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Abstract: Agricultural intensification often contributes to soil degradation. Mulch and
biochar help reduce erosion and runoff while improving organic matter and crop habitat.
However, optimal application strategies and the combined advantages of mulch and
biochar remain underexplored. This study aimed to evaluate how biochar and mulch
affect soil hydrology, erosion, and phytotoxicity, under mixed and layered application
strategies: (i) biochar mix (2.8% by weight); (ii) biochar layer (surface application of
10 Mg ha−1); (iii) mulch layer (2 Mg ha−1 of straw mulch); and (iv) mulch + biochar
layer (a straw mulch layer of 2 Mg ha−1 on top of a biochar layer of 10 Mg ha−1). Thirty-
minute rainfall simulations (at 85.6 mm h−1) on sandy loam soils of a vineyard and olive
orchard tested treatment effects on soil hydrology and erosion. The leachate collected from
the simulations was used to test treatments phytotoxicity, using Lactuca sativa L. Runoff
and interrill erosion decreased by 52–91% and 55–81%, respectively, with the greatest
reductions in the treatments that included a mulch layer. Biochar increased root length
(29–45%), while mulch had no significant effect. The mulch + biochar treatment performed
best, highlighting the products’ complementary benefits in reducing soil degradation and
improving soil habitat.

Keywords: rainfall simulations; sustainable agriculture; desertification; soil amendment;
erosion control; soil habitat

1. Introduction
Inefficient land management practices in Mediterranean agricultural regions can

accelerate desertification, leading to severe agronomic, economic, and environmental conse-
quences [1]. Soil degradation processes, including erosion and compaction, can significantly
deplete organic matter, lower crop yields, and reduce overall soil health, thereby threatening
food security [2–5]. In Portugal’s Alentejo region, agricultural intensification is progress-
ing rapidly despite the area’s dry Mediterranean conditions and its traditional reliance
on extensive, multifunctional farming systems [6]. Sustainable practices, such as mulch
application, are being explored as potential solutions to mitigate the negative impacts of
this intensification on soil ecosystem services, which remain a subject of debate [7,8].
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Organic mulching has demonstrated potential in reducing surface runoff, consequently
preventing erosion, and enhancing soil organic matter contents. These are the main envi-
ronmental problems associated with agriculture in Mediterranean regions [2,9–13], where
soil losses in vineyards and olive orchards can reach up to 90 t/ha/year [1]. Biochar, a
carbon-rich substance produced via pyrolysis of organic biomass under limited oxygen
conditions, can also alter soil hydrology and erosion patterns, potentially aiding in the
restoration of degraded soils [14–16]. Biochar increases soil organic matter and enhances
physical and chemical properties, having great potential to improve soil habitat [14]. If
used in the right way, it can improve soil fertility and boost crop yields [17–21].

Optimal soil application methods of biochar and the combined effect of mulch and
biochar remain underexplored and under debate. The European Union Green Deal targets
no-tillage management options, which eliminates plowing and reduces soil disturbance,
enhancing organic matter retention [19,22]. However, according to [15], mixing biochar into
the soil can improve infiltration, by decreasing bulk density and consequently increasing
porosity. Biochar phytotoxicity is also an important consideration, as it is highly variable
and depends on factors such as the biomass source, pyrolysis temperature, and application
rate. At low concentrations (up to 4%), its effects are usually beneficial [23]. Key factors
typically responsible for biochar toxicity include pH, EC (electrical conductivity), polycyclic
aromatic hydrocarbons (PAHs), and heavy metals [23]. Additionally, soil characteristics can
influence the effects of biochar. Therefore, comprehensive assessments should be conducted
before its use as a soil amendment [23].

This study aimed to analyze the effects of commercial biochar (derived from acacia
residues) and straw mulch applications on soil hydrology, erosion control, and phytotoxicity.
Our approach was rainfall simulations applied to a wide range of application strategies,
i.e., homogeneous soil-mixing schemes (bare soil or biochar), or heterogeneous soil surface-
applied layers of biochar or mulch (or both), using sandy loam soils from a vineyard and
olive orchard of the Portuguese Alentejo Mediterranean region. The soils of this region, due
to agricultural overexploitation, lost part of their capacity to retain water and are now very
prone to erosion and, consequently, increasingly losing organic matter. This study’s specific
objectives were the following: (a) to determine the effect of the four treatments (soil mixed
with biochar, soil with a biochar layer, soil with a mulch layer, soil with a mulch layer on
top of a biochar layer) on the soil water balance, using runoff volume, leachate volume,
soil water storage volume, and runoff/leachate timing; (b) to determine the effectiveness
of these treatments to mitigate interrill and rainsplash erosion; and (c) to assess how
the different treatments affect germination/plant growth and physical properties of the
leachate, through germination tests and pH/EC measurements, respectively.

By assessing the optimal application approach and the combined effects of biochar and
mulch, which remain underexplored in the existing body of literature, we aim to develop
the best solutions to mitigate degradation in erosion-prone, overexploited Mediterranean
soils, such as those found in the Alentejo region.

2. Materials and Methods
The impact of two application strategies (soil-mixed and surface-layered) on runoff,

leachate, soil water storage, runoff, leachate timing, interrill erosion, and rainsplash erosion
was assessed using a rainfall simulator. Four different treatments (soil mixed with biochar,
soil with a biochar layer, soil with a mulch layer, and soil with a mulch layer on top of a
biochar layer) were tested, each with nine repetitions. Additionally, bare soil served as
a control and was categorized as a mixed condition. This study was conducted on two
intensively cultivated soils, one from a vineyard and the other from an olive orchard, both
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collected at a depth of 10 cm and sieved to 5 mm (Table 1). The soils were collected in
September 2023, and the experiments were conducted from October 2023 to July 2024.

Table 1. Characteristics of the biochar, straw, vineyard soil (soil A), and olive orchard soil (soil B).
Values between brackets are the standard deviation over the mean value (n = 3). Organic matter
content was quantified via incineration (550 ◦C for 3 h), and water holding capacity (WHC) was
determined through weight measurements before and after saturation with water. Bulk density
was measured using the volumetric ring method. pH and EC assessments were conducted using a
potentiometer. Polycyclic aromatic hydrocarbons (PAHs) were analyzed through capillary column gas
chromatography–mass spectrometry (GC/MS), following the United States Environmental Protection
Agency (US EPA) methodology.

Material
Application

Rate
(g m−2)

Cover
Contribu-
tion (%)

Layer
Thick-
ness
(mm)

Organic
Matter

Content
(%)

Water
Holding
Capacity

(mL)

Bulk
Density
(g cm−3)

pH

Electrical
Conduc-

tivity
(mS cm−1)

PAHs
Content

(mg kg−1)
Repellency
WDPT (s)

Biochar 1000 (0) 100 (0) 5 (2) 93.8 (5) 50 (0) 0.6 (0.1) 9 (0.3) 0.5 (0.1) 14.9 3 (2)
Straw 200 (0) 100 (0) 40 (10) 92.5 (5) 50 (0) 0.3 (0.1) 5.5 (0.2) 0.3 (0) <0.04 6 (4)
Soil A - 0 (0) 40 (0) 5 (0.8) 48.3 (0.5) 1.30 (0.12) 6.5 (0.2) 0.06 (0) <0.04 0 (0)
Soil B - 0 (0) 40 (0) 4 (0.6) 44.1 (0.6) 1.34 (0.15) 5.7 (0.2) 0.08 (0) <0.04 0 (0)
Soil–

biochar
mix A

1000 (0) 0 (0) 40 (0) 7.5 (1) 48.5 (0.4) 1.22 (0.09) 7.1 (0.2) 0.07 (0) 0.46 0 (0)

Soil–
biochar
mix B

1000 (0) 0 (0) 40 (0) 6.5 (1) 44.4 (0.3) 1.26 (0.11) 6.4 (0.2) 0.09 (0) 0.46 0 (0)

Leachate from each treatment and the control was submitted to germination tests.
These tests were conducted separately in the water collected from minutes 0 to 10, 10 to 20,
and 20 to 30 of the thirty-minute rainfall simulations.

2.1. Plot Preparation

The rainfall simulation setup included a metal tray with a 60 × 60 cm frame inclined
at 15◦. The tray was subdivided into three equal subplots (60 × 20 cm), each designed to
collect runoff and leachate separately. A 5 mm metal grid covered with geotextile fabric
allowed leachate to pass beneath each subplot. To collect rain-splashed soil and water from
the entire tray, an external metal frame (20 cm wide) was installed, directing material to a
geotextile filter. After, the filter was dried at 105 ◦C for 24 h to determine the rainsplash
erosion, which is a result of the impact of rain drops directly on soil particles [24].

Approximately 4.5 kg of air-dried soil, sieved to 5 mm, was placed in each subplot,
levelled to a depth of 3 ± 0.2 cm using a straight-edged blade. A small ring (2 cm height,
5.5 cm diameter) was used to measure bulk density (1.3 ± 0.1 g cm−3). Biochar and mulch
were applied at rates of 10 Mg ha−1 and 2 Mg ha−1, respectively. In the biochar-mixed
treatment, the same amount of biochar as the surface application was mixed into the soil,
corresponding to a 2.8% biochar concentration.

2.2. Simulated Rainfall

The rainfall simulator, adapted from [9], used a full-cone nozzle (1/4-HH-14W FullJet,
Spraying Systems Co., Wheaton, IL, USA) with a 3.6 mm orifice diameter and a 120◦ spray
angle. The simulator produced rainfall at an intensity of 85.6 ± 4.6 mm h−1, achieving
a 4.4% uniformity coefficient (n = 5), calculated using the method found in [25], from
measurements with 24 rain gauges (plastic cups) spread uniformly over the tray. Each sim-
ulation lasted 30 min under controlled laboratory conditions, with raindrops falling from a
2 m height. Mean drop diameter and velocity were 0.52 ± 0.21 mm and 1.41 ± 1.03 m s−1,
respectively. This intensity of precipitation over a thirty-minute period mimicked extreme
rainfall events that would occur on average less than every 100 years in Portugal [16,26].
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Runoff samples containing eroded sediments were collected every minute using alu-
minum trays. The runoff water volume was determined by subtracting wet and dry weights.
Leachate was collected at 10 min intervals in plastic containers and weighed immediately
post-simulation. Rainsplash erosion was collected at the end of the simulations, dried,
and quantified. Runoff start and end times, as well as leachate start times, were recorded.
Runoff/leachate start times were annotated when two or more drops fell from the outlets in
less than 3 s and end times when the time gap between two consecutive drops was higher
than 3 s. Soil weight before and after rainfall was used to determine the soil water storage
volume. Then, the infiltration water was calculated as the sum of leachate (mm) plus the
soil water storage volume (mm). Interrill and rainsplash erosion rates were quantified after
drying at 105 ◦C for 24 h.

2.3. Germination Tests

Leachate from each treatment and the control were submitted to germination tests. A
potentiometer (Hanna Instruments HI9814) was used to determine this water pH (scale
1–14) and EC (mS cm−1). The laboratory germination experiment followed the Phytotoxkit
protocol (MicroBioTest Inc., Sterling, VA, USA), outlined by [27], in which seeds were
directly placed in the collected samples. A total of 450 Petri dishes (90 mm diameter,
transparent lids) were prepared, with 15 dishes per simulation. Five dishes per simulation
were assigned to each interval (0–10, 10–20, and 20–30 min). Each dish received 5 mL
of leachate, evenly distributed on filter paper (Filtra Tech, Shakopee, MN, USA), before
ten lettuce seeds (Lactuca sativa L., VITA, Crancey, France) were placed at equal distances.
Lettuce was selected for its sensitivity to phytotoxicity [28,29]. Dishes were incubated in
a greenhouse at 25 ◦C, in darkness for 72 h. After, root and shoot lengths were measured
with a digital caliper (iGAGING IP67 COOLANT CAL, Clemente, CA, USA) to assess
germination percentage and relative growth parameters (of the root and the shoot, in mm).

2.4. Biochar, Mulch Materials, and Soils

The biochar used in this study, “Ecochar”, is a commercial product from Ibero Massa
Florestal. It is derived from acacia residues, an invasive species in Portugal [30]. The
pyrolysis occurs at temperatures ranging from 490 to 590 ◦C, over 12 h and 30 min under
low oxygen conditions. The organic mulch used was wheat straw sourced from Agriloja in
Évora, Portugal. The vineyard and olive orchard soils fall under the lithosol classification
and exhibit a sandy loam texture. The vineyard soil comprises 66% sand, 23% silt, and 11%
clay, while the olive orchard soil comprises 69% sand, 18% silt, and 13% clay. Organic matter
content was quantified via incineration (550 ◦C for 3 h), and water holding capacity (WHC)
was determined through weight measurements before and after saturation with water.
Bulk density was measured using the volumetric ring method. pH and EC assessments
were conducted using a potentiometer. PAHs were analyzed through capillary column gas
chromatography–mass spectrometry (GC/MS), following the United States Environmental
Protection Agency (US EPA) methodology (Table 1).

2.5. Statistical Methods

Analyses were performed using a two-way mixed-effects models on the response
hydrological and erosive variables: runoff (mm), runoff start time (min), runoff end time
(min), leachate (mm), leachate start time (min), soil water storage (mm), interrill erosion (g
m−2), and rainsplash erosion (g m−2). In each model, “treatment” (bare soil, soil mixed
with biochar, soil with a biochar layer, soil with a mulch layer, soil with a mulch layer on
top of a biochar layer) and “soil” (A or B) were the fixed effects. “Plot” and “RFS repetition”
were the random effects. Bulk density and rainfall were tested as covariates, but were not
significant. A three-way mixed-effects models was also run on the response phytotoxicity
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variables: germination percentage (%), root length (mm), shoot length (mm), leachate
pH (1–14), and leachate EC (mS cm−1). In each model, “treatment”, “soil”, and “time”
(0–10 min, 10–20 min, and 20–30 min) were the fixed effects, and “Rainfall simulation
repetition” was the random effect. Rainfall pH and EC were tested as covariates but
were not significant. We also ran five individual models on the response variables runoff,
leachate, soil water storage, interrill erosion, and root length, using “treatment”, “soil”,
“layer” (soil-mixed or surface-layered), “biochar presence” (soil-mixed/with a layer of
biochar or soil without biochar), and “mulch presence” (soil with a mulch layer or soil
without mulch), respectively, as fixed factors, to determine the F values and p values of
these effects on the mentioned variables. Using the individual model with “treatment” as
the fixed factor, we also performed a pooled data analyses for soil A and B on the response
variables runoff, runoff start time, runoff end time, leachate, leachate start time, soil water
storage, interrill erosion, rainsplash erosion, germination percentage, root length, shoot
length, leachate pH, and leachate EC.

Model consistency was verified by performing some diagnostics. The normality
of residuals was tested using the Shapiro–Wilk test and checking QQ plots. Variance
homogeneity was tested using the Bartlett test and evaluating the scale-location plots. To
normalize model residuals, square root transformations were applied to runoff, runoff start
and end times, interrill erosion, and rainsplash erosion. Interactions among fixed factors
were included in the analysis, and multiple pairwise comparisons were performed using
the Tukey–Kramer method [31]. Pearson correlation coefficients were calculated to examine
linear correlations between hydrological, erosive, and phytotoxicity variables.

All statistical assumptions were evaluated at a significance level of α = 0.05. The
statistical analyses were conducted using RStudio 2024.4.2.764.

3. Results
3.1. Overall Hydrological and Erosive Response

Significant differences in runoff and soil water storage were found between some
treatments, but leachate was not significantly different between any treatments (Figure 1).
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 Homogeneous Mixture (Soil-Mixed) Heterogeneous Mixture (Surface-Layered) 

 Bare Soil Biochar Mix Biochar Layer Mulch Layer Mulch + Biochar 
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 Soil A Soil B Soil A Soil B Soil A Soil B Soil A Soil B Soil A Soil B 
Hydrological variables 

Rainfall 
(mm) 41 ± 1 a 42 ± 1 a 43 ± 3 a 43 ± 3 a 41 ± 1 a 41 ± 1 a 43 ± 3 a 43 ± 3 a 42 ± 1 a 43 ± 3 a 

Runoff 
(mm) 

15 ± 6 ab 19 ± 4 ab 8 ± 5 ab 8 ± 4 ab 6 ± 9 ab 7 ± 4 b 2 ± 4 a 2 ± 4 a 4 ± 7 ab 5 ± 5 ab 

Runoff 
coefficient 

(%) 

37 ± 15 ab 45 ± 9 ab 18 ± 11 ab 18 ± 8 ab 14 ± 17 ab 17 ± 9 b 5 ± 9 a 5 ± 8 a 10 ± 17 ab 12 ± 11 ab 

Soil water 
storage 
(mm) 

11 ± 4 abc 10 ± 4 abc 12 ± 1 abc 11 ± 4 
abc 13 ± 1 a 17 ± 4 b 9 ± 3 c 14 ± 1 

ab 8 ± 3 c 14 ± 1 ab 

Leachate 
(mm) 

11 ± 3 abc 8 ± 4 abc 11 ± 3 abc 13 ± 2 
abc 

15 ± 7 abc 13 ± 5 ac 21 ± 6 ab 13 ± 3 c 23 ± 8 b 15 ± 2 abc 

Figure 1. Runoff volume (mm), leachate volume (mm), and soil water storage volume (mm) in each
one of the bare soil (control), biochar mix (2.8% by weight), biochar layer (surface application of
10 Mg ha−1), mulch layer (surface application of 2 Mg ha−1 of straw mulch), and mulch + biochar
(M + B) layer (surface application of 2 Mg ha−1 of straw mulch on top of 10 Mg ha−1 of biochar)
treatments, after 30 min of simulated rainfall at an intensity of 85.6 mm h−1. Pooled data for soil
A and B. Error bars correspond to standard deviation. Different letters in each variable indicate
significant differences between treatments at p < 0.05 (Tukey–Kramer test), n = 18.
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All treatments trended to reduce runoff compared to the control. Still, effects were
only significant for the mulch (91 ± 22% reduction) and the mulch + biochar (71 ± 35%
reduction) layered treatments, although they were not significantly different. Consistently,
runoff coefficients (%) varied in the wake of runoff amount, with a maximum runoff
coefficient for the bare soil (40% of the incident rainfall) and lower runoff coefficients of
19%, 17%, 5%, and 12%, respectively, for the biochar mix treatment and for the biochar,
mulch, and mulch + biochar layered treatments (Table 2).

Table 2. Mean and standard deviation results for each soil (A, B) and treatment for the hydrologic and
erosion variables. Different letters indicate significant differences between treatments. Values in bold
mean significant differences between soil-mixed and surface-layered treatments. For all comparisons,
α = 0.05.

Homogeneous Mixture (Soil-Mixed) Heterogeneous Mixture (Surface-Layered)

Bare Soil Biochar Mix Biochar Layer Mulch Layer Mulch + Biochar Layer
Soil A Soil B Soil A Soil B Soil A Soil B Soil A Soil B Soil A Soil B

Hydrological variables
Rainfall
(mm) 41 ± 1 a 42 ± 1 a 43 ± 3 a 43 ± 3 a 41 ± 1 a 41 ± 1 a 43 ± 3 a 43 ± 3 a 42 ± 1 a 43 ± 3 a

Runoff
(mm) 15 ± 6 ab 19 ± 4 ab 8 ± 5 ab 8 ± 4 ab 6 ± 9 ab 7 ± 4 b 2 ± 4 a 2 ± 4 a 4 ± 7 ab 5 ± 5 ab

Runoff
coefficient

(%)
37 ± 15 ab 45 ± 9 ab 18 ± 11 ab 18 ± 8 ab 14 ± 17 ab 17 ± 9 b 5 ± 9 a 5 ± 8 a 10 ± 17 ab 12 ± 11 ab

Soil water
storage
(mm)

11 ± 4 abc 10 ± 4 abc 12 ± 1 abc 11 ± 4 abc 13 ± 1 a 17 ± 4 b 9 ± 3 c 14 ± 1 ab 8 ± 3 c 14 ± 1 ab

Leachate
(mm) 11 ± 3 abc 8 ± 4 abc 11 ± 3 abc 13 ± 2 abc 15 ± 7 abc 13 ± 5 ac 21 ± 6 ab 13 ± 3 c 23 ± 8 b 15 ± 2 abc

R. start
(min) 9 ± 4 ab 8 ± 4 ab 9 ± 4 ab 13 ± 9 ab 9 ± 7 a 17 ± 6 ab 22 ± 13 b 19 ± 14 ab 18 ± 13 ab 14 ± 6 ab
R. end
(min) 31 ± 4 ab 32 ± 1 ab 33 ± 1 ab 32 ± 1 ab 30 ± 4 a 33 ± 1 b 33 ± 2 ab 32 ± 2 ab 32 ± 2 ab 32 ± 2 ab

L. start
(min) 5 ± 2 abc 6 ± 5 abc 5 ± 2 abc 7 ± 2 abc 4 ± 1 a 9 ± 3 b 6 ± 1 a 12 ± 2 b 4 ± 2 ac 10 ± 3 b

Erosion variables
Interrill
(g m−2)

53 ± 16
abcb 80 ± 17 ad 36 ± 33 bc 23 ± 10 bc 35 ± 25 ab 19 ± 13

abcd
17 ± 10

abcd 8 ± 8 cd 15 ± 11
abcd

14 ± 14
abcd

Rainsplash
(g m−2)

6.2 ± 8
abcd 6.4 ± 8 ad 6.2 ± 2

abcd 3.3 ± 5 bc 3.1 ± 5 ab 4.7 ± 7
abcd 1 ± 1 abcd 0.5 ± 1 cd 0.8 ± 1

abcd 0.5 ± 1 bc

Leachate was the lowest in the bare soil and increased by 1.3, 1.6, 1.9, and 2 times for
the biochar mix treatment and the biochar, mulch, and mulch + biochar layered treatments.
Soil water storage in the bare soil was also the lowest and increased 1.08, 1.34, 1.06, and
1.05 times, respectively, for the biochar mix treatment and for the biochar, mulch and
mulch + biochar layered treatments. These corresponded to 18–46% increases compared to
the bare soil. No significant differences existed between soil A and B or between soil-mixed
and surface-layered treatments in either runoff, leachate, or soil water storage (Table 2).
The “presence of mulch” was the factor that most affected runoff and leaching but not soil
water storage (SWS), which was more affected by soil properties (Table 3).

All treatments trended to later runoff start times compared to bare soil. However, no
significant differences were found in runoff start, end, or leachate start times compared
with bare soil. There were also no significant differences between soil A and B or between
soil-mixed and surface-layered treatments (Table 2).

Significant differences were observed in both erosion variables for all treatments when
compared to bare soil (Figure 2).
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Table 3. Summary of the fixed effects statistical showing the numerator degrees of freedom (df), the
F-values and the p-values, for the variables runoff, leachate, soil water storage (SWS), interrill erosion,
and root length, for the selected, best fitting, statistical mixed models as well as individual models for
each individual fixed factor: Treatment (5 levels), Soil (2 levels), Layer (2 levels), Biochar presence
(2 levels), and Mulch presence (2 levels). Asterisk (*) indicate the interaction between the variable
Treatment and Soil. Statistically significant effects (p < 0.05 and p < 0.001) are shown in bold type.

Hydrologic Erosion Phytotoxic

Runoff (mm) Leachate (mm) SWS (mm) Interrill (g m−2) Root Length (mm)
df F Value p Value F Value p Value F Value p Value F Value p Value F Value p Value

Best fitting model
Treatment 4 17.6 <0.001 11.3 <0.001 5.2 <0.001 18.1 <0.001 15 <0.001

Soil 1 2.2 0.3 13.3 <0.001 22.8 <0.001 3.4 0.16 174 <0.001
Treatment * Soil 4 0.2 0.85 3.5 <0.05 7.7 <0.001 2.3 <0.05 22.8 <0.001

Individual models
Treatment 4 18.1 <0.001 9 <0.001 3.3 0.14 16.5 <0.001 13.9 <0.001

Soil 1 0.9 0.54 8.4 <0.05 15.3 <0.001 2.2 0.25 154.5 <0.001
Layer 1 16 <0.001 12 <0.001 1.7 0.19 18.5 <0.001 5 <0.05

Biochar presence 1 0 0.19 1.9 0.18 2.6 0.11 2.3 0.06 21.2 <0.001
Mulch presence 1 37.8 <0.001 26.4 <0.001 2.1 0.16 29.5 <0.001 0.7 0.4
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the same treatments compared with the bare soil. There were no significant differences 
between soil A and B. The soil-mixed treatments had an average interrill erosion of 49 g 
m−2 and rainsplash erosion of 1.9 g m−2. Both interrill and rainsplash erosion were 

Figure 2. Interrill erosion (a) and rainsplash erosion (b), in each one of the bare soil (control),
biochar mix (2.8% by weight), biochar layer (surface application of 10 Mg ha−1), mulch layer (surface
application of 2 Mg ha−1 of straw mulch), and mulch + biochar (M + B) layer (surface application of
2 Mg ha−1 of straw mulch on top of 10 Mg ha−1 of biochar) treatments, after 30 min of simulated
rainfall at an intensity of 85.6 mm h−1. Pooled data for soil A and B. Error bars correspond to standard
deviation. Different letters indicate significant differences between treatments, at p < 0.05, n = 18.
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Interrill erosion was decreased by 55%, 59%, 81%, and 77%, respectively, for the
biochar mix treatment and the biochar, mulch, and mulch + biochar layered treatments,
compared to the bare soil. Rainsplash erosion decreased by 46%, 40%, 86%, and 83% in the
same treatments compared with the bare soil. There were no significant differences between
soil A and B. The soil-mixed treatments had an average interrill erosion of 49 g m−2 and
rainsplash erosion of 1.9 g m−2. Both interrill and rainsplash erosion were decreased by 63%
in the surface-layered treatments compared with the soil-mixed treatments, with significant
differences (Table 2). The factor that affected interrill erosion the most was the “presence of
mulch”, followed by the “layer” (Table 3).

Pearson correlation showed some significant correlation between hydrological and
erosive variables (Table S1).

3.2. Hydrological and Erosive Short Response

Runoff rates for the bare soil, biochar mix, and biochar layer treatments increased
progressively every minute during the simulation until 20–21 min where they somewhat
maintained a stabilized rising until the end of the simulation (30 min). The runoff rates of
the mulch and mulch + biochar-layered treatments also increased, but only until 16–17 min,
when they stabilized until the end of the simulation (Figure 3a).
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Figure 3. Runoff volume (a) and interrill erosion (b) per minute, during the 30 min rainfall simulations
at a 85.6 mm h−1 intensity, in each one of the treatments: bare soil (control), biochar mix (2.8% by
weight), biochar layer (surface application of 10 Mg ha−1), mulch layer (surface application of
2 Mg ha−1 of straw mulch), and mulch + biochar (M + B) layer (surface application of 2 Mg ha−1 of
straw mulch on top of 10 Mg ha−1 of biochar). Pooled data for soil A and B. Only positive error bars,
corresponding to standard deviation, were shown to facilitate visualization, n = 18.
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Erosion rates for the bare soil increased constantly until 25–26 min. In the biochar mix
and layer treatment, erosion rates increased to 18–19 min and stabilized until 25–26. In the
mulch and mulch + biochar layered treatments, erosion rates increased only until 12–13 min
before stabilizing until 25–26 min. In all treatments, erosion rates start decreasing around
25–26 min until the end of the simulations. Erosion peaks during the simulations were
more frequent in the bare soil, biochar mix, and biochar-layered treatments than in the
mulch and mulch + biochar-layered treatments (Figure 3b).

3.3. Leachate Phytotoxicity

All treatments had similar and high germination percentages (ranging from 76% to
88%), and no significant differences were found (Figure 4a).
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Compared to bare soil, the treatments increased root length from 12% to 45% and
shoot length from 15% to 39%. Between treatments, significant differences were found
between the biochar mix, biochar layer, and mulch + biochar layer root and shoot length,
as compared to the bare soil. Significant differences were also found between soil A and
B in root length average (12.7 and 9.9 mm, respectively) and between soil-mixed and
surface-layered treatments, also in root length average (11.6 and 11.1 mm, respectively)
(Table 4).

Table 4. Mean and standard deviation results for each soil (A, B) and treatment for the phytotoxicity
variables. Different letters indicate significant differences between treatments. Values in bold type
mean significant differences between soil-mixed and surface-layered treatments. For all comparisons,
α = 0.05.

Homogeneous Mixture (Soil-Mixed) Heterogeneous Mixture (Surface-Layered)

Untreated Biochar Mix Biochar Layer Mulch Layer Mulch + Biochar Layer
Soil A Soil B Soil A Soil B Soil A Soil B Soil A Soil B Soil A Soil B

Phytotoxicity variables
Germination

(%) 85 ± 15 a 79 ± 20 a 88 ± 9 a 79 ± 15 a 88 ± 13 a 83 ± 13 a 82 ± 15 a 82 ± 17 a 83 ± 11 a 81 ± 12 a
Root

length
(mm)

12.3 ± 7
cf 7.5 ± 4 g 12.9 ± 6

bcd 13.4 ± 7 e 13.6 ± 7 a 10.2 ± 6
df

13.1 ± 6
abd 5.5 ± 4 g 11.1 ± 7 e 11.4 ± 7 e

Shoot
length
(mm)

9.8 ± 5 f 7.7 ± 4 eg 10.9 ± 5
cf

11.8 ± 6
bg 11.7 ± 5 a 8.8 ± 5 ac 10.3 ± 4 b 6.6 ± 5 d 8.2 ± 5 de 10.6 ± 5 f

Leachate
pH

7.5 ± 0.1
ab

7.2 ± 0.4
b

7.3 ± 0.4
ab

7.5 ± 0.2
a

7.7 ± 0.5
ab

7.2 ± 0.2
ab 7 ± 0.2 ab 6.4 ± 0.2

ab
7.4 ± 0.5

ab
7.3 ± 0.2

ab
Leachate

EC
0.7 ± 0.4

ab
1.1 ± 0.6

b
1.3 ± 0.7

ab 0.9 ± 0.4 a 1.2 ± 0.7
ab

1.1 ± 0.2
ab

1.1 ± 0.7
ab

1.2 ± 0.4
ab

0.7 ± 0.2
ab

1.2 ± 0.4
ab

Some differences were found in the variables root and shoot length between time
intervals (Figure 4b,c). The “soil” factor had a higher impact on root length, followed by
the “presence of biochar” (Table 3).

The bare soil treatment had an average pH of 7.4, the same as the biochar mix treatment.
The biochar layer treatment increased pH by 1.4% and the mulch and mulch + biochar
layered treatments decreased pH values by 14%, and 8.1%, respectively. On the other side,
EC in the bare soil was the lowest, with only 0.8 mS cm−1, and it was increased by 36% in
the biochar mix, biochar layer, and mulch layer and by 23% in the mulch + biochar layer
treatment. Significant differences were found in pH and EC between treatments. In pH,
differences were found between all treatments in comparison with bare soil and EC between
the biochar mix, biochar layer, and mulch + biochar layer and the bare soil. Significant
differences were also found in pH between soil A and B (7.4 and 7.3, respectively) and
soil-mixed and surface-layered (7.4 and 7.3, respectively). In EC, differences were only
found between soil A and B (1 and 1.2, respectively) (Table 4). pH decreased and EC
increased constantly with time intervals, with some significant differences (Figure 5a,b).

Pearson correlation showed some significant correlation between phytotoxicity vari-
ables (Table S2).
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Figure 5. pH (a) and EC (b) of the leachate, in each treatment and time interval during the rainfall
simulations. Pooled data for soil A and B. Asterisk (*) indicates significant differences in comparison
with bare soil, at p < 0.05, n = 18.

4. Discussion
4.1. Mulch and Biochar Effects on Soil Hydrology

This study found that both mixed and layered treatments were more effective in re-
ducing runoff in soil than in other studies [12,14,16,32]. The higher reductions for mulched
treatments may have been due to dry initial soil conditions, which delayed runoff pro-
duction. Other studies have found runoff reductions near −100% for dry soils (Figure 6),
which can be explained by the lowering of runoff velocities and the increase in soil water
retention [3,11,33–35].
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Figure 6. Runoff effect versus erosion effect (percentage of increase or decrease as compared to
untreated plots) for comparing studies in the literature on the effect of biochar and mulch application
schemes: biochar soil-mixed (brown), biochar soil surface layer (blue), and mulch soil surface layer
(green). Negative percentages indicate reductions, while positive percentages indicate increases in the
treatments as compared to the untreated controls. Numbers correspond to the references; B (biochar
layer), M (mulch layer), and MB (mulch + biochar layer) correspond to this study.

The water repellency of both soils and the amendments (Table 1) was extremely low
(biochar and straw) or absent (soil A and B), which also contributed to the observed delay
to runoff. A few biochar studies even found increased runoff by up to 25%, as compared
to the untreated control plots (Figure 6), which can be explained by the water repellency
status of the used biochar [36,37].

The application of mulch plays a critical role in reducing runoff, as seen in the sig-
nificant decrease in runoff amounts in the mulch-layered treatments when compared to
other treatments (Figure 1). By increasing the soil’s surface roughness of the soil, mulch
reduces the velocity of surface flow [38,39]. Straw mulch, in particular, offers greater runoff
reductions than biochar surface applications due to the latter’s higher susceptibility to
erosion [32]. Additionally, mulch traps water [11,33–35,40], especially at the start of a
rainfall event when it is dry and its water retention capacity is maximized [3].
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Infiltration (including leachate and soil water storage) was greater in the layered
treatments compared to the mixed treatments, with the highest values observed in the
mulch + biochar treatment (Figure 1). The delay in runoff, due to the physical barrier
created by the layers, facilitated increased contact time between water and surface soil. This
allowed for deeper water movement [16,26], promoting infiltration. Although the biochar
mix treatment also increased infiltration [15] due to the reduction in density (Table 1), and
consequent increase in porosity, the surface application of the product demonstrated an
optimized effect. The combination of mulch and biochar layers had a more pronounced
effect due to the larger quantity of material on the soil surface acting as a barrier to water
flow, along with the synergistic sponge-like effect of the mulch–biochar combination [3].
Additionally, as a no-tillage management practice, it contributes to biodiversity conser-
vation, as one of the main threats to biodiversity in agricultural landscapes is associated
with mechanical disturbances [41]. The lack of differences between treatments in some
variables, such as leaching, were likely a consequence of having a pool data including two
different soils (Figure 1). An analysis splitting these two soils showed different hydrological
responses of soil A and B (Table 2), soil A being hydrologically more conductive than soil
B. These differences may increase the coefficient of variation and result in a lack of main
differences (Table S3). Other research has found lack of differences in the variables overall,
but partial differences with each soil in their research [37].

Studies in Mediterranean agricultural systems with soils of similar textures as ours
have found similar results in terms of mulch and biochar effects on soil hydrological
response [14,15,42]. Also, studies comparing cultivated and abandoned vineyards and olive
orchards have found that the abandoned ones exhibited less runoff due to the vegetation
that started growing in the lines and the absence of soil overexploitation. The increased
vegetation cover in abandoned orchards enhances soil structure and permeability, which
contributes to better water infiltration and reduced surface runoff [43]. This aligns with our
findings where surface treatments that promote soil cover and structure mitigate runoff
and increased infiltration.

4.2. Mulch and Biochar Effects on Soil Erosion

This study revealed that the mulch and mulch + biochar-layered treatments resulted
in the greatest reductions in soil interrill and rainsplash erosion compared to the untreated
plots (Figure 2), aligning with the majority of studies that have investigated the effects of
mulch layers [12,42,44–46] (Figure 6). Mulch provides a protective cover for the soil surface,
shielding it from the direct impact of raindrops, which reduces rainsplash erosion, soil
detachment, and the availability of detached soil particles that could be transported by
runoff [10]. Straw mulch in particular has also demonstrated high efficiency in mitigating
erosion in other studies conducted in Mediterranean agricultural orchards [47].

Biochar layers demonstrated partial effectiveness in mitigating erosion [16,48–50]
(Figure 6). According to [16], biochar was effective in reducing soil erosion during the
initial rainfall phases when runoff is minimal and insufficient to wash away the char
particles. However, biochar’s effectiveness diminishes after these early stages unless it
is covered by a layer of straw mulch [32]. The biochar mix treatments were the least
effective at reducing soil erosion, as they lacked sufficient surface protection. This result is
consistent with findings from other studies [51–64]. The proportion of ground cover is a
very important factor, with 70% to 100% coverage capable of reducing soil loss by up to
95% [42,46]. Soil erosion in biochar-amended soils showed a wide range of outcomes, with
reductions reaching up to −100% (no erosion compared to untreated plots) and increases
as high as 177%, resulting in an average decrease of −6%, which highlights the wide
variability among studies.
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In studies conducted under field conditions, erosion rates exhibit significant seasonal
variability, primarily due to the influence of changing soil conditions such as moisture
levels, water repellency, and other related factors. Seasonal fluctuations can greatly impact
the soil’s susceptibility to erosion, with wetter or more water-repellent soils responding
differently to rainfall events [1,11]. Additionally, although we aimed to simulate field
conditions in our laboratory study, the rainfall simulation research always pose some
limitations, such as rainfall conditions (lower drop height, smaller droplet diameter, and
reduced rainfall velocity), soil preparation, and lack of spatio-temporal patterns, which
simplifies the assumptions, and may led to differences in the magnitude (both underes-
timation and overestimation) of the hydrologic and erosion variables [12,16,54,58–60,62].
However, rainfall simulations present many advantages, and the reproducibility of the
trends were recognized by the scientific community and justify the use of this method-
ology [12,16,54,58–60,62]. The application of mulch and mulch/biochar combinations
has consistently demonstrated high efficiency in reducing runoff and erosion across vari-
ous field conditions [11,32], as well as laboratory rainfall simulation studies with erosion
reductions being similar in both studies.

4.3. Mulch and Biochar Effects on Soil Phytotoxicity

The germination percentages in the leachate were high (76–88%), showing no sig-
nificant differences between treatments (Figure 4a; Table 4), which can be attributed to
low PAHs and EC values (Table 1; Table 4), which did not affect seeds germination rates.
The PAHs consistently remained in the lower concentration range found in untreated
agricultural soils globally, from close to 0 to approximately 2 mg kg−1, minimizing the
toxicity that these pollutants have on germination and plant development [65–68]. The
EC values, which ranged from 0.7 to 1.3 mS cm−1 in all treatments, are far from values
exceeding 3 mS cm−1, which are generally considered elevated and can negatively impact
lettuce development [69], especially affecting germination rates [70].

Both root and shoot lengths significantly increased in all biochar treatments, but no
such effect was observed in the only mulch treatment (Table 4). The greater increases
were found in soil B, which can be explained by the lower pH of soil B (Table 1), as
most plant species tend to thrive in soils with pH values between 6.2 and 7.3, where the
availability of essential nutrients is optimized [71]. In the case of lettuce, pH values below
6 increase toxicity, negatively affecting early growth [72]. In soil B, biochar (mix and
layered) and mulch + biochar (layered) enhanced both root and shoot length by raising
pH, while mulch alone reduced pH (Figure 5), due to biochar’s alkalinity and straw’s
acidity [73,74] (Table 1). Additionally, the presence of phytotoxic phenolic compounds,
which are common in olive orchard soils, may have been adsorbed by biochar, thereby
reducing their bioavailability to plants [75]. In soil A, biochar’s effect was not so marked,
because pH was already in the value range that enhances nutrient availability. However,
biochar application in this soil also improved plant length. Biochar’s high cation exchange
capacity, enhancing nutrient retention, can increase plant growth at low concentrations [74].
Studies assessing biochar impacts on plant growth found that concentration in the soil
between 1% and 3% significantly improved plant length, compared with the control—soil
without biochar [66,76]. The increase in EC observed across all treatments with biochar
compared to bare soil, from 0.8 mS cm−1 to values between 1 and 1.2 mS cm−1 (pooled
data average for soil A and B, in all time intervals), may have also influenced plant growth
(Table 4; Figure 5). This aligns with findings from studies on hydroponically grown lettuce.
The authors of [67] reported that lettuce growth rates improved within an EC range of
1–2 mS cm−1. Similarly, [77] found that moderate EC levels (0.8–1.2 mS cm−1), indicative
of lower salt concentrations, promoted lettuce growth by minimizing osmotic stress, while
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levels below 0.8 mS cm−1 were associated with inadequate nutrient availability, leading to
reduced biomass.

The use of a mulch and biochar seems to have advantages in recovering especially
the more degraded soils, as stated previously by [2]. However, the economic feasibility
and farmers’ acceptability of these practices depend on many factors, the initial investment
on biochar acquisition being a strong barrier. Mulch and biochar could offer valuable
long-term returns, but the exact dose–response details and economic quantification of the
measures make its implementation on broader spatial and temporal scales difficult.

5. Conclusions
The principal conclusions of this study into the effect of biochar and straw mulch ap-

plications on the hydrology, erosion, and phytotoxicity of agricultural soils were as follows:
Regarding the first specific objective, we conclude that all treatments positively affected

the soil water balance, leading to lower runoff and higher infiltration rates, with the most
significant improvements observed in the surface-layered treatments.

Regarding the second specific objective, we conclude that both interrill and rain-
splash erosion significantly decreased for all treatments, but with larger effects for the
mulched ones.

Regarding the third specific objective, we conclude that the presence of biochar at 2.8%
(soil-mixed) or 10 Mg ha−1 (soil surface-layered) was a factor that significantly increased
plant root and shoot length in the leachate, especially in the soil-mixed application strategy.

Overall, the mulch + biochar-layered treatment showed the best results in simultane-
ously improving soil hydrology, erosion control, and habitat for plant growth, by combining
the advantages of both products. Additionally, as a no-tillage management practice, it
minimizes ecosystem disturbance.

Future research should focus on investigating the long-term effects of biochar and
mulch on soil health, with an emphasis on their correlation with crop productivity and phy-
totoxin inhibition. Additionally, the specific mechanisms by which mixed treatments impact
soil aggregation and biochar and mulch properties interact warrant further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy15040926/s1, Table S1: Correlation matrix of Pearson
correlation coefficients between hydrological (runoff amount, runoff coefficient, soil water storage,
leachate amount, runoff start time, runoff end time, leachate start time) and erosion (rainsplash
erosion, interrill erosion) variables. Values followed by one or two asterisks indicate significant
correlations between the variables at p < 0.05 and p < 0.001, respectively; Table S2: Correlation
matrix of Pearson correlation coefficients between phytotoxicity variables (germination percentage,
root length, shoot length, leachate pH, and leachate EC). Values followed by one or two asterisks
indicate significant correlations between the variables at, respectively, p < 0.05 and p < 0.001. Table S3:
Coefficient of variation for each soil (A, B) and for the pooled data (A+B) in each treatment, for
the hydrologic (runoff, soil water storage and leachate). erosion (interrill erosion and rainsplash
erosion) and phytotoxic (germination percentage, root length, root length, leachate pH and leachate
EC) variables.
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