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Abstract: The use of crop residues is increasing across farming systems as part of climate
change mitigation efforts and agricultural management practices to improve soil health.
Hemp residues offer valuable potential in these efforts due to their rich nutrient composi-
tion. However, the complex chemical composition of hemp residue could pose a significant
challenge by slowing the decomposition rate if not adequately managed. The aim of this
study is to evaluate the influence of different timings of hemp residue incorporation, soil
tillage practices, and mode of application on the rate of mineralization and soil chemical
parameters. A complete randomized design field trial was conducted on hemp (Cannabis
sativa L.) residue incorporation across different seasonal periods and modes of application.
The results showed that the fastest mineralization occurred when hemp residue was incor-
porated in autumn, while the slowest mineralization was observed when the residue was
left on the surface of the soil as mulch. The application of hemp residues over three years
led to a slight increase in soil pH from an initial value of 4.9; however, this change was not
statistically significant. Similarly, nitrogen content did not change significantly between
the different periods after applying hemp residues. In contrast, hemp residues contributed
to an increase in soil carbon content. Overall, this study emphasizes the need to optimize
hemp residue management to maximize its benefits for enhancing soil chemical properties
and promoting sustainable agriculture.
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1. Introduction

Hemp (Cannabis sativa L.) is a versatile crop cultivated globally for its valuable fiber,
nutrient-rich seeds, essential oils, and bioenergy potential [1,2]. In recent years, hemp
cultivation has gained renewed interest in response to global efforts to combat climate
change and provide sustainable alternatives to agricultural practices that negatively impact
soil health. Due to its rapid biomass accumulation, deep root system, and low input
requirements, hemp is increasingly recognized as a promising energy crop and a viable
alternative for high land use efficiency [3-5]. Consequently, hemp cultivation is expanding
across various geographical regions, driven by its potential to contribute to bioeconomy
development and climate-resilient agriculture.

Hemp cultivation may contribute to solving many problems. As soil degradation
problems are increasingly observed across Europe, new agricultural management strate-
gies, such as incorporating crop residues, reduced tillage, organic fertilization, and cover
cropping, are promoted to enhance soil health [6-9]. Their adoption is critical for achieving
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climate change resilience and long-term sustainability in European agroecosystems. One
of the proposed solutions is the introduction of plant residue with varieties of different
qualities back into the soil [10-13]. Returning straw or other plant residues to the soil
is a beneficial agricultural practice that manages and increases the conservation of soil
quality and crop productivity [14]. An additional benefit is the sustainable utilization
of agricultural wastes to reduce environmental pollutants while offering economic and
agricultural benefits [15,16]. However, research remains limited on how non-food crops
with high lignocellulosic content, such as hemp residues, affect soil chemical properties
and subsequently influence crop yields.

Intensive cultivation leads to the loss of organic matter in the soil [17,18]. In contrast,
there is growing evidence that conservation agriculture can play an important role in
increasing soil organic carbon stocks [18-20]. Tillage mixes the organic matter on the soil
surface into the plowed layer, directly increasing the amount of organic carbon in the
deeper soil layers, especially when combined with crop residues [19]. Furthermore, tillage
promotes extensive root growth by loosening the soil and enhancing nutrient availability
in deeper layers. This improves water infiltration into the subsoil and increases crop
productivity [21,22]. Incorporating plant residues and straw into the soil facilitates nutrient
transformation, replenishing the soil’s nutrient supply and boosting metabolism. This
practice, widely recognized in sustainable agriculture, improves soil fertility, supports
higher crop productivity, and significantly influences the biogeochemical dynamics of key
elements such as carbon, nitrogen, phosphorus, and potassium [23].

The microbial transformation of plant residues into soil organic matter (SOM) is an
ongoing process driven by key mechanisms such as mineralization, recycling, microbial
necromass, and residue accumulation [24]. Specifically, the microbiological mineralization
of crop residues in soil, which provides nutrients to plants, is influenced by factors such
as the chemical composition of the residues, seasonal changes, soil moisture content, soil
texture, and the presence of specific microbiomes [25,26]. However, the high lignocellulosic
content of hemp straw presents a challenge [27,28], as it breaks down slowly. The exposure
to favorable conditions, such as increased pH, optimal soil moisture, nitrogen addition,
enhanced microbial activity, and aeration through tillage, can, however, enhance the
breakdown of crop residues with such complex compounds [26,28-30].

Similarly, straw incorporation also improves soil pH [31,32]. The use of plant residues
and straw increased the pH of the soil, thereby creating favorable conditions for microbial
activity, which resulted in the transformation of carbon into organic carbon [33]. Crop
residues are vital in regulating soil nutrients, such as nitrogen, phosphorus, and potassium,
with inorganic nitrogen being particularly important as a primary nutrient absorbed by
plants. Through mineralization, residues or straw release inorganic nitrogen, enhancing
its availability for plant uptake [34]. Furthermore, the incorporation of these residues
not only promotes nutrient cycling but also serves as an effective method for managing
organic waste, contributing to the reduction of phosphorus and potassium deficiencies in
agricultural soils [35,36]. Thus, returning plant residues or straw to the soil can increase
the amount of organic carbon, stimulate the release of inorganic nitrogen, and contribute to
preserving phosphorus and potassium. However, there is still a lack of information about
using alternative biomass, such as hemp straw with high fiber and lignocellulose content, as
soil additives. Thus, this study aimed to evaluate the decomposition rate of hemp residues
using appropriate embedding techniques. It was hypothesized that different timings and
modes of hemp residue application would affect the rate of residue mineralization in
the soil.



Agronomy 2025, 15, 1121

3o0f12

2. Materials and Methods
2.1. Experimental Design

The experimental study was carried out in the experimental fields of the Lithuania
Research Centre for Agriculture and Forestry (55°40’ N, 23°87' E) for two growing seasons
(2021 and 2022). The experiment was set up at the start with the hemp (Cannabis sativa L.)
cultivar “Felina 32” (Paris, French). The sowing rate was 35 kg-ha~!. Seeds were sown
on 28 May 2021 and 24 May 2022, respectively. The cultivation period was from May to
August for two (2) consecutive years in two different fields. The experiment was replicated
over two growing seasons under uniform soil conditions to minimize the impact of annual
weather variability and ensure consistent trends.

The field experiment was established with four treatments in four replicates (Figure 1),
each tested for 9 months and repeated for 2 years. Each treatment plot was 30 m?
(3 m x 10 m). The experimental treatments were as follows: control without hemp residues,
hemp residues plowed in autumn, hemp residues plowed in early spring, and hemp
residues left on the soil without plowing.

3m | Control - — — _
Hemp residues +++++ +++++ +++++ +++++
3m
plowed on Autumn
3 Hemp residues +++++ +++++ +++++ +++++
m :
plowed on Spring
3 Hemp residues left on +++++ +++++ +++++ +++++
m .
the soil
10 m 10 m 10 m 10 m

+ nilon bags (size of the bags 15 x 15 cm?) in total 72.
— without hemp residues and nilon bags

Figure 1. The experimental scheme of the field.

Simultaneously, litter bag experiments were conducted in the same experimental field
to determine the mineralization rate of hemp residues in the soil. For this, 72 litter bags
(15 cm x 15 cm, 0.1 mm mesh size), each containing 15 g of dried hemp residues, were
prepared and placed across the three treatment plots that received hemp residue, excluding
the control treatment. The hemp residues were chopped into 1-2 cm pieces before being
placed in the bags to ensure uniform decomposition and facilitate mineralization across
treatments. The litter bags were either plowed into the soil at a 20-25 cm depth or left
on the soil surface, depending on the treatments. One litter bag from each treatment was
retrieved monthly and weighed to assess the mineralization rate. This litter bag experiment
was conducted for 10 months, and during the winter period, when the soil was frozen,
the bags were not collected. The chemical properties of the hemp residues are shown in
Table 1.

Table 1. Chemical properties of the hemp residue.

N Content, % C Content, % Dry Matter, %
Hemp residues 0.06 33.5 94.9

2.2. Soil Physicochemical Properties Analysis

The experimental fields were characterized by sandy loam soil, classified as Endocalcari-
Epihypogleyic Cambisol, with a texture comprising 58.8% sand, 37.8% silt, and 3.9% clay.
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Mean temperature, ° C

Soil samples were collected at the beginning of the experiment from a depth of 0-25 cm in
triplicate from each treatment plot. The carbon and nitrogen content of each composite soil
sample was measured using the CNS Elemental combustion system equipment (Costech
Instruments, Pioltello MI, Italy). A 10 g portion of each sample was weighed into an
alov capsule, which was then folded and placed into the CNS equipment for analysis.
The soil pH was determined in a 1:5 (vol~!) soil suspension in the 1 M KCl solution and
subsequently measured in a pH meter (XS Instruments, Carpi MO, Italy). The soil chemical
analysis was conducted on samples collected at the beginning of the field trial, after drying
them at room temperature. Mobile K;O and P,O5 concentrations were determined using
the ammonium lactate-acetic acid extraction method (Egner, Riehm, and Domingo—A-L
method). The initial soil chemical analysis conducted at the start of the 2021-2023 period
showed concentrations of 82.66 mg kg ™! for P,0s5, 163 mg kg~ ! for K,0, and 0.92% for
organic carbon. In comparison, the 2022-2024 analysis showed 107.67 mg kg~! of P,Os,
97.75 mg kg ! of K,0, and 1.52% organic carbon. The same analyses were repeated after
the two periods of the experiment, and changes in soil chemical composition are presented
in the results section. Soil texture was characterized before the trial using the pipette
method (Eijkelkamp equipment, Royal Eijkelkamp, Giesbeek, The Netherlands).

2.3. Meteorological Conditions

Figure 2 presents the meteorological conditions from January 2021 to December 2023.
The average temperature of the decomposition seasons (October 2021 to October 2023)
was higher at 8.33 °C compared to the 100-year long-term (1924-2023) average (6.55 °C)
for these periods. In contrast, the long-term precipitation average was 47.5 mm, slightly
higher than the mean precipitation recorded during the experimental period, which was
46.3 mm. The total precipitation recorded in 2021-2022 was higher and reached 150 mm
and 151.1 mm in the years 2021 and 2022, respectively. In 2023, it was extremely dry during
the year, specifically during the experimental period. The average precipitation in the
2023 summer (Jun—-Aug) was 46.75 mm, according to data available from the Lithuanian
Hydrometeorological Service-Dotnuva data under the Ministry of Environment, http:
//www.meteo.lt/, accessed on 22 February 2024.
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Figure 2. Meteorological conditions during the experiment (2021-2023) and the 100-year-long-
term average.
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= Biomass of leaves and flowers = Biomass of stem

2.4. Statistical Analyses

The observed data were statistically processed using SAS Enterprise Guide 7.1. The
Tukey HSD test was applied to determine significant differences between means at an alpha
level of 0.05. Lowercase letters that differ denote significant differences at p < 0.05.

3. Results and Discussion
3.1. Hemp Biomass and Stem Content

In considering the 2021 experimental results, the total biomass of hemp was 19 t ha~!
(calculated on a dry matter basis), and the biomass of the residues that were returned to
the soil was 8.08 t ha—!, which constituted 42% of the total biomass yield (Figure 3). This
aligns with previous findings, highlighting that fiber hemp biomass is affected by environ-
mental conditions, fertilization levels, sowing time, plant density, and genotypes [37-40].
Campiglia et al. found that as the plant density increases, so does the amount of
biomass [38], and as the biomass increases, so does the number of residues that will
need to be disposed of later. Similar results were reported by other researchers, such as
Schluttenhofen and Yuan, who reported 14 tha~! (dry matter) and 10 t ha=?! of residues [41].
However, the differences in biomass and residues between this experiment and those of
these two scientists were not very large.

2021

= Biomass of leaves and flowers = Biomass of stem

Figure 3. Hemp biomass produced and hemp biomass applied residues for the years 2021 and 2022.

The results from 2022 showed that the biomass of hemp was 14.01 t ha~! (calculated
on a dry matter basis), while the residues returned to the soil were 6.32 t-ha=! (calculated
on a dry matter basis), which is 23% of the total biomass yield.

The difference in biomass yield between the years 2021 and 2022 could be affected
by different weather conditions during the growing season. This is reflected in the warm
and favorable precipitation conditions observed in 2021 (Figure 2), conditions known to
promote biomass accumulation in hemp [42,43].

3.2. Changes in Soil pH After Application of Hemp Residues

Soil pH is critical in regulating nutrient availability and turnover by influencing
mineralization processes and microbial activity within the soil ecosystem [44,45]. This
study showed that the soil pH was initially 4.9 before applying hemp residues. The soil pH
values increased in all treatments between the years 2021 and 2023 after the experiment.
Although the soil pH increased slightly three years after the application, the change was not
statistically significant compared to the pH measured before applying the hemp residues
(Figure 4). Previous studies have shown that crop residues can alter soil pH, but the impact
varies significantly due to the differences in residue composition and soil characteristics [46].
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pH

-

Before exp.

Control

Hemp residues generally exhibit a slightly acidic to neutral pH, typically ranging from
approximately 6.0 to 7.5 [47]. The microbial decomposition of hemp residue causes slight
pH fluctuations due to the release of organic acids, ammonification, nitrification, and CO,
production [26,48]. The extent of these changes is influenced by microbial activity, soil
composition (initial pH of the soil), and buffering capacity, with an initial slight decrease in
pH often observed due to organic acid release, followed by the potential stabilization or
even an increase over time, depending on soil buffering capacity [49]. Our results aligned
with other scientists’ results, who reported that returning plant residues or straw to the soil
can improve soil pH [50]. Additionally, there were no significant differences between the
different times of plowing or non-plowing (Figure 4).

2021-2023 2022-2024

]

F 46.87 F 3091
Prob > F <.0001 Prob > F <.0001

o |

pH
IS
o

L B

Hemp residues Control

left on the soil

Hemp residues
left on the soil

Hemp residues  Hemp residues
plowed on plowed on
Autumn Spring

Hemp residues ~ Hemp residues
plowed on plowed on
Autumn Spring

Before exp.

Figure 4. Soil pH changes before and after hemp residue application for the two experimental periods
(2021-2023 and 2022-2024). Data are presented as means + standard error; p < 0.05 between means,
according to Tukey’s HSD test.

3.3. Effect of Hemp Residue Application on Soil Carbon

The results show a significant increase in carbon content when hemp residues were
plowed into the soil in early spring. No further significant changes in carbon were found
with other treatments (Figure 5). The 2021-2023 results showed that the soil carbon content
increased after the experiment in treatments where hemp residues were incorporated in the
soil in early spring and hemp residues were left on the soil surface (Figure 5). Furthermore,
in the 2022-2024 experiment, the carbon content significantly increased under the same
treatment (hemp residue plowed in the spring) (Figure 5). However, weather conditions
strongly influenced this outcome, as the unusually dry summers of 2023 and 2024 inhibited
residue decomposition. This has likely led to greater carbon accumulation in the soil,
possibly due to reduced contact between residues and soil microorganisms, as well as
limited decomposition during the winter period, and reduced microbial activity under dry
and cold conditions.

The timing of the application was the main factor, as the residues had already slightly
decomposed during the winter, and the change in their chemical properties enhanced the
soil carbon. Our result aligns with the reported influence of temperature sensitivity on
carbon cycling in crop residue decomposition. Warmer seasons accelerate decomposition
and carbon release, while winter seasons slow down these processes, promoting longer-
term carbon retention [47,51].
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Figure 5. Changes in soil carbon content before and after hemp residue application for the two
experimental periods (2021-2023 and 2022-2024). Data are presented as means + standard error;
p < 0.05 between means, according to Tukey’s HSD test.

3.4. The Effect of Hemp Residue Application on Soil Nitrogen

The nitrogen content before and after the experiments with hemp residue application
showed that hemp residues had no significant effect on nitrogen content in the soil for both
experimental periods. The application of hemp residue neither significantly decreased nor
increased the nitrogen content of the soil (Figure 6). During the 2021-2023 experimental
period, the treatment where hemp residues were left on the soil surface showed the lowest
nitrogen content compared to the initial levels before treatment. In contrast, during the
2022-2024 period, higher nitrogen contents were observed in the treatments where hemp
residues were either plowed into the soil in spring or left on the soil. The nitrogen content
of plant residues is considered one of the dominant factors affecting their degradability
when acted upon by soil microorganisms [52]. Considering that it is very important to
control the nitrogen content of the soil, excessive nitrogen inhibits the growth of the plant’s
root system and tillers [26]. Our study showed that hemp residue incorporation could not
readily impact N management in the soil. The insignificant change in the soil N content
could be attributed to factors such as the high C: N ratio, low N concentrations, and the high
lignin and cellulose content of hemp residue [53,54], resulting in a slower decomposition
rate and N release. This invariably results in net N immobilization and the prioritization of
carbon for their energy needs by the soil microbes. As a result, nitrogen remains locked
in organic forms for extended periods, contributing little to immediate changes in the soil
nitrogen levels.

3.5. The Rate of Hemp Residue Mineralization

The rate of mineralization of plant residues depends strongly on the composition of the
plant residues [55]. The higher the lignin and hemicellulose content of the plant residues, the
longer the mineralization time [56]. Other important factors of plant residue mineralization
include climate conditions, moisture, and the seasonal period [26]. The results of this
experiment showed that the mineralization of hemp residue accelerated dramatically after
the end of the winter period, with more moisture in the soil and lower temperatures.
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Figure 6. Nitrogen content in the soil before and after hemp residue application in the soil for the
two experimental periods (2021-2023 and 2022-2024). Data are presented as means + standard error;
p < 0.05 between means, according to Tukey’s HSD test.

In 2021-2022, it was observed that one month (20 November 2021) after applying hemp
residues to the soil, the fastest decomposition was recorded in the treatment where the
hemp residues had been plowed in autumn. However, there were no statistically significant
differences one month after hemp residue application. Furthermore, 4 months (21 April
2022) after the establishment of the hemp residue experiment, the fastest mineralization
was recorded in the treatment where the hemp residue was left on the soil surface. This
treatment exhibited statistically significant differences from the treatment in which hemp
residues were incorporated into the soil in autumn. At the end of the experiment, the fastest
mineralization was recorded when hemp residues were incorporated in autumn (Figure 7).

2021-2022

16 ~ abed

Mass, g

bed ef

f bede L def
“ def

20/11/2021 20/12/2021 21/03/2022 21/04/2022 02/06/2022 04/10/2022

=== Hemp residues plowed in Autumn «==#==Hemp residues plowed in Spring Hemp residues left on the soil

Figure 7. The rate of hemp residue mineralization in the year 2021-2022. Data are presented as
means + standard error; different letters correspond to significant differences (p < 0.05) between
means, according to Tukey’s HSD test.

In 20222023, the first month (20/12/2022) after the establishment of the experiment,
the results were similar to those observed at the beginning of the experiment in 2021-2022.
The highest mineralization rate was found in the treatment where hemp residues were
plowed in autumn. In contrast, the lowest mineralization rate occurred when the residues
were left on the soil surface. There were, however, no significant differences between
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these two treatments. Four months (21/04/2022) after the establishment of the experiment,
the mineralization of hemp residues was nearly equalized in all the treatments, with
no significant differences observed. However, by the end of the experiment, the fastest
mineralization was observed in the treatment where hemp residues were plowed in autumn.
This treatment was significantly different from the other treatments (Figure 8).

2022-2023

18

16 de 1 I

14 e N

12 de
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\"‘K g
2 de ¢ f3
\ h

20/12/2022 10/01/2023 05/03/2023 05/04/2023 09/06/2023 04/10/2023

=8=—Hemp residues plowed in Autumn Hemp residues plowed in Spring Hemp residues left on the soil

Figure 8. The rate of hemp residue mineralization in the year 2022-2023. Data are presented as
means + standard error; different letters correspond to significant differences (p < 0.05) between
means, according to Tukey’s HSD test.

4. Conclusions

The utilization of hemp residue in agricultural systems represents a promising strategy
for enhancing soil health through increased organic matter content, improved nutrient
availability, and enhanced carbon content. Although more than 50% of the hemp plant
remains as post-harvest residue, its efficient management holds significant potential for
these benefits. As hemp residues gradually decompose, they release essential nutrients
into the soil, contributing to improved soil chemical properties, reducing reliance on syn-
thetic fertilizers, supporting long-term soil productivity, enhancing carbon sequestration,
and advancing sustainable agricultural practices. Specifically, hemp (Cannabis sativa L.)
residue positively impacted soil chemical properties concerning carbon content and pH
across different plowed timings. The timing of residue application significantly influenced
the soil carbon content and pH, though soil nitrogen content remained unaffected. The
incorporation of hemp residues into the soil during autumn accelerates decomposition
and promotes higher carbon accumulation. Similarly, early spring incorporation enhanced
soil carbon content, likely due to pre-decomposition during winter. While slower miner-
alization and nitrogen immobilization could be a drawback in hemp residue application
due to its complex chemical composition and C:N ratio, co-application with nitrogen-rich
crop residues or additional nitrogen inputs could set the tone for efficient mineralization
and nutrient cycling in the soil. Optimizing hemp residue management to fully harness its
benefits in improving soil chemical properties is, therefore, beneficial for soil health and
sustainable agriculture.
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