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Abstract: To prevent the degradation of light-textured soils, it is advisable to use them for grasslands.
These soil management systems help with the faster accumulation of soil organic carbon (SOC),
thereby improving the soil’s properties and reducing carbon emissions from agricultural land. In this
experiment, we studied the distribution of multi-component perennial grass roots in the Arenosol
profile and their impact on SOC sequestration in temperate climate zones. Our research aimed to
identify differences in root biomass at depths of 0-15 cm, 15-30 cm, and 30-50 cm and to assess their
correlation with SOC and dissolved organic carbon (DOC) in the soil. The roots, shoots, and soil
samples of fertilized and unfertilized grasslands were collected at the flowering stage and after the
final grass harvest two years in a row. Our findings revealed that, in sandy loam Arenosol rich in
stones, 12.4-15.9 Mg ha~! of root biomass was accumulated at 0-50 cm of soil depth. The application
of NPK fertilizers did not significantly affect grass root biomass, but significantly affected shoot
biomass. Most roots (84-88%) were concentrated in the 0-15 cm layer. On average, 5.10-6.62 Mg ha~!
of organic carbon (OC) was stored in the roots of perennial grasses within 0-50 cm of soil depth. We
found that the SOC content in the 0-50 cm soil layer correlated more strongly (r = 0.62, p < 0.001) with
C accumulated in the roots of the corresponding layer than with shoot biomass (r = 0.41, p = 0.04).
However, a significant correlation was found between DOC and shoot biomass (r = 0.68, p < 0.001)
and between DOC and the biomass of residues (r = 0.71, p < 0.001), explaining the significant increase
in DOC in the 30-50 cm soil layer and indicating the leaching of mobile soil organic matter (SOM)
substances from the above-ground biomass using fertilizers.

Keywords: Arenosol; carbon; nitrogen; leaching

1. Introduction

The sustainable development strategy encompasses various goals and varying priori-
ties depending on each country’s specific problems. However, in all countries, one of the
most crucial objectives is to mitigate climate change and ensure the sustainable develop-
ment of ecosystems. Soil is the most vital component of the terrestrial ecosystem, providing
numerous ecosystem services such as maintaining water quality and plant productivity,
regulating soil nutrient recycling and decomposition, and sequestering greenhouse gases
from the atmosphere [1-3]. However, the increasing human population necessitates more
food production, intensifying agricultural soil use. This can result in soil degradation,
as agrotechnical practices often disrupt the ecological balance found in natural ecosys-
tems [4-7].

Although low-productivity soils are susceptible to human impact, they are also used
for agricultural production. To stabilize or improve their properties and prevent degrada-
tion, it is recommended to use forest and grassland [8,9]. These soil management systems
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have a faster accumulation of SOC, enhancing the soil’s physical, chemical, and microbio-
logical properties and reducing carbon emissions from agricultural land. Reference [10]
claims that root biomass and length are greater in perennial grasslands compared to annual
crops, and they are an important factor in maintaining the productivity and soil quality
of perennial grasslands without significant costs. Plant residues and roots contribute to
the accumulation of surface OC and increases in soil quality. Agricultural soils benefit
from reintroducing perennial grasses into the landscape, regaining soil organic matter and
strengthening their capacity for long-term productivity and environmental resiliency [11].
The productivity of grassland is not constant; it fluctuates due to various factors, including
soil quality, dominant perennial grass species, meteorological conditions, fertilization, and
land use [12,13].

It is important to note that the positive effect of grassland on carbon sequestration is
inconsistent across all regions [14-16]. Studies conducted in the temperate zone of Latvia on
various soils did not confirm differences in carbon accumulation between arable land use
and grassland. The research authors attributed these results to the dynamic changes in land
use over the past decades and the significant impact of extensively cultivated arable land
on carbon accumulation rates [17]. Also, scientific publications widely discuss the effects
of different agricultural practices on developing grasses” above-ground and underground
biomass, as well as their soil properties. In reference [18], grassland management regimes
affected grass production and species composition.

Regarding mineral nitrogen fertilization, it decreases the presence of legumes and
herbs. These changes in above-ground plant biomass and botanical composition also
affect root distribution and morphometric parameters. Long-term grassland fertilization
experiments conducted in Germany and the Netherlands found that fertilization signifi-
cantly positively affected SOC stocks [19]. Annual sequestration rates ranged from 0.13 to
0.37 Mg ha~! yr~! depending on the fertilization. However, it has also been demonstrated
that the mass of grass roots is not influenced by applied fertilization [19]. According
to the research, the increase in SOC in grasslands cannot be attributed only to altered
below-ground carbon inputs or decomposition rates, as the carbon stocks in the roots
were unaffected by fertilization and potential litter decomposition remained unchanged.
Nevertheless, fertilization resulted in lower ranges of root carbon to nitrogen ratios in the
treated areas. This lower range may have increased microbial carbon use efficiency, leading
to higher carbon sequestration rates per unit of carbon entering the soil.

Plants with higher root biomass have been found to have a more significant effect
on SOC sequestration, but this also depends on root properties. Roots with the lowest
lignin and cellulose contents and the highest nitrogen content have a higher rate of de-
composition [20]. The important influence of root lignin on SOC sequestration has also
been noted in publications by other authors [21,22]. Additionally, SOC sequestration is
affected by soil texture, particularly the amount of clay and silt particles, which account
for over 90% of the total soil content [23]. According to a study conducted in Great Britain
by Ward [24], significant amounts of carbon in subsurface soil are below 30 cm, which is
not accounted for in standard carbon inventories. Additional research also suggests that
soil organic carbon stored in grasslands at depths below 30 cm may not be significantly
affected by management changes over extended periods, thus contributing to soil carbon
conservation [25].

We conducted an experiment to indicate the locations of multi-component perennial
grass roots in the Arenosol profile and their impact on SOC sequestration. The research
aimed to (1) determine differences in root mass distribution in the 0-15, 15-30, and 30-50 cm
layers; (2) evaluate the influence of mineral fertilizers on root biomass; (3) measure the
accumulation of OC in the roots and assess its correlation with SOC in the soil; and
(4) estimate the above-ground effect of plant residues on SOC accumulation. We believe
that the results of our research will be useful and help to further develop the concept of the
effect of perennial grasses on soil properties, especially carbon sequestration in soil.
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2. Materials and Methods
2.1. Study Object and Experimental Site

The study was carried out as a long-term experiment (since 1995) in which the influence
of different land uses on Arenosol properties was studied. This paper examines only
the data of grassland research linked to its productivity and the formation of plant root
biomass in the soil profile. The experimental field is located in the LAMMC Voke Branch,
Vilnius, Lithuania (54°33/49.8" N, 25°05'12.9" E), classified as a temperate climate zone. This
region is characterized by a moderate climate, with a mean long-term (1991-2020) annual
precipitation of 678 mm and an annual mean air temperature of 7.2 °C (the standard climate
norm—SCN) [26]. The soil is classified as Endocalcaric Arenosol formed on fluvioglacial
deposits, with the following profile: Ah-AB-B1-B2-2Cx1-2C«x2 [27]. Carbonates were
identified at a depth of 80-100 cm. The soil texture characteristics are presented in Table 1.
The number of coarse particles (>2000 pm) in the upper depth of 0-15 cm was 15.2-17.6% of
the soil mass; at 15-30 cm, it slightly increased to 18.6-20.1%; and it significantly increased
in the 30-50 cm layer.

Table 1. Arenosol A horizon (0-20 cm) and AB horizon texture (%) and coarse particles (>2000 pum).
content.

A Horizon (0-20 cm)

AB Horizon (28-42 cm) Soil Coarse Particles (>2000 um),

Land Use % from Soil Mass
Sand Silt Clay Sand Silt Clay
2000-63 um  63-2um  <2um  2000-63 um  63-2um <2um O oem  1530cem  30-50 cm
Grassland
unfertilized 81.0 13.7 53 88.0 6.1 59 15.2 20.1 35.1
(GRunf)
Grassland
fertilized (GR) 83.7 11.8 45 90.2 3.5 6.3 17.6 18.6 229
At the start of the experiment (1995), in the topsoil (028 cm), pHkc| was 6.8, plant-
available phosphorus was 177 mg P,Os kg !, plant-available potassium was 174 mg K,O
kg1, and OC was 9.9 g kg~ !. After 27 years, the soil’s acidity increased to pHgc; 5.9-6.1,
which was associated with plant uptake and removal of calcium and magnesium from
the soil with plant yield and leaching of these elements from the upper soil layer. The
soil was saturated with exchangeable cations (Ca®*; Mg?*) because the layer of carbonate
rock started at 80 cm depth. In the unfertilized site, during the research period, avail-
able phosphorus and potassium in the soil decreased accordingly by 100 mg P,Os kg !
and 104 K,O kg’l, while in the fertilized site, using balanced fertilization, the available
phosphorus increased from 177 to 208 mg P,Os kg~! and the concentration of potassium
changed insignificantly. In the GRf site, the accumulation of Corg significantly increased in
the Ah horizon (Table 2).
Table 2. Arenosol Ah horizon properties.
Available Available Exchangeable Bulk Densit
Treatment Years pHkcr P05 K,O Ca+ Mg SOC g kg1 v Es Sty
1 -1 Z1r tm
mg kg mg kg mekv kg
Grassland 1995 6.8 £ 0.08 177 £ 4.9 174 £ 4.7 n.d. 9.9 £0.08 1.41 +£0.02
unfertilized 2022 6.2 £0.26 71+3.7 80 +28 1225+ 15 10.5 £ 0.16 1.37 £ 0.02
Grassland 1995 6.8+ 0.08 177 + 4.9 174 + 47 nd. 99+£008  145+0.02
fertilized 2022 5.5+ 0.50 208 + 12 168 £ 12.8 924 + 44 114+ 0.12 1.32 £ 0.05

Note. In 1995, exchangeable cations were not determined.
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At the grassland sites (each 200 m?), a grass-legume mixture was grown. In 1995-2006,
it included 40% alfalfa (Medicago sativa L.) and 4 species of grasses: 20% red fescue (Festuca
rubra L.), 20% bromegrass (Bromus inermis Leyss.), 10% cock’s-foot grass (Dactylis glomerata
L.), and 10% meadowgrass (Poa pratensis L.). During the experiment period (1995-2023),
in 2007 and 2015, they were resown to ensure the grasses” productivity. The same grass
mixture was grown in 2007-2023, and only in 2007 was cock’s-foot replaced by timothy
(Phleum pratense L.). The grass was fertilized with Ngg + 30 PggKipg at the fertilized site.
Nitrogen (Ngp), phosphorus (Pgg), and potassium (Kjy) fertilizers were applied at the
beginning of grass vegetation (the last ten days of March to the first ten days of April). The
grass was fertilized for the second time with nitrogen fertilizer (N3p) after the first grass
cutting (during the first ten days of July). During the vegetation period, these grasses were
cut twice or three times. The first grass-cutting was performed during the flowering phase
of alfalfa (in the first ten days of July). The second cutting was performed in the first ten
days of September. With a more extended and rainy vegetation period, the grass was cut
three times—in the third ten days of June, the second ten days of August, and the first ten
days of October. The biomass was removed from the experiment area every time.

2.2. Meteorological Conditions in 2022-2023

In Lithuania, plant vegetation begins in March and continues until November, when
the air temperature drops below +5.0 °C. According to SCN, the average monthly air
temperature in the summer is 16.3-18.5 °C, and the average rainfall is 65-92 mm (Table 3).
The least precipitation (41-48 mm) falls in the cold period of the year (January, February,
March). The average monthly air temperature in winter varies from —2.0 °C in December
to —3.9 °C; there are often thaws. A flushing type of soil moisture regime characterizes
Lithuania. Rainfall-runoff varies from 0.3 to 0.2 in different regions of Lithuania [28].

Table 3. Air temperature and precipitation in 2022-2023.

Precipitation (mm) Temperature (°C)
Month Year Deviation from SCN % Year Deviation from SCN + °C

2022 2023 2022 2023 SCN 2022 2023 2022 2023 SEN
January 63.0 75.2 131 151 48 -1.3 —0.1 5.9 3.6 -3.7
February 474 329 113 78 42 0.4 -1.0 35 2.1 =31
Marth 1.2 43.1 3 105 41 14 2.5 0.7 1.8 0.7
April 50.9 32.2 118 75 43 5.5 8.1 -1.9 1.0 74
May 92.0 31.0 164 55 56 10.8 12.8 2.1 —-0.1 12.9
June 129.4 35.6 199 75 65 17.8 17.5 1.5 1.2 16.3
July 113.3 55.4 123 60 92 17.7 18.1 —0.8 —04 18.5
August 56.0 123.3 74 162 76 20.7 20.1 3.1 2.5 17.6
September 40.5 244 71 43 57 10.3 16.5 —-2.3 3.9 12.6

October 479 113.2 80 189 60 9.1 77 2.3 0.9 6.8

November 65.0 38.1 53 97 47 23 1.8 0.4 —0.1 1.9
December 93.0 61.9 120 121 51 —24 —-0.2 0.6 1.8 —-2.0

In 2022, the vegetation period of the grasses was especially rainy; precipitation ex-
ceeded SCN by 118-199% in May-July. But from August to November, dry weather
prevailed, and the precipitation comprised only 53-74% of the SCN. The air temperature in
almost all months (except April, May, July, and September) exceeded the SCN (+0.4-5.9 °C).
At the beginning of the vegetation period in 2023, the precipitation was 25-45% lower than
SCN; only in August did abundant precipitation fall (162% of SCN). October was also rainy
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(189% SCN). As in 2022, the average air temperature of each month exceeded the SCN
(+0.9-3.9 °C), except for May, July, and November.

2.3. Plant Shoot and Root Sampling

The biomass yield of the above-ground part of the plants was determined at each
harvest. The botanical composition of the grass mixture (grasses, alfalfa, herbs) was
determined after the first and second harvest. Before root collection, above-ground green
mass (g m~2) and grass residue (g m~2) were recorded at the selected location. Grass
root samples were taken with cores 0.085 m in diameter and 0-0.50 m in length (volume
3925 cm3) from three soil layers (0-0.15 m, 0.15-0.30 m and 0.30-0.50 m) at the flowering
stage of the grass (end of June) and after the last grass harvest in 2022 and 2023. All samples
(plant, root, and soil) were taken in three replicates from the unfertilized and NPK fertilized
plots. The collected samples were tightly packed into plastic bags and stored in a freezer at
+5 °C until analysis. Before analysis, soil samples with roots were carefully washed with
water using 2.0 mm, 0.50 mm, and 0.25 mm sieves. Root samples were dried in an air flow
oven for 48 h at 60 °C [29]. After separating the roots, a soil sample was taken for moisture
determination, and the masses of coarse particles and stones were weighed. These data
were used to recalculate the root mass per t ha~! of dry soil [30].

2.4. Chemical Analysis

Soil chemical properties were determined as follows: the soil pHgc; was measured
using the ISO 10390:2005 potentiometric method (1:5); plant-available P,Os and K,O were
extracted using 0.03 M ammonium lactate (Egner-Riehm-Domingo A-L method); the
amount of exchangeable cations (Ca?*, Mg?*) was measured using atomic absorption spec-
trometry with an AAnalyst 200 instrument (Perkin Elmer, Waltham, MA, USA). Before the
analysis, a wet digestion process with sulfuric acid was performed. The instrument utilized
an air-acetylene flame and a hollow cathode lamp for the atomic absorption spectrometry
measurements [31]. SOC was determined by the Nikitin modified Tyurin dichromate oxi-
dation method using wet combustion at 160 °C. SOC measurement was performed using a
spectrophotometer at a wavelength of 590 nm, with glucose as a standard [32]. The DOC
analysis procedure was performed according to the methodology guided by the San++
Continuous Flow Ion Analyzer (SKALAR, The Nederlands) using CsH5KOy as a standard.
The sieved soil was poured with 0.025 mol L~! solution of K;SOy; the prepared extract was
filtered through a 0.45 pm PTFE filter; then, the automated measurement procedure, which
is based on the IR detection method following UV-catalyzed persulfate oxidation under
nitrogen, was performed [33]. Soil bulk density was determined using the Core method,
which involves pressing a metal ring into the soil (intact core) and determining its weight
after drying [34].

The amount of C in plants (g kg~!) was determined by the Nikitin-modified Tyurin
dichromate oxidation method, and total N (g kg~!) by the Kjeldal method, which in-
volved a spectrophotometric measurement at 655 nm. The C:N ratio was calculated as the
relationship between C (g kg~!) and nitrogen content (N g kg~ !) in the plants’ biomass.

2.5. Statistical Analysis

All data were analyzed using SAS Enterprise software, version 7.1 (SAS Institute Inc.,
Cary, NC, USA). The differences between the experimental treatments were tested using
one-way and two-way analysis of variance (ANOVA). The significance of differences was
set if the probability level was lower than or equal to 0.05. The linear regression analysis
revealed the relationship between root biomass C, SOC, and DOC concentration in the soil.
Duncan’s post hoc test was used to carry out multiple comparisons.
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3. Results
3.1. Above-Ground Biomass and C and N Accumulation of Perennial Grasses

Under the climatic conditions of Lithuania (temperate climate zone), harvesting the
perennial grassland two to three times is possible. The number of cuts is usually linked
to precipitation during the growing season. If there is a sufficient amount (40-70 mm per
month), three cuts of above-ground biomass can be made in perennial grassland. During the
research period, the average annual DM yield of grass biomass in the fertilized treatment
at the GRf site was 1084 g DM m~2 (Table 4). Without fertilization, the grass yield was
reduced by two times due to the lack of nutritional elements in the sandy soil (p < 0.05).
The above-ground grass biomass yield did not correlate with biomass of plant roots in the
0-50 cm layer, and only shoot biomass was significantly increased by fertilization (Table 5).

Table 4. Above-ground biomass yield of perennial grasses. Average data for 2022-2023.

Above-Ground

Plant Residues on the All Above-Ground Amount of Plant

Treatment Biomass Soil Surface Biomass of Plants g Residues from Total
g DM m~2 g DM m~2 DM m—2 Biomass, %

Grassland unfertilized 374 a 133 a 507 a 28.7

Grassland fertilized 892 b 193 b 1085 b 17.4

Note. Lowercase letters indicate significant differences (p < 0.05) between the treatments.

Table 5. Pearson correlation coefficients of root biomass and residue biomass with SOC and DOC
concentrations in soil.

Root Biomass Root Biomass Corg in Roots

Residue Biomass tha-1 tha-1 gkg1

0-50 cm Depth tha™t 0-15 cm Depth 0-50 cm Depth 0-50 cm Depth
Root biomass, t ha™1, r=—0.064 r=0.120 - r=0.977 r=0.946
at 0-15 cm depth p=0.767 p=0.577 - p < 0.001 p <0.001
Root biomass, t ha™1, r=—0.054 r=0.181 r=0.977 - r=0.967
at 0-50 cm depth p =0.804 p =039 p <0.001 p <0.001
Shoot biomass, r=0414 r=0.476 r=—0.082 r=-0.018 r=0.086
tha™! p =0.044 p=0.019 p=0.703 p=0.932 p=0.691
SOC, g kg‘l, r =0.856 r=20.730 r=—0.064 r=—0.054 r=0.023
at 0-15 cm depth p <0.001 p <0.001 p=0767 p=0.804 p=0914
SOC, g kg1, r=0.729 r = —0.064 r=—0.054 r=0.616
at 0-50 cm depth p <0.001 p=0767 p = 0.804 p <0.001
DOC, g kgfl, r=0.856 r=0.714 r =0.062 r=0.115 r=0.196
at 0-15 cm depth p <0.001 p < 0.001 p=0775 p=0.591 p=0.359

For fodder production, the above-ground part of the plants was cut, but the leaves close
to the ground surface remained on the surface. They were later mineralized, replenishing
the reserves of carbon and other elements in the soil. On average, after the last grass harvest
(the last ten days of September), 133 g DM m~2 of residues in the GRunf site remained on
the soil surface. At the fertilized site, it was significantly more, reaching 193 g DM m 2
(p < 0.05). However, it should be noted that relatively more grass residue (28.7% of the total
above-ground biomass) remains in the GRunf site compared to the GRf (17.4%). Without
fertilizers, the grasses do not grow high in the sandy soil and there are more different herbs,
which results in more grass residues being found on the surface after harvesting. The
remaining residues of grass contained significant concentrations of CO (385-425 g kg™ ?)
and N (3.68-5.86 g kg’l), and, depending on the amount of residue, accumulated an
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average of 415-1000 kg ha~! C and 3.04-14.7 kg ha—! N in total (Table 6). A higher C:N
ratio in the residues of grasses in the unfertilized grassland was observed, while it was
lower in the fertilized grassland and more favorable to microbial decomposition. After
biomass mineralization, these elements can supplement C and N accumulation in the soils.

Table 6. The yield and C and N contents of remaining grass residues after the last cut.

Yield of Remaining Residues Corg. N C:N of Remaining
Treatment o) .
g DM m gkg1 kg ha—1 gkg1 kgha—1 Grass Biomass
Grassland unfertilized 133 a 385 +23.8 415a 3.68 £0.74 3.04a 105
Grassland fertilized 193 b 425+51.2 1000Db 5.86 £ 0.57 14.7Db 725

Note. Lowercase letters indicate significant differences (p < 0.05) between the treatments.

3.2. Root Biomass, C, and N of Perennial Grasses at Different Depths of Soil

Arenosols formed by fluvioglacial deposits are characterized by a significant amount
of stone throughout the profile, which increases in the lower layers of soils. The stoniness
values (coarse particles (>2000 um) of the soil horizons in the 0-15 cm layer were, on average,
15.2-17.7%; in the 15-30 cm layer, 18.6-20.1%; and in the 30-50 cm layer, 22.9-35.2%. These
data are essential for calculating the root mass in the soil profile, expressed as Mg ha ™1,
which also affects the agronomic processes and C sequestration.

According to research data, the grasses formed a rich root system only in the upper layer
of Arenosol (Table 7). In the upper 0-15 cm layer, root biomass reached 10.9-13.2 Mg ha—!.In
the 15-30 cm depth, the amount of roots drastically decreased to 1.14-1.51 Mg ha~!. This
value was the lowest in the 30-50 cm depth, reaching only 0.38-1.06 Mg ha~! (Table 7). This
shows that the main root biomass (84-88% of the total root biomass found in the 0-50 cm
depth) formed in the upper 0-15 cm layer. At a depth of 15-30 cm, the amount decreased
significantly to 9-10% of the total biomass, and to 3-7% at 30-50 cm of depth.

Table 7. The biomass of perennial grass roots (Mg DM ha—1) at different soil depths (averaged data
of 2022-2023).

Root Biomass Mg DM ha~1

Treatment
0-50 cm 0-15 cm 15-30 cm 30-50 cm
Grassland unfertilized 124+ 6.04a 109 +542aA 1.144+070aB 0.38 £0.27 aB
Grassland fertilized 158 +£542b 132 +508bA 1514+0.73bB 1.06 & 0.64 bB

Note. Mean =+ average deviation. Lowercase letters indicate significant differences (p < 0.05) between the
treatments, and capital letters indicate significant differences (p < 0.05) between the soil depths.

The grassland consisted of four species of cereal grasses with an abundant root system,
with thin roots located in the top layer of soil, as well as hybrid lucerne, with a deep tap
root system. Alfalfa roots introduced into the soil sample significantly increased the mass
of roots in all layers, which led to significant differences in the mass of root samples in
different replicates and an increase in statistical error.

The botanical composition of the grassland was significantly impacted by the fertiliza-
tion level. In the unfertilized grassland, alfalfa plants accounted for an average of 13.0% of
all plants (p < 0.05), and a high percentage of various herbs (7.9%) was observed. Unfertil-
ized grassland in Arenosol was characterized by rare herb species and a more diverse plant
species composition (Table 8). In the NPK-fertilized grassland, there were significantly
lower amounts of alfalfa plants (1.7%, p < 0.05) and forbs, but nitrogen fertilizers promoted
the development of cereal grasses, especially aggressive species such as bromegrass (Bromus
inermis Leyss), which suppressed the growth of other plants.
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Table 8. Botanical composition of the grasslands.
Composition of Plants (% of Dry Matter Yield)
Treatment Grasses Medicago sativa L. Herbs
Mean SE Mean SE Mean SE
Grassland unfertilized 79.1a 13.4 13.0b 491 790Db 8.51
Grassland fertilized 98.1b 1.56 1.70 a 1.68 020a 0.27

Note. Lowercase letters indicate significant differences (p < 0.05) between the treatments.

After chemical analyses of the roots were performed, it was found that the amount of
C varied from 402 to 422 g C kg~ " in the flowering stage of grasses and from 421 to 427 g
C kg~ ! at the end of the grass vegetation (Figure 1). N varied from 6.44 to 7.67 g N kg !
and from 5,71 to 6.38 g N kg !, respectively (Figure 2). No significant differences in C and
N content in roots, depending on fertilization and root location in the soil profile, were
found. Only in the grass roots of the first cutting in the 0-15 cm layer was the amount of
C significantly lower (p < 0.05) compared to other depths, and in the roots of the second
cutting in the 0-15 cm layer, the amount of N was also significantly lower.

Factor 1 - Fertilizing Factor 2 - soil depth
460
430 4222a 4214, 440A
420.6 440
2%3 i 419ab
® 420
— 415 - 400A
50 410
a0 405 402a e 380b
O 400 380
385 340
Icut Il cut 0-15cm 15-30 cm 30-50 cm
®Grunf ®GRf Sl cut 8l cut

Figure 1. Concentration of C in root biomass. Note. I—plant root mass studies were carried out
during the flowering stage of grasses (the third ten days of June); II—after the last grass cutting (the
third ten days of September). Lowercase letters indicate significant differences (p < 0.05) between
the treatments for the I cut, and capital letters indicate significant differences (p < 0.05) between the
treatments for the II cut.

Factor 1 - Fertilizing Factor 2 - soil depth
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Figure 2. The concentration of N in root biomass. Note. I—plant root mass studies were carried out
during the flowering stage of grasses (the third ten days of June); II—after the last grass cutting (the
third ten days of September). Lowercase letters indicate significant differences (p < 0.05) between
the treatments for the I cut, and capital letters indicate significant differences (p < 0.05) between the
treatments for the II cut.
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The accumulation of C in the roots of perennial grasses depended more on their
biomass, as the differences in C concentration at various depths in the soil profile were
insignificant. Most of the OC—84.9-87.1% of the total amount of OC roots in the 0-50 cm
depth—was accumulated in the roots in the 0-15 cm layer (Figure 3). Below, in the 15-30 cm
layer, its amount significantly decreased to 0.52-0.61 t ha—!, and even less (0.13-0.45t C ha™?)
was accumulated in the roots in the 30-50 cm layer. Long-term fertilization of grasses with
mineral NPK fertilizers positively affected the accumulation of OC in the roots up to a
depth of 30-50 cm (p < 0.05).

0-15cm Ty H35.562b
4.44a
1530 cm g’ 0:614b
B 05252 m GRf  mGRunf

= | 0.447b**
30-50 cm I 0i33a

Soil depth, cm

- 6.621b
050 - S 5 ]00b

0.000000 2.000000 4.000000 6.000000 8.000000
OC Mgha-1

Figure 3. C accumulation in roots of perennial grasses in Arenosol profile. GRunf—grassland
unfertilized; GRf—grassland fertilized. Note. Lowercase letters indicate significant differences
(p < 0.05) between the treatments ** indicates significant differences (p < 0.01).

3.3. SOC Distribution in Different Arenosol Depths

A higher amount of SOC (9.31-12.32 g kg !) in the soil was accumulated at a depth
of 0-15 cm (Table 9). At a depth of 15-30 c¢m, its amount decreased by 29.3-35.9%, and at
30-50 cm, it decreased by 75.9-80.5% (Table 9). The reduction in SOM content at different
depths was significant in both the GRunf and GRf sites. Compared to unfertilized soil,
mineral fertilizers significantly promoted SOC in the 0-15 cm layer (p < 0.05). At other
depths, differences in the OC concentration were insignificant. We found that the SOC
content in the 0-50 cm soil layer correlated more strongly (r = 0.62, p < 0.001) with the
C accumulated in the roots of the corresponding layer than with shoot biomass (r = 0.41,
p = 0.04), but it correlated weakly with the root biomass in the 0-50 cm layer. The remaining
plant materials also had a specific effect on the amount of SOC, during the decomposition
of which various SOM compounds were also formed.

Table 9. SOC content (g kg™!) at the different soil depths.

Soil Depth, cm
Treatment 0-15 cm 15-30 cm 30-50 cm
Mean SE Mean SE Mean SE
Grassland unfertilized 9.31aC 1.65 746 aB 0.27 254b A 0.16
Grassland fertilized 123bC 1.18 756 b B 0.86 224a A 0.73

Note. Lowercase letters indicate differences (p < 0.05) between treatments, and capital letters indicate differences
(p < 0.05) between soil layers within the same treatment.

It was found that, at the 0-15 cm depth, the DOC content was, on average, 0.09-0.13 g kg’1 ;
at 15-30 cm, it decreased to 0.07-0.09 g 1<g_1 ; and at 30-50 cm, the decrease was significant
(p < 0.05). This corresponds to the SOC variation pattern in the Arenosol profile (Table 10).
However, when evaluating the relative amounts of DOC and SOC (DOC/SOC), a significant
increase (p < 0.05) in their amount was seen at the 30-50 cm depth. If the amount of
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DOC in the 0-30 cm depth was 0.94-1.19% of the SOC, then at the 30-50 cm depth, it
reached 1.80-2.24% (p < 0.05) (Figure 4). At all profile depths, the DOC content was
higher in unfertilized soil compared to NPK-fertilized soil, but the increase was statistically
insignificant (p > 0.05). A moderate correlation (r = 0.679, p < 0.001) was found between
DOC and shoot biomass, explaining the significant increase in DOC in the 30-50 cm soil
layer and indicating the leaching of mobile soil organic matter (SOM) substances from the
above-ground biomass using fertilizers.

Table 10. DOC content (g kg~ ') at the different soil depths.

Soil Depth, cm

Treatment 0-15 cm 15-30 cm 30-50 cm
Mean SE Mean SE Mean SE
Grassland unfertilized  0.094 a 0.017 0.070 a 0.008 0.046 b 0.001
Grassland fertilized 0.130b 0.016 0.088 b 0.006 0.045 a 0.006

Note. Lowercase letters indicate differences (p < 0.05) between treatments.

0-15cm R | 04a

& 94a
:i B GRf ® GRunf
E. 15-30 cm. —l.OOanga
& 30.5 ., 2 25b
30-50 cm 1.80b**
0.00 0.50 1.00 1.50 2.00 2.50
Percent

Figure 4. DOC (%) out of total SOC. GRunf—grassland unfertilized; GRf—grassland fertilized.
Note. Lowercase letters indicate significant differences (p < 0.05) between soil layers within the same

treatment, ** indicates significant differences (p < 0.01).

4. Discussion

Sandy soils are characterized by an insufficient amount of nutrients and organic mat-
ter [35]. However, when mineral fertilizers are used, considerable biomass quantities of
perennial grasses can be grown in sandy soils, which are well-suited for fodder produc-
tion [19,36-39]. According to our research, the average annual grass biomass yield in the
fertilized Arenosol reached 892 g m~2, twice as high as in the unfertilized soil. By analyzing
the grass yield data of this long-term experiment [40], it was found that grass productivity
is influenced not only by fertilization, but also by the meteorological conditions of the
vegetation period. Under dry conditions, the productivity of non-fertilized cultivated
grasses decreased by 50.2%, and that of grasses fertilized with NPK fertilizers decreased by
16.9%. In the case of excess rainfall (more than 150 mm), it decreased by 111.0% and 50.4%,
respectively. The maximum productivity of cultivated grasses in Arenosol was obtained
when the amount of precipitation in May and June was close to SKN (115.6 mm): in the fer-
tilized grassland site, the SM yield reached 9.46 t ha~!; in the unfertilized plot, 7.03 t ha=.
The positive effect of mineral fertilizers on grass productivity under dry meteorological
conditions has been described in other scientific publications [41,42]. Still, it should be
noted that mineral nitrogen fertilizers significantly reduce plant species richness and the
abundance of forbs and legumes [43—45]. The data from our experiment also confirms this.
Cereal grass accounted for 98% of fertilized soil and 79% of non-fertilized soil. Especially
in the fertilized grassland, the number of legume plants decreased because they were
overshadowed by tall cereal grasses (Festuca rubra L., Bromus inermis Leyss). Changes in
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the botanical composition of grasses also affected root biomass, as different plant species
have different morphometric parameters [46-49].

After the last harvest of grass biomass, a significant amount of non-green residues
remained on the soil surface (133-193 g DM m~2); they were mineralized in winter and
replenished the SOC accumulation. Even though the decomposition of residues occurs
on the soil surface, over a certain period, the accumulation of SOC in the soil increases
significantly [40]. In the fertilized GRf plot, the amount of residues after the last harvest
was higher than in the unfertilized soil, but the differences were insignificant (p > 0.05).
This difference was because the fertilized soil was dominated by tall cereal grasses, which
leave less residue on the soil surface. In the unfertilized soil, grass residues averaged 29%
of the annual grass biomass yield, and in fertilized soil, 17%. They accumulated 415 and
1000 kg C ha~! and 3.0 and 14.7 kg ha~! of N, respectively, which will be included again
in the biological cycle of these elements after the mineralization of the residues. The yield
of the above-ground parts of the grasses did not depend on the mass of the roots in the
0-50 cm layer or their mass in the upper 0-15 cm layer, where the concentration of nutrients
was higher. The weak correlation between above-ground and root biomass could be due
to differences in the botanical composition of the grasslands, as different plant species
have different root systems that influence root biomass. It was found in [50] that diverse
communities with species from multiple families generate 1.3 times the amount of root
standing crop compared to the average root biomass from monoculture. In our research,
the fertilized soil was dominated by cereal grasses (98.1%), while in the unfertilized soil,
it was significantly less (79.1%), and more alfalfa and forbs were present. Alfalfa plants
have a thick taproot, significantly increasing the root biomass in upper and deeper soil
depths [51,52]. In sandy soil, the biomass of grass roots in the 0-50 cm depth averaged
12.39-15.78 Mg ha~!. The grass root biomass in the 0-50 cm layer was higher in the GRf
soil than in GRunf, but the difference was insignificant (p >0.05). Other researchers have
described similar effects of fertilizers on root biomass [53]. The main mass of roots was
in the upper 0-15 depth and accounted for an average of 84-88% of their biomass in the
entire 0-50 cm layer. Below, in the 15-30 cm layer, their biomass drastically decreased and
accounted for only 9-10% of the amount in the 0-50 cm layer. Even deeper (in the 30-50 cm
layer), very few roots are found—3-7% of the total biomass. A similar distribution of root
biomass in the soil profile has been described in many scientific publications [54-57]. Soil
fertilized with mineral fertilizers, compared to unfertilized soil, increased the root biomass
(+279%, p < 0.05), but the differences were significant only in the 30-50 cm layer. Such
results were determined by the morphology of the roots of different plants, due to which
the mass of the roots varied greatly in individual samples and increased the statistical
errors of the reliability of the indicators. This was mainly influenced by alfalfa roots, which
significantly increased the root mass in deeper layers, and rhizome plants, with thick roots
in the upper layer. In a 2009 study by Titlyanova [58], scientists discovered that grasses’
below-ground biomass variation is much lower than that of their above-ground biomass.
The active growth of a diverse plant species’ above-ground and below-ground organs may
occur at different times during the season, and this growth pattern can vary from year
to year.

There was 3.02-4.39 Mg ha~! OC accumulated in the grass roots at the 0-50 cm depth.
Fertilization with mineral fertilizers increased C accumulation in root biomass, but the
difference was not statistically significant (p > 0.05). The main part of OC in the roots
(72-87%) was accumulated in the 0-15 cm layer (2.62-3.17 Mg ha™1), and in the 15-30 cm
layer, its amount significantly decreased, amounting to only 0.32-0.74 Mg ha~!. A global
meta-analysis of 103 published studies assessed the effects of species mixtures on fine root
biomass and traits. It highlighted that the community-level consequences of changes in
plant diversity on fine root traits are inconsistent. Predicting these consequences requires
considering the extent of changes in plant species richness, the stand age, the soil depth
investigated, the background climates, and the particular fine root traits [48].
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It was found that, in the sandy soil, SOC accumulation in the soil layers did not
depend on the amount of OC accumulated in the roots. SOM compounds are known to
be absorbed by clay and silt particles [30]. There are very few sandy soils, so the organic
compounds formed in the course of root decay in sandy soils with high stone content can
be leached into deeper horizons, especially in regions with excess precipitation. However,
under other natural conditions, root biomass can positively affect SOC accumulation in
soil [57,59]. Reference [60] found that, regardless of soil fertility, roots contributed the most
(44%) to new SOC formation, while shoots (28%) and arbuscular mycorrhizal fungi (28%)
exerted similar but lower contributions. Soils with higher fertility sequestered more shoot-,
root-, and associated mycorrhizal fungi-derived C. Reference [61] states that plant roots
control and influence SOC dynamics by providing OC to the soil, primarily in the forms
of root litter and rhizodeposition. This C input results in SOC gain, particularly when
plant roots promote SOC stabilization. However, roots can also destabilize SOC, exposing
previously protected C to microbial decomposition and causing SOC loss. In sandy soils
characterized by weak adsorption, the amount of SOC in the deeper horizons also has
labile SOM substances leached from the Ah horizon. Under Lithuanian climatic conditions,
leaching of SOC in sandy loam soil averages approximately 20 kg C ha~! year—! [62,63].
DOC flux from the soil profile is negatively affected by soil clay content, with DOC export
being seven times higher in clay-free Arenosol (55 kg C ha~!) than in clay-rich Vertisol
(8 kg Cha™!). According to those studies, DOC export is not controlled by vegetation, but
by physicochemical parameters such as soil mineral adsorption capacity and ecosystem
water balance.

5. Conclusions

In sandy loam soil rich in stones (Arenosol), the yield of above-ground biomass in a
multicomponent grassland was largely influenced by mineral fertilizers and meteorological
conditions. NPK fertilizers” application doubled the above-ground biomass yield (p < 0.05).
In contrast to above-ground biomass yield, mineral fertilizers did not significantly affect
the grass root biomass (p > 0.05). Only in the 30-50 cm depth did the biomass of their roots
increase significantly (p < 0.05) due to the use of fertilizers. However, unfertilized grassland
in Arenosol was distinguished by its composition of more diverse plant species and the
conservation of rare herb species. Meanwhile, in NPK-fertilized grassland, there was a
significantly lower amount of alfalfa (p < 0.05), where nitrogen fertilizers promoted the
development of cereal grasses and aggressive species such as bromegrass (Bromus inermis
Leyss). The yield of the above-ground part of the grasses highly depended on the root mass
in the 0-15 cm depths (p > 0.05).

At the 0-50 cm soil depth, 12.4-15.8 Mg ha~! of root biomass was accumulated. The
main amount (84-88%) was allocated in the 0-15 cm layer. The perennial grass roots of
the entire investigated depth range comprised 5.10-6.62 Mg ha~! OC. At the fertilized site,
significantly more grass residues remained on the soil surface after the last grass harvest,
reaching 193 g DM m~2 (p < 0.05). The perennial grasslands, depending on the amount of
residue, accumulated an average of 415-1000 kg ha~! C and 3.04-14.7 kg ha~! N in total.
The SOC content in the 0-50 cm soil layer moderately correlated (r = 0.62, p < 0.001) with
the C accumulated in the roots of the corresponding layer, and correlated moderately with
the shoot biomass (r = 0.41, p = 0.04).

According to our long-term grassland experiment data, the fertilized site provided
more favorable conditions for carbon accumulation in the soil and for the growth of
above-ground and below-ground grass biomass. However, with fertilization, the relative
content of DOC/SOC increased, indicating the leaching of soil organic matter from the
Ah horizon of the Arenosol. Significant correlations were found between DOC and shoot
biomass (r = 0.68, p < 0.001) and between DOC and biomass of residues (r = 0.71, p < 0.001),
explaining the significant increase in DOC in the 30-50 cm soil layer. The biodiversity
advantage of unfertilized grassland and significantly higher above-ground biomass yield
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when fertilized also need to be considered when selecting land management practices for
low-productivity, vulnerable sandy soils.
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