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Abstract 
Biochar application to agroecosystems has become popular as a soil-health-im-
proving, agricultural conservation practice that has been reported to positively 
affect numerous near-surface soil properties. However, biochar effects have of-
ten been inconsistent among cropping systems, management practices, and soil 
textures. The aim of this field study was to assess the effects of biochar applica-
tion rate (i.e., 0, 2,000, and 4,000 kg ha−1 yr−1) after three consecutive years of 
annual pre-plant application (i.e., 0, 6,000, and 12,000 kg ha−1 total) with mini-
mal surface incorporation on near-surface soil properties and soil water reten-
tion, based on soil wetting curves, in a furrow-irrigated, cotton (Gossypium hir-
sutum)-corn (Zea mays) rotation on an alluvial silt-loam soil in southeast Ar-
kansas. At the end of the 2025 corn growing season, all soil properties in the top 
15 cm did not differ (P > 0.05) among biochar rates when treated as a discrete 
or continuous variable. Evaluated with the slope and intercept parameters from 
the linear and natural-logarithm regression fits characterizing the relationships 
between soil water potential and soil water content, soil water retention was un-
affected (P > 0.05) by biochar rate. Biochar applications require continued eval-
uation across different crop management practices and soil textures to improve 
our understanding of the potential effects of biochar on crop productivity, vari-
ous soil properties, and general soil health. 
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1. Introduction 

Soil degradation occurs when a soil system’s structure, functionality, efficiency, or 
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resilience is diminished, resulting in topsoil loss, loss of structural integrity, and 
eventually low plant productivity [1]. Anthropogenic actions have often acceler-
ated soil degradation through excessive pesticide use, unnecessary tillage, defor-
estation, over-grazing, and industrial activities [1]. In agroecosystems, soil degra-
dation that decreases agricultural yields can increase nutrient losses, greenhouse 
gas (GHG) emissions, and food prices for consumers [1]. Measures aimed at re-
mediating and preventing soil degradation must be implemented widely to realize 
the pedosphere’s essential ecosystem services in agriculture.   

Agriculture is the primary industry impacted by soil degradation, as an esti-
mated 29% of degraded soil worldwide is cropland [2]. Excessive tillage, which 
often occurs with agricultural practices in conventional tillage systems, can exac-
erbate the loss of soil organic matter (SOM) and soil organic carbon (SOC) 
through accelerated biotic and abiotic decomposition, which, in turn, can also 
cause the loss of soil nutrients, such as nitrogen (N), phosphorus (P), and sulfur 
(S) [2]. For decades, extensive efforts have been made to prevent agriculture-as-
sociated soil degradation through various conservation practices, such as reduced 
tillage, planting perennial crops, using cover crops between growing seasons, al-
ternatives to chemical pesticides, and applying organic amendments [3] [4]. Many 
of the conservation practices focus on minimizing soil disturbance, keeping the 
soil in place, and preserving SOM [5].  

Soil organic matter loss is particularly damaging not only for the potential as-
sociated loss of soil nutrients, but for the negative impacts SOM loss imparts on 
soil aggregation, structural stability, and soil water retention [6]. The presence of 
SOM decreases the soil’s bulk density (BD), improves soil structure, and increases 
soil porosity, which, in turn, can increase soil water-holding capacity [6] [7]. Thus, 
SOM loss impairs the soil’s ability to retain water, which is critical as useable fresh-
water for irrigation is already scarce in many regions and irrigated agriculture ac-
counts for 69% of global groundwater withdrawals [8]. Consequently, increasing 
soil water retention would likely contribute to reducing the amount of freshwater 
needed for maximizing production in irrigated agriculture. 

As an organic soil amendment gaining popularity and a recognized conserva-
tion practice, biochar is a C-rich substance derived from burning organic material 
in an anoxic environment at varying temperatures via pyrolysis [9]. As a result of 
pyrolysis, the remaining C in biochar is considered somewhat recalcitrant, thus 
semi-resistant to weathering and breakdown by oxidation after soil application 
[9]. Notably, biochar possesses the potential to improve the health and quality of 
degraded soils [10]. Biochar is also often noted for large nutrient contents and 
large surface area and porosity, which generally allows biochar to positively im-
pact not only plant growth and soil health, but also provide a means of climate-
change mitigation from expected lower GHG production and release [11]. Appli-
cation of biochar has been observed to decrease BD and increase total porosity in 
coarse soils [12]. Biochar has also been reported to reduce nitrous oxide (N2O) 
fluxes in a silt-loam soil cropped to a cotton (Gossypium hirsutum)-corn (Zea 
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mays) rotation in southeast Arkansas [13].  
When applied to soil, biochar can slowly release abundant nutrients that can 

then be absorbed by plant roots [11] [14]. However, biochar nutrient contents can 
differ depending on the pyrolysis temperature, with N losses occurring at 400˚C, 
and 600˚C favoring K concentration in the remaining biochar material [11]. The 
biochar’s initial feedstock also has a controlling influence on the resulting biochar 
nutrient content, as biochar variations prepared with different woody feedstocks 
have shown to result in different biochar C, N, and oxygen concentrations [15]. 
Biochar’s large surface area from increased internal porosity allows biochar to ad-
sorb chemicals and sequester organic substances [7], as well as retain water [6]. 
Increased soil water retention is dependent not only on biochar composition, but 
also on biochar’s interaction with the soil texture the biochar is applied to, with 
biochar considered effective at increasing soil water content in sandy soils, less 
effective in loamy soils, and potentially counter-effective in clayey soils [16].  

More recently, Burke et al. [17] evaluated the effects of two or three years of 
annual biochar application on soil profile water contents at three locations in east-
ern Arkansas. Results showed that biochar applications are more consistently ef-
fective at increasing soil water content in dryland farms (irrigated by rainwater) 
compared to farms that utilize furrow irrigation [17].  

Despite the recent study by Burke et al. [17], few studies have examined the 
cumulative effects of multiple years of consecutive biochar application on soil wa-
ter retention in irrigated agroecosystems, particularly in the highly agriculturally 
productive Lower Mississippi River Valley (LMRV) region of eastern Arkansas 
[13] [17]. The objective of this field study was to evaluate the cumulative effects 
biochar application (i.e., 0, 2000, and 4000 kg ha−1) on near-surface soil properties 
and soil water retention, based on soil wetting curves, after three consecutive years 
of surface application with light incorporation in a furrow-irrigated cotton-corn 
rotation on an alluvial silt-loam soil in southeast Arkansas. It was hypothesized 
that the 4000 kg ha−1 rate treatment would have lower BD, but greater SOM, pH, 
extractable soil nutrients, TC, and soil C:N ratio compared to the 2000 kg ha−1 rate 
and unamended control (i.e., 0 kg ha−1 rate) due to biochar’s large porosity, nutri-
ent adsorption ability, and large C concentration. It was also hypothesized that 
the 4000 kg ha−1 rate treatment would have greater water retention characteristics 
compared to the 2000 kg ha−1 rate and unamended control due to biochar’s in-
creased porosity and water-holding capacity. 

2. Materials and Methods 
2.1. Site Description 

The study was conducted on a private farm in Desha County, southeast Arkansas 
within Major Land Resource Area (MLRA) 131B, Arkansas River Alluvium, which 
is an alluvial plain composed of variable soil textures, bottom-land hardwood de-
ciduous forests, and cypress (Taxodium distichum) swamps [13] [18]. The specific 
study area was located approximately 46 m downslope (<1%) from the northern 
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edge into production-scale field and was approximately 49 m long and 11.4 m 
wide with 12, 0.7-m wide raised beds [13]. The soil mapped throughout the study 
area was a Hebert silt loam (fine-silty, mixed, active, thermic Aeric Epiaqualfs), 
which is a poorly drained and slowly permeable soil developing in silty alluvium 
[18].  

The 30-year (i.e., 1991 to 2020) average annual precipitation in the region was 
130 cm, with the greatest monthly rainfall generally occurring in April (i.e., 14 
cm) [13] [19]. The 30-year monthly average air temperature is 17.8˚C, with the 
largest average monthly air temperature generally occurring in July (i.e., 27.7˚C) 
[13] [19].  

2.2. Experimental Design, Treatments, and Plot Layout 

The study area was comprised of four blocks (i.e., replications) with three annual 
biochar rate treatments (i.e., 0, 2000, and 4000 kg ha−1 yr−1) randomly assigned per 
block [13] [17]. Total biochar amounts applied were 0, 6,000, and 12,000 kg ha−1 
total. Consequently, the experimental design was a randomized complete block 
(RCB) with a factorial design to assess potential effects of biochar rate on soil wa-
ter retention [13] [17]. The biochar treatment rates corresponded to 0, 7.75, and 
15.5 kg of surface-applied biochar per plot, and biochar was broadcast-applied to 
the soil surface one week before planting in plots that were 10 m long and four 
raised beds wide (i.e., 3.8 m), which represented the experimental unit [13] [17] 
The biochar was derived from a softwood pine (Pinus spp.) feedstock (En-
viraPAC, Monticello, AR) and was composed of a mixture of coarse and powder-
like particles [13] [17]. The biochar material applied had 93% organic C and 0.7% 
total N [20]. During planting, the applied biochar was lightly mixed in the upper 
~5 cm of soil by the mechanical action of the planter [13] [17]. The minimal in-
corporation was preferred by the landowner to preserve the integrity of the raised 
beds for future use and to allow unobstructed water flow through the adjacent 
furrows [13] [17].  

2.3. Field Management 

The field study initially began in Spring 2023 with the first of three consecutive 
years of consistent biochar treatment (i.e., 0, 2000, and 4000 kg ha−1), where bio-
char was applied to the same plots in Spring 2024 and 2025 as well [13] [17]. Burke 
et al. [17] summarized selected initial biochar properties. The study area has a 
history of minimum tillage and furrow-irrigation each year when needed with 
nearby well water (i.e., groundwater) [13] [17]. The typical annual tillage per-
formed was one pass of a roller bedder to form or re-form the raised beds and a 
subsequent pass with a bed conditioner to level the tops of the beds for planting 
[13] [17].  

During the 2023 and 2024 growing seasons, cotton was planted on top of the 
raised beds in April at a rate of ~168,000 seeds ha−1 to a depth of ~2.5 cm, with an 
in-row spacing of ~15 cm; the raised-bed width was 65 to 70 cm and the bed height 
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was ~9 cm [13] [17]. In both growing seasons, ~120 to 130 kg N ha−1 were applied 
as a combination of either 32% urea ammonium nitrate (UAN), diammonium 
phosphate (DAP), or ammonium sulfate after planting [13] [17]. In addition, in 
both growing season, 44 kg ha−1 of phosphorus (P) were applied as DAP, 101 kg 
ha−1 of potassium (K) were applied as muriate of potash, 24 kg ha−1 of sulfur (S) 
were applied as ammonium sulfate, and 1.1 kg ha−1 of boron (B) were applied as 
elemental B [13] [17].  

During the 2025 growing season, corn was planted in late March at a rate of 
~84,000 seeds ha−1 to a depth of ~5cm, with an in-row spacing of ~6.4 cm [13] 
[17]. Immediately after planting in 2025, 112 kg ha−1 of ammonium sulfate, 196 
kg ha−1 of DAP, 140 kg ha−1 of muriate of potash, and 1 kg ha−1 of chelated zinc 
were broadcast-applied [13] [17]. In late April 2025, 252 kg ha−1 of urea were 
broadcast, followed by a final urea broadcast application of 112 kg ha−1 in early 
June, and pesticides were applied each year on an as-needed basis to control weeds 
[13] [17]. Fertilizers and pesticides were applied with a ground rig or via airplane 
when necessary. Additional field management details were reported in Brye [13] 
and Burke et al. [17]. 

2.4. Soil Sample Collection and Processing 

At the end of the 2025 corn growing season, one soil sample was collected with a 
4.8-cm-diameter, stainless steel core chamber and slide hammer from the top 15 
cm of one raised bed in each plot per treatment (n = 4 per treatment) for BD 
determination and chemical analyses [13]. Soil samples were oven-dried for at 
least 48 hours at 70˚C, ground, and sieved though a 2-mm mesh screen [13].  

Soil pH and electrical conductivity (EC) were determined potentiometrically in 
a 1:2 soil mass:water volume suspension [21]. Plant-available Ca, Mg, K, and P 
concentrations were determined following Mehlich-3 extraction in a 1:10 soil 
mass:extractant volume and analysis by inductively coupled, argon-plasma spec-
trophotometry [22]. SOM concentration was measured after 2 hours of combus-
tion at 360˚C by weight-loss on-ignition [23]. TC and total N (TN) concentrations 
were measured on a VarioMax CN analyzer (Elementar Americas Inc., Mt. Laurel, 
NJ) by high-temperature combustion [24] [25]. All measured TC was assumed to 
be organic due to no effervescence when treated with dilute hydrochloric acid. 
The soil C:N ratio was calculated from the measured TC and TN concentrations.  

A second soil sample was collected with a 5-cm-tall core chamber, which was 
manually tapped into the soil with a rubber mallet, from the top 5 cm of one raised 
bed in each plot per treatment (n = 4 per treatment) for water-retention measure-
ments. Samples were air-dried for at least 5 days at ~21˚C, then ground and sieved 
with light pressure though a 2-mm mesh screen.  

2.5. Water Retention Procedures 

Following prior procedures [4] [26]-[28], 10, 5.0 ± 0.1 g subsamples of air-dried, 
ground, and sieved soil from each of the 12 plots were placed into small, plastic 
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cups, after which 1, 2, 4, 6, 10, 12, 15, 20, 30, and 40 drops of distilled water were 
added, respectively, to achieve a representative range of gravimetric soil water 
contents. Any dispersive effects from using distilled water were assumed to affect 
all soil samples equally. Following the addition of distilled water, the soil samples 
were manually mixed with a metal spatula to uniformity and subsequently trans-
ferred to pre-weighed, small, plastic measurement capsules (i.e., 4.0 cm in diame-
ter and 1.1 cm tall; Decagon Devices, Inc., Pullman, WA). Soil was placed to fill 
approximately half the height of the measurement capsule, after which the capsule 
was capped and allowed to equilibrate overnight at room temperature (i.e., 
~21˚C). The following morning, the soil water potential of each sample was then 
measured with a Decagon WP4C Dewpoint Potentiameter (Decagon Devices 
Inc.). After each water potential measurement, the capsule, cap, and moist soil 
were weighed and oven-dried at 70˚C for at least 12 hours. After oven-drying, the 
capsule, cap, and dry soil were reweighed to calculate the gravimetric water con-
tent of each sample based on the initial air-dried mass of soil. The resulting water 
potential measurement associated with each gravimetric soil water content was 
used to represent the soil wetting curve for all replicate samples. 

The relationship between soil water potential (i.e., dependent variable) and 
gravimetric soil water content (independent variable) was characterized via linear 
regression using Excel (version 2607, Microsoft Corp., Redmond, WA) by fitting 
trendlines through all data points for each replication of the three biochar treat-
ments (n = 4) [26] [28]. A simple linear regression equation was determined for 
both the raw (i.e., non-transformed) and natural-logarithm (LN)-transformed 
gravimetric soil water content data points. The linear and LN slopes and intercepts 
of the resulting regression relationships were recorded for each biochar plot for 
subsequent statistical analyses [26] [28].   

2.6. Statistical Analyses 

Based on the RCB design, a one-factor analysis of variance (ANOVA) was per-
formed in SAS (version 9.4, SAS Institute, Inc., Cary, NC) to determine the effect 
of biochar treatment (i.e., 0, 2000, and 4000 kg ha−1) on soil BD, pH, EC, extracta-
ble soil nutrient (i.e., Ca, Mg, K, and P) concentrations, SOM, TC, and TN con-
centrations, and the soil C:N ratio in the top 15 cm after three consecutive years 
of consistent management. All soil properties were analyzed with a gamma distri-
bution. A one-factor ANOVA was also performed in SAS, based on a RCB design, 
to determine the effect of biochar treatment on the linear and LN slope and inter-
cept parameters from the regression fits characterizing the relationship between 
the measured soil water potential and gravimetric soil water content from the top 
5 cm. The slope parameters were analyzed with a gamma distribution due to the 
skewed data distribution, while the intercept parameters were analyzed with a 
normal distribution.  

Treating the biochar rates as a continuous variable, rather than a discrete vari-
able as with the ANOVA analyses, linear regression analyses were also performed 
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on all soil properties and the slope and intercept parameters from the linear and 
LN fits characterizing the relationship between the measured soil water potential 
and gravimetric soil water content (Microsoft Excel 16). Significance was judged 
at P ≤ 0.05 for all analyses. 

3. Results and Discussion 
3.1. End-of-Season Soil Properties 

After the three consecutive years of pre-plant biochar additions (i.e., 2023, 2024, 
and 2025), soil BD, pH, EC, extractable Ca, Mg, K, and P, and SOM, TC, and TN 
concentrations and C:N ratio in the top 15 cm did not differ (P > 0.05) among 
biochar treatments when biochar treatments were treated as a discrete or contin-
uous variable (Table 1). However, soft, woody feedstocks, which served as the 
main component of the biochar used in this study, and softwood-derived biochar 
have been shown to increase soil K levels [29]. In addition, during pyrolysis, K is 
mostly preserved and converted into highly soluble salts [30] that are easily re-
leased upon biochar interaction with soil and soil moisture fluctuations. Potas-
sium is also often one of the most abundant plant macronutrients in many soils 
[31], which may have masked biochar-addition effects on soil K. 

 
Table 1. Summary of the effect of biochar (B) treatment [i.e., 0 (0B), 2000 (2B), and 4000 
(4B) kg ha−1] on bulk density (BD), soil pH, electrical conductivity (EC), Mehlich-3 ex-
tractable soil nutrient (i.e., Ca, Mg, K, and P) concentrations, soil organic matter (SOM), 
total carbon (TC), and total nitrogen (TN) concentrations, and the soil C:N ratio (C:N ra-
tio) in the top 15 cm after three consecutive years (i.e., 2023, 2024, and 2025) of biochar 
addition (n = 4 per treatment) in a furrow-irrigated, cotton-corn rotation in southeast Ar-
kansas. 

Soil 
Properties 

P 
Biochar Treatment Regression Results 

0B 2B 4B Slope Intercept P 

BD (g cm−3) 0.87 1.12 1.15 1.16 0.00001 1.125 0.59 

pH 0.77 6.15 6.25 6.30 0.00004 6.14 0.41 

EC (dS m−1) 0.95 0.303 0.306 0.317 0.00001 0.30 0.76 

Ca (mg kg−1) 0.80 1536 1590 1563 0.007 1549.4 0.73 

Mg (mg kg−1) 0.85 225.0 226.7 235.2 0.003 223.9 0.58 

K (mg kg−1) 0.78 119.6 111.0 129.9 0.0024 116.3 0.73 

P (mg kg−1) 0.53 74.1 65.0 58.2 −0.004 74.4 0.26 

SOM (%) 0.38 2.19 2.04 2.06 −0.00003 2.16 0.25 

TC (%) 0.49 1.19 1.07 1.09 −0.00002 1.16 0.33 

TN (%) 0.54 0.12 0.11 0.11 −0.00001 0.11 0.30 

C:N ratio 0.37 10.2 9.9 10.2 −0.00001 10.14 0.87 

 
Though biochar is known to be a generally recalcitrant C source [9], the first-

year applied biochar (i.e., 2023), which also resulted in twice the biochar-C appli-
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cation in the high- compared to the low-biochar-rate treatment, likely had started 
to decompose by year three (i.e., 2025) to stimulate microbial activity [32], specif-
ically as carbon dioxide (CO2) emissions [33], to contribute to numerically, 
though not significantly, decreasing TC concentrations as biochar rate increased 
(Table 1). Brye [13] reported season-long CO2 emissions numerically increased 
as biochar rate increased, but season-long CO2 emissions differences were not sig-
nificant among biochar rates (i.e., 0, 2,000, and 4,000 kg ha−1). The numerically, 
though not significantly, decreasing soil C:N ratio after three consecutive years of 
biochar application was a positive influence on soil health by creating a more con-
ducive soil environment for microbial activity [34] [35] and may have been reflec-
tive of the decomposition of the first year of biochar addition after three cropping 
season years. The lack of a significant effect of biochar rate on soil properties re-
flected larger variability among individual treatment replications and were likely 
related to the minimal biochar incorporation that occurred each application year 
[13].   

3.2. Water Retention Properties 

Combining data across all three biochar treatments and four replications, the re-
lationship between measured water potential and gravimetric water content in 
disturbed fine-earth material was curvilinear, where the water potential increased 
exponentially as gravimetric water content increased (Figure 1). Similar patterns 
have been reported in other studies on loamy soils in eastern Arkansas portion of 
the LMRV [4] [27] [28]. 

 

 
Figure 1. Relationship between soil water potential and gravimetric soil water content for 
three biochar treatments and all replications within a treatment (n = 4) for the top 5 cm 
after three consecutive years (i.e., 2023, 2024, and 2025) of biochar addition in a furrow-
irrigated, cotton-corn rotation in southeast Arkansas. 
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Similar to most end-of-season soil properties, but contrary to the original hy-
pothesis, whether treated as a discrete or continuous variable, the slope and inter-
cept parameters characterizing the both the linear and LN relationship between 
the measured soil water potential and the gravimetric soil water content did not 
differ (P > 0.05) among biochar treatments after three years of biochar application 
and three cropping seasons (Table 2). The predictive ability of the linear trend-
lines was not large, where coefficients of determination (r2) values ranged from 
0.21 to 0.37, while the r2 values were somewhat larger for the LN relationships, 
which ranged from 0.49 to 0.79 across individual replications. 

 
Table 2. Analysis of variance summary of the effect of biochar (B) treatment [i.e., 0 (0B), 
2000 (2B), and 4000 (4B) kg ha−1], treated as a discrete variable, on the slope and intercept 
parameters from the linear and natural logarithmic (LN) fits characterizing the relationship 
between the measured soil water potential and gravimetric soil water content and the slope 
and intercept parameters from linear regression analysis treating biochar rates as a contin-
uous variable in the top 5 cm after three consecutive years (i.e., 2023, 2024, and 2025) of 
biochar addition (n = 4 per treatment) in a furrow-irrigated, cotton-corn rotation in south-
east Arkansas. 

Model Parameter P 
Biochar Treatment Regression Results 

0B 2B 4B Slope Intercept P 

Linear Slope 0.47 0.67 0.49 0.52 −0.00004 0.64 0.34 

 Intercept 0.33 −16.61 −12.29 −12.86 0.0009 −15.80 0.23 

LN Slope 0.23 10.33 7.74 8.34 −0.0005 9.81 0.20 

 Intercept 0.16 −29.28 −21.99 −23.41 0.001 −27.83 0.15 

 
Soil water retention, as characterized by soil wetting curves, was unaffected by 

three consecutive years of biochar treatment to an alluvial, silt-loam soil in south-
east Arkansas. Results of the current study were consistent with Gaskin et al. [36] 
who concluded that high rates of biochar application (i.e., 22 Mg ha−1) are needed 
in order to increase soil water retention in loamy-sand soils in Tifton, Georgia. In 
addition, numerous studies have reported that biochar application has only min-
imally impacted soil water retention [16] [27] [29], as fresh (i.e., young and un-
weathered) biochar is known to show some hydrophobicity, despite having large 
porosity, that could have prevented or restricted water from entering the soil 
pores, which has been observed in sandy soils [37] [38]. Furthermore, aged (i.e., 
weathered) biochar has been reported to retain less water than fresh biochar in 
fine-loamy soils in Iowa [39]. 

Burke et al. [17] tracked estimated volumetric soil water contents at the 15-, 
30-, and 45-cm depths over time at three locations in the eastern Arkansas portion 
of the LMRV. Burke et al. [17] reported soil water contents generally differed 
among biochar rates in the deeper soil depth, which was likely due to the study 
plot’s low BD and relatively low clay content (6%) that allowed furrow-irrigation 
water and rainwater to infiltrate to deeper depths where biochar had been applied. 
In the same plots as the soil samples were collected from for the current study, 
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Burke et al. [17] reported that soil water contents varied among biochar-soil depth 
treatment combinations, where, at times, biochar application resulted in lower soil 
water contents than in the unamended control. In addition, biochar did not ap-
pear to maintain greater soil water contents at the 15-cm depth as the soil dried 
out from evaporation and a profile redistribution following furrow-irrigation 
events compared to the unamended control. Biochar effects appear to be mini-
mized under irrigated conditions, thus are likely more beneficial for increasing 
soil water retention under dryland production systems [17]. 

There are several plausible explanations why there was no significant impact on 
water retention after three consecutive years of biochar application. Biochar has 
been reported to fill pores in sandy soils, which allows sandy soils to retain more 
water with biochar addition, due to biochar’s own porosity, than if biochar had 
not been applied [40]. However, biochar pores themselves can become clogged by 
silt and clay particles over time, preventing water from entering and being stored 
in biochar pores [41]. Biochar was minimally mixed into the upper few centime-
ters of soil after biochar application, which is not deep enough for biochar to have 
a substantial impact on soil water retention, with 10 cm being the suggested bio-
char mixing depth [42]. Furthermore, biochar application to reduced-tillage con-
ditions is challenging, as biochar incorporation into fine-textured soils is greatly 
limited unless thoroughly mixed into the soil [43]. 

3.3. Practical Implications 

Though inconsistency exists, such as with the results of the current study and the 
minimal surface incorporation that occurred following annual biochar applica-
tion, in general, biochar has been shown to increase soil water retention by various 
metrics, thus biochar is likely a useful organic amendment to impose positive ef-
fects for soil and water conservation. However, due to biochar’s potential to retain 
less water as the biochar ages, or decomposes and weathers in-situ [39] [41], bio-
char may be better used as a short-term method of increasing soil water retention 
and be coupled with other conservation practices, such as reduced tillage and 
cover crops. In addition, similar to the results of the current study, biochar’s ef-
fectiveness at increasing soil water retention is likely soil-texture dependent, 
where positive biochar effects may manifest more in coarse- than fine-textured 
soils, as coarse-textured (i.e., sandy) soils already have lower water-retention ca-
pability, thus microporous biochar likely has a greater relative effect on soil water 
retention in sandy than in loamy or finer-textured soils [44].  

Though even light incorporation may be challenging when a producer is also 
trying to maintain minimum or reduced tillage year after year, biochar incorpo-
ration into the 10 to 15 cm of soil profile is likely necessary to reduce potential 
off-site transport of the biochar via surface runoff during rainfall and/or irrigation 
events. Incorporation may also be necessary to maximize biochar’s ability to de-
crease the upper soil profile’s BD and increase soil porosity, infiltration, and wa-
ter-retention capacity, particularly in regions, such as the LMRV, where many ag-
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ricultural fields have a water-restricting, plow pan within 10 to 15 cm of the soil 
surface that limits vertical water flow after surface infiltration. Any added benefit 
that biochar could provide to improve vertical water flow with the soil profile after 
surface infiltration, such as through improving soil structure and aggregate-size 
distribution and increasing water-stable aggregation, will help off-set the decades 
long trend of declining groundwater recharge and increasing groundwater deple-
tion due to a lengthy history of irrigated agriculture in the LMRV.  

4. Conclusions 

The current study evaluated the cumulative effects biochar application (i.e., 0, 
2000, and 4000 kg ha−1 yr−1; 0, 6,000, and 12,000 kg ha−1 total in three years) on 
near-surface soil properties and soil-wetting-curve-derived soil water retention 
characteristics in a furrow-irrigated cotton-corn rotation on disturbed, fine-earth, 
silt-loam soil in southeast Arkansas. After three consecutive years of surface ap-
plication, but with minimal incorporation during planting, results showed that, 
contrary to the initial hypotheses, soil BD, SOM, pH, extractable soil nutrients, 
TC, and soil C:N ratio in the top 15 cm did not differ among biochar application 
rates when biochar rate was treated as a discrete or continuous variable. In con-
trast to the initial hypothesis, both the slope and intercept parameters character-
izing the relationship between soil water potential and gravimetric soil water con-
tent from both linear and natural-logarithm regression fits were unaffected bio-
char application rate when biochar rate was treated as a discrete and continuous 
variable.  

Results of the current study demonstrate how biochar application can have var-
iable effects on soil physical, chemical, and hydrologic properties, at least an allu-
vial, silt-loam soil in the southeast Arkansas portion of the LMRV. Biochar appli-
cation may have had a greater positive impact on soil physical, chemical, and hy-
drologic properties if the biochar had been more extensively incorporated or bio-
char had been applied to a coarse-textured soil. The effects of single and repeated 
biochar applications require continued evaluation across different crop manage-
ment practices and soil textures to develop a more complete picture of the poten-
tial effects of biochar on general soil health. 
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