afterwards, the roots were washed several times with running water to remove any
remaining dye solution, then spread in an acrylic tray with distilled water, and scanned.
Each root sample was divided into several scans depending on the size to minimize the
overlap of the roots, which can disturb the clear view of the roots. The root length analysis
was conducted using the software WinRhizo [42,43].

Root biomass (as dry matter) was determined by weight after drying at +60 ◦C in an
air flow oven to a constant weight. Soil bulk density was determined using core samples
for the widely applied thermogravimetric method [44]. In this method, soil cores are dried
in an oven at 105 ◦C and weighed to determine the soil mass without moisture. The bulk
density is calculated by dividing the dried soil’s mass by the core sample’s volume [45].

2.3. Statistical Analysis

The experiment’s soil and root parameter results were calculated from three field
replicates and presented as the mean and standard error (SE). These statistical analyses
were performed using the SAS Enterprise software, version 7.1 (SAS Institute Inc., Cary,
NC, USA). A one-way analysis of variance (ANOVA) was performed to assess significant
differences among all treatment means. Fisher’s test was used to calculate p-values, and
values of p < 0.05 were considered statistically significant. No between-block effects were
found (p = 0.1–0.9) in all analyzed data sets. Pearson’s correlation was used to examine the
relationship between root biomass, length, the root C/N of different perennial plants and
their mixtures, SOC, and WEOC at a confidence level of 0.95.

3. Results and Discussion
3.1. Soil Organic Carbon

In our study, estimating SOC content in different swards at the end of the year of
their installation, not many significant differences were found between treatments or soil
layers (Figure 3a). Statistically significant differences (p = 0.03) were determined only in the
middle of the investigated depths of 0.1–0.2 m. The plots under alfalfa and tall oat grass in
this layer had the highest amount of SOC, with 17.7 and 17.2 g kg−1 content, respectively.
These treatments’ lush plants also most densely covered the soil. The grass grew more
slowly and less densely in other plots, especially timothy grass, because their germination
period was very long in 2021. Similar views were observed in the red clover–timothy grass
mixture plots. This was likely influenced by a long period of drought (Figure 2). According
to the Lithuanian Hydrometeorological Service under the Ministry of Environment data,
only about 20 mm of precipitation fell on the study site during the month of the experiment
installation. At the start of the growing, delicate and shallow roots make timothy grass
especially vulnerable to unfavorable weather conditions [46]. Most of the growing season
in June and July was characterized by low rainfall, with heavy rain in August. These
conditions made it challenging to grow aboveground and belowground biomass in swards.
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species and their mixtures are shown at p ≤ 0.05 using letters; error bars are shown as the standard
error (SE) of the mean.

Three years after the experiment was installed, more differences in SOC content were
observed between the studied treatments in all soil layers (p = 0.04–0.05) (Figure 3b).
However, based on these data, a statistically significant difference is perceptible only
between the plots occupied by plants and fallow in the upper and deeper soil layers,
regardless of the species. In all these cases, the amount of SOC tends to increase, while the
opposite situation is observed in the case of fallow (Table 2). The most prominent change
was found under mixtures’ swards at almost all depths (1.1–3.4 g kg−1). Only at a depth of
0.2–0.3 m under legumes was the SOC change greater than under mixtures (1.4–1.6 g kg−1),
while grasses at the same depth showed a decrease (−0.7–0.8 g kg−1).
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Table 2. Change in SOC content in the swards under different perennial plants and their mixtures at
depths of 0–0.1 m, 0.1–0.2 m, 0.2–0.3 m, and 0–0.3 m, after 2 years of cultivation (2023–2021).

Depth 0–0.1 m 0.1–0.2 m 0.2–0.3 m

Mean ±SE Mean ±SE Mean ±SE

Change in SOC g kg−1

Arable field −0.7 c 0.47 −0.1 cd 0.16 −1.1 c 0.70
Tall oat grass 0.2 bc 1.34 0.6 bcd 0.80 −0.7 bc 0.85
Timothy grass 0.9 abc 1.55 1.1 bcd 0.65 −0.8 bc 0.85
Alfalfa 0.1 bc 1.05 −0.3 d 0.82 1.4 ab 0.65
Red clover 3.0 ab 0.43 1.7 abc 0.46 1.6 a 0.60
Red clover + Timothy grass 3.4 a 0.77 2.2 ab 0.57 1.1 abc 0.34
Alfalfa + Tall oat grass 2.8 ab 0.91 3.1 a 0.55 1.5 a 0.97

Statistically significant differences in SOC changes under various perennial plant species swards and fallow are
shown at p ≤ 0.05 using letters.

Although evaluating only SOC data, we could not distinguish plants that are more
favorable for soil carbon storage, except for the slight advantage of mixtures; plants’ benefit
over fallow, which is used to solve specific problems in agricultural soils, is present. It is
possible that these results would be more significant and show greater differences between
species in a longer experiment, as seen in other similar studies [47]. However, there are
limitations, such as the short lifespan of red clover, which showed a noticeable decline in
plant growth after three years [46], which we also observed in our experimental plots as
the thinning of the grass at the end of the third year of this study.

SOC accumulation is most active in the upper 0–0.30 m soil layer and can be reversed
if sustainable farming practices are not implemented. At the same time, a C balance in the
topsoil is expected to be achieved within 20 years of targeted land management [48,49].
Also, a realistic understanding and assessment of future SOC sequestration potential in
grassland soils require practical studies under actual climate conditions [50]. Establishing
perennial plants has led to an initial increase in SOC, marking the beginning of a complex
and multifaceted process that must be sustained and enhanced to benefit from it fully.

3.2. Water-Extractable Organic Carbon

During a three-year vegetation period, the water-extractable organic carbon (WEOC)
content (g kg−1) was also determined in the 0–0.1, 0.1–0.2, and 0.2–0.3 m soil depths under
the same treatments (Figure 4).

Changes in land use, agronomical models, and vegetation affect soil properties, which
impact WEOC [22]. However, we did not find statistically significant differences between
the treatments in any observation years (p = 0.09–0.55). Our research time was relatively
short, and WEOC is a labile component of carbon pool compounds, making it highly
vulnerable to environmental changes. Based on previous studies, the amount of WEOC in
grass-occupied soil increases over the cultivation period, especially when it reaches 6 years
or more [51,52].

However, our graphs (Figure 4a–c) show an increase in WEOC in 2022, which drops
significantly in 2023. This variation in soil WEOC was unexpected, as the literature predicts
that WEOC and SOC increase when the land is converted from arable to grassland [23]. The
formation process of WEOC in the soil depends not only on changes in soil management
practices but also on the activity of microorganisms in the decomposition of organic matter,
the intensity of root exudation, etc. [53,54]. These processes require suitable environmental
conditions, primarily a favorable temperature and moisture ratio [54–56].
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Figure 4. Water-extractable organic carbon (WEOC) content (g kg−1) as influenced by different
perennial plants and their mixtures at 0–0.1 (a), 0.1–0.2 (b), and 0.2–0.3 (c) m soil depth during
the three-year vegetation period. AF—arable field, O—tall oat grass, T—timothy grass, A—alfalfa,
C—red clover, C + T—red clover + timothy grass, A + O—alfalfa + tall oat grass.

Our experimental site experienced above average rainfall in the entire summer during
the second year of plant growth (about 290 mm), which was relatively evenly distributed
throughout the period. The air temperature was also higher than the average temperature
of the decade, reaching 18.7 ◦C (Figure 2). These conditions may have led to more intensive
processes of recycling organic residues after previous plant rotations in the soil. This may
have also enhanced plant mass growth, root development, and exudation. In 2022, the
plots where tall oat grass grew had the highest WEOC content in all studied soil layers:
0.324–0.297–0.308 g kg−1, respectively. An increase in WEOC was observed in most of the
different grass plots and at nearly all studied soil depths (Figure 4a–c).

After the third year of grass growth, WEOC decreased in all study plots, and in many
cases, it was even lower than the results obtained after the first year of plant vegetation.
Weather conditions during this period were also completely different: very dry beginning
and middle of summer (June–July precipitation was 80 mm) and abundant precipitation at
the end of August (96 mm); the average temperature was 17.7 ◦C (Figure 2).
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According to a study by Homyak et al., such conditions are promising for forming
WEOC [57]. The highest values of the analyzed indicator were determined during an
extended period of drought. The data we collected might have been affected by the
sampling time in the autumn after heavy rains had already occurred. This trend is also
observed in the presented study, which investigates the long-term changes in WEOC levels
in soil under various moisture regimes.

It is also likely that the consumption of WEOC exceeded the production capacity
because these labile organic carbon compounds are characterized not only as potentially
significant for carbon sequestration but also as being used by microorganisms as an energy
source and involved in transporting nutrients to plants [23,58,59]. WEOC was probably
utilized in grasslands to meet these needs as a readily available source of nutrients. The
leaching of WEOC into deeper soil layers or adjacent areas is also likely, especially after a
long drought during the summer followed by heavy rain in August, which was heavy rain
lasting only 3 days [60]. These weather conditions are not typical of the local climatic zone
but recur increasingly, which points to the need to pay attention to and prepare to adapt to
climate change (Figure 2).

Regarding the significance of the plant species and their mixtures in our experiment
on the amount of WEOC in the soil, the third-year data show even more minor differences
between the study treatments. Still, we could single out alfalfa, tall oat grass, and a mixture
of these grasses as the leaders. Although the root measurements were made only in the
second year of plant growth (Figures 5 and 6), it is likely that the roots’ mass and length of
these plants also tended to increase further to the greatest extent. The roots of these plants
possess biological properties that enable them to penetrate the deeper layers of the soil
more effectively while also providing a greater surface area for exudation [61].
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Figure 5. Roots’ biomass of different perennial plants and their mixtures at 0–0.1, 0.1–0.2, and
0.2–0.3 m soil depth at the end of the second growth year. O—tall oat grass, T—timothy grass,
A—alfalfa, C—red clover, C + T—red clover + timothy grass, A + O—alfalfa + tall oat grass. Note.
Significant differences in root biomass (g m−2) among various perennial plant species and their
mixtures are shown at p ≤ 0.05 using letters; error bars are shown as the standard error (SE) of
the mean.
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Figure 6. Roots’ length of different perennial plants and their mixtures at 0–0.1, 0.1–0.2, and 0.2–0.3 m
soil depth at the end of the second growth year. O—tall oat grass, T—timothy grass, A—alfalfa,
C—red clover, C + T—red clover + timothy grass, A + O—alfalfa + tall oat grass. Note. Significant
differences in root length (m m−2) among various perennial plant species and their mixtures are
shown at p ≤ 0.05 using letters; error bars are shown as the standard error (SE) of the mean.

3.3. Roots Biomass and Length

Of all the studied treatments, the highest root biomass was determined in the upper
0–0.1 m soil layer, regardless of the plant species or the composition of the mixture. It
represented 57.6–83.3% of the total mass in the 0–0.3 m soil layer (Figure 5). These data
correspond to previous studies conducted in the same climatic zone, which indicate that the
tremendous mass of roots is concentrated in the upper soil layer, where the most intensive
nutrient turnover, water supply, etc., occur [62–64]. It appears that the combination of these
conditions in the upper layer of soil was beneficial for the root development of all plants,
with no statistically significant differences (p = 0.25) found among the treatments under
study. The average root biomass content at this depth ranged from 127 g m−2 in timothy
grass to 377 g m−2 in alfalfa swards.

Still, statistically significant differences between the study treatments were found in
other soil layers (0.1–0.2; 0.2–0.3 m), representing p-values of 0.0002 and 0.0018, respectively.
Although the mass of roots found at these depths is lower than in the upper layer, regardless
of the plant species or their mixture, the importance of organic matter transferred here
for the soil’s carbon sequestration potential is higher. According to articles published by
other researchers, it provides long-term storage due to its excellent subsoil stability, lower
temperature, and lower disturbance without intensive soil management, which results in
the slower decomposition of organic matter [65,66].

The highest amount of root biomass at both discussed depths was found in alfalfa (209
and 68.7 g m−2) and alfalfa–tall oat grass mixture plots (97.3 and 69.2 g m−2) (Figure 5).
Our findings support the conclusions of previous studies, which found that in legume
swards with higher aboveground biomass, the root biomass is also greater and surpasses
the root biomass of grasses. These differences are likely caused by larger root diameters at
all soil depths, other biological characteristics of legumes (such as mycorrhizae), and soil
characteristics [61,67,68].

The presence of roots significantly contributes to forming SOC through various mech-
anisms. These include root decomposition, which introduces root nutrients into the soil
and increases SOC and total soil nitrogen [69]; root exudates as mediators of SOC input
and stabilization supporting long-term SOC sequestration; and creating favorable condi-
tions for the prospering of microbial communities in the soil ecosystem [70]. Therefore,
research on various plant root systems and their mixtures is necessary to understand
the interspecific differences better and the possibilities of application in agricultural and
environmental practice.
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In our study, we also measured the length of the roots of the investigated plants and
their distribution at 0–0.1, 0.1–0.2, and 0.2–0.3 m soil depths (Figure 6). The highest average
root length in all soil depths was found in tall oat grass swards, ranging from 1952 to
9063 m m−2. The research conducted thus far has revealed that the tall oat grass fibrous
root system plays a significant role in its ecological adaptation and competitiveness. This is
evident in the vertical distribution of root mass in both mono-crops and communities with
other plants. This characteristic is particularly heightened under unfavorable environmen-
tal conditions such as drought [71,72]. Although the total root length in the mixture with
alfalfa at a soil depth of 0–0.3 m was lower, it was still significantly higher than under the
mono-component alfalfa sward. A similar positive trend can also be seen when measuring
the root length of the red clover and timothy mixture.

However, at the soil depth of 0.2–0.3 m, statistically significant differences between the
research treatments were not found, while in other layers, these differences were strongly
represented (p < 0.001; p = 0.002). These results also support the claims that most perennial
grass roots are concentrated in the upper soil layer [62]. In the top 0–0.1 m layer, plots under
red clover and alfalfa had the most petite root length, 1205 and 1386 m m−2, respectively.
These values of the analyzed indicator were influenced by the biological features of the
taproot of leguminous plants, which are characterized by a large main root with a smaller
number of branches in the upper part [67].

Plant root length is often noted as positively affecting the entire soil ecosystem. Some
research has shown that grass species with extraordinary root lengths contribute more to
resistance to soil erosion by improving aggregate stability through root nets and secretions
acting as soil binders [68,71,73]. These species can also improve the soil’s physical charac-
teristics, such as reducing compaction, enhancing water-holding capacity, and increasing
microbial activity, which can increase carbon storage potential [74].

3.4. Root Carbon-to-Nitrogen Ratio

For long-time carbon sequestration in the soil, organic matter quality plays a significant
role. The C/N ratio of roots and other residues is one of the most crucial indicators of this
feature. SOC immobilization could be predicted when residues have a C/N ratio > 30,
while residues with a C/N ratio < 20 often lead to SOC mineralization and loss due to CO2
emissions, leaching, etc. [75].

Our study determined the C/N ratio in live root samples. According to other studies,
this ratio can be considered the residual roots’ C/N ratio since there is no significant
difference between these two ratios [76].

Generally, at a depth of 0–0.3 m, the highest average C/N ratio, 45.5, was in the roots
under timothy grass and a lower but still high 38.2 under tall oat grass swards (Table 3). The
organic matter with higher C/N values, as mentioned above, is favorable for soil carbon
storage. This value was lower for the roots of leguminous plants and mixtures with them
and ranged from 22.1 to 31.3. Significant differences (p = 0.0009) in root carbon content
were also seen. The highest carbon content was found in the roots of grasses: timothy
grass—466 g kg−1 and tall oat grass—454 g kg−1. The lowest mean C values were found in
the roots of the alfalfa and tall oat grass mixture—445 g kg−1 and alfalfa—447 g kg−1.

Despite this, the C/N ratios of the deepest studied soil layer, 0.2–0.3 m, which is
presumably more significant for long-term carbon accumulation in the soil [66], were
just 20.5–31.8. Only the timothy grass roots showed a statistically significant difference
(p = 0.004). However, the mass and length of these roots were the smallest of all the
investigated treatments (Figures 5 and 6). Considering all the indicators, it is unlikely that
there will be a notable accumulation of carbon in the deeper soil layers under timothy grass
swards. Further detailed studies should confirm or decline this conclusion because it is
known that as roots age, their C/N ratio tends to increase [77].
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Table 3. Carbon and nitrogen content, as well as the C/N ratio in the roots of different perennial
plants and their mixtures at depths of 0–0.1 m, 0.1–0.2 m, 0.2–0.3 m, and 0–0.3 m, after 2 years
of cultivation.

Depth 0–0.1 m 0.1–0.2 m 0.2–0.3 m 0–30 m Average

Mean ±SE Mean ±SE Mean ±SE Mean ±SE

C (g kg−1)
Tall oat grass 449 ab 3.56 454 abc 2.79 459 b 1.90 454 bc 2.88
Timothy grass 449 ab 4.86 467 ab 10.2 483 a 2.90 466 a 9.64
Alfalfa 438 b 0.68 446 bc 6.56 456 b 2.03 447 bc 5.22
Red clover 455 a 10.5 454 abc 8.18 465 b 5.82 458 ab 3.48
Red clover + Timothy grass 454 a 2.68 468 a 6.25 477 a 5.49 467 a 7.48
Alfalfa + Tall oat grass 442 ab 1.33 437 c 4.23 457 b 3.87 446 c 5.80

N (g kg−1)
Tall oat grass 7.36 d 0.42 14.8 b 2.19 22.0 a 1.63 14.7 bc 4.24
Timothy grass 6.88 d 0.66 12.2 b 0.48 15.2 b 0.71 11.4 c 2.44
Alfalfa 15.0 b 0.76 15.8 ab 3.48 20.9 a 1.82 17.2 ab 1.86
Red clover 18.3 a 1.22 22.3 a 1.80 22.9 a 1.65 21.1 a 1.43
Red clover + Timothy grass 11.4 c 1.65 17.4 ab 2.24 19.4 ab 1.28 16.1 b 2.42
Alfalfa + Tall oat grass 15.1 ab 1.24 17.7 ab 1.66 20.6 a 1.47 17.8 ab 1.60

C/N ratio
Tall oat grass 61.4 a 3.20 32.2 ab 4.96 21.1 b 1.69 38.2 ab 12.0
Timothy grass 66.4 a 6.05 38.4 a 1.05 31.8 a 1.62 45.5 a 10.6
Alfalfa 29.4 c 1.51 30.6 abc 5.21 22.2 b 1.89 27.4 bc 2.65
Red clover 25.2 c 2.27 20.6 c 1.36 20.5 b 1.15 22.1 c 1.53
Red clover + Timothy grass 41.4 b 5.38 27.7 abc 3.33 24.9 b 1.78 31.3 bc 5.10
Alfalfa + Tall oat grass 29.8 bc 2.60 25.2 bc 2.53 22.4 b 1.61 25.8 c 2.15

Significant carbon, nitrogen content, and C/N ratio differences among various perennial plant species and their
mixtures swards are shown at p ≤ 0.05 using letters.

3.5. Correlation of SOC and WEOC

Carbon accumulation in the soil is influenced by numerous factors that are not always
easy to determine. Based on the research data we received, we calculated correlations to
determine which of the studied indicators had a higher influence on SOC accumulation
(Table 4). Significant correlations were found between root biomass and SOC at 0.2–0.3 m
depth and WEOC at 0.1–0.2 m depth. No correlation was found between other indicators.
The C/N case tended to have a negative correlation, which was also insignificant and may
indicate a higher carbon accumulation in the roots than in the soil.

Table 4. Correlation coefficients between root biomass, length, root C/N of different perennial plants
and their mixtures and SOC, WEOC.

SOC WEOC

Depth r p r p

Root biomass 0–0.1 m 0.36 0.13 0.15 0.55
0.1–0.2 m 0.08 0.76 0.46 * 0.05 *
0.2–0.3 m 0.57 * 0.01 * 0.29 0.24

Root length 0–0.1 m 0.07 0.80 0.28 0.27
0.1–0.2 m 0.18 0.48 0.44 0.07
0.2–0.3 m 0.40 0.10 −0.27 0.28

Root C/N 0–0.1 m −0.39 0.11 −0.18 0.47
0.1–0.2 m −0.06 0.83 0.17 0.49
0.2–0.3 m −0.28 0.26 −0.13 0.60

Values given are the Pearson correlation coefficient r and the probability of error p. * Significant correlations
(p ≤ 0.05).



Sustainability 2024, 16, 6037 13 of 16

Root studies require thorough work, because of replicates showing varying root
amounts affecting chemical and physical indicators. Based on the data in this study, it is
clear that there were only minor changes in SOC and WEOC during the first three years of
perennial plant growth. However, these data provide valuable insights for future research
on integrating these plants into land use practices to promote sustainable agriculture.

4. Conclusions

After analyzing the research data, we have to look back at the question presented at
the beginning of the experiment: do differences emerge within 3 years of cultivation that
could be used to select perennial plant species with the most significant positive effect on
soil carbon accumulation through crop diversification?

After three years, the SOC content increased in all the study areas occupied by plants.
The highest increase was found in the soil under mixtures consisting of legume and grass.
The amount of WEOC in soil varied annually and was likely influenced more by climatic
conditions than plant species, but in almost all cases, it was higher under the swards than
in fallow plots. The correlation analysis between all the investigated indicators showed
that the root biomass had the greatest influence on SOC accumulation.

Recently, there has been increasing talk of incorporating perennials into intensive
farming rotations, and according to our research, selecting a combination of at least two
plants, such as legumes and grasses, and with potentially higher root biomass is possibly a
more effective option for enriching the soil with carbon compounds in a short period. Still,
perennial plants might be cultivated in the field for more than three years to contribute
significantly to the organic matter in the soil and to maintain it, so research on different
plant combinations that would support better results in various climate conditions should
also continue.

We believe the data we obtained are valuable for understanding the speed of processes
in the soil after changes in management practices, even if the three-year period is only
the first step towards increasing SOC and one of the ways to support the sustainability of
agricultural land.
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