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Abstract
Biochar is widely used to improve crop productivity and soil health; however, its 
adoption remains limited due to insufficient quantification of benefits and unclear 
mechanisms, particularly within regenerative organic systems. We conducted a pot 
experiment applying biochar at 0 (control), 11.2, and 22.4 Mg ha⁻¹ to sandy loam and 
loam soils planted with sweet pepper (Capsicum annuum L.) and measured plant 
performance, microbial biomass, and soil organic carbon (SOC). Yield was higher 
in sandy loam than loam (282 vs. 146 g plant⁻¹). Biochar increased loam yield from 
< 100 g plant⁻¹ (control) to ~ 240 g plant⁻¹ at 22.4 Mg ha⁻¹, while sandy loam yield 
plateaued beyond 11.2 Mg ha⁻¹. Microbial biomass was greater in sandy loam (6845 
ng g⁻¹) than loam (3737 ng g⁻¹) and declined ~ 17% at the highest rate, from 5628 
to 4682 ng g⁻¹. Arbuscular mycorrhizal fungi colonization peaked at the moderate 
rate and declined at the highest rate. Although biochar increased SOC, SOC related 
weakly to microbial biomass in sandy loam and a significant negative relationship in 
loam (declining from ~ 4200 to 2800 ng g⁻¹ as SOC rose from 1.8 to 5.0%), indicating 
that biochar-derived carbon was not readily available to soil microorganisms. Fruit 
nutrient concentrations were unchanged across treatments. These results show 
biochar effects are soil- and rate-dependent: moderate application (11.2 Mg ha⁻¹) 
improved productivity without suppressing microbial biomass, whereas the highest 
rate (22.4 Mg ha⁻¹) further improved loam yield but reduced microbial biomass 
and decoupled SOC accumulation from microbial activity, without improving fruit 
nutritional quality.

Keywords  Biochar, Microbial biomass, Mycorrhizal fungi, Soil organic carbon, Sweet 
pepper

​​1  Introduction
Agricultural soils are increasingly challenged by extreme weather events such as 
droughts, intense rainfall, flooding, heat waves, and wildfires, which degrade soil health, 
reduce crop productivity, and threaten global food security. For example, drought can 
significantly alter soil microbial communities, reduce microbial biomass and enzymatic 
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activity and thereby affect soil fertility and plant performance [1, 2]. These changes may 
also have legacy effects, influencing microbial responses to subsequent disturbances 
[3]. In response, regenerative agriculture seeks to restore soil health, enhance microbial 
biodiversity, and reduce reliance on synthetic inputs to improve system resilience [4, 5]. 
Within this framework, organic amendments such as biochar are increasingly promoted 
for improving soil fertility and carbon (C) sequestration while supporting sustainable 
crop production [6, 7].

Biochar is a C-rich material produced through the pyrolysis of organic biomass, typi-
cally containing 50 to 80% C. Its porous structure and high surface area contribute to 
improved soil physical, chemical, and biological properties. Biochar can enhance soil 
structure, water retention, and nutrient availability by increasing soil pH, organic mat-
ter, and cation exchange capacity (CEC) [8–10]. In addition, its pore network provides 
habitat for soil microorganisms, potentially supporting bacteria, fungi, and arbuscu-
lar mycorrhizal fungi (AMF) [11–13]. Consequently, biochar has been associated with 
improvements in microbial activity, soil fertility, and crop productivity [14, 15].

The influence of biochar on crop yield has been widely reported, although responses 
vary depending on soil properties, climate, and application rates. Meta-analyses indicate 
that biochar can increase soil pH, CEC, and soil organic carbon (SOC), contributing to 
yield improvements, particularly in degraded or low-fertility soils [16–18]. Long-term 
studies further suggest that biochar effects can persist for several years, due to increased 
soil C stocks. However, these responses are not universal, and optimal application rates 
remain uncertain. Excessive biochar inputs may not enhance productivity and can 
negatively affect microbial communities, indicating the importance of rate-dependent 
responses [19].

Biochar also interacts with soil microbial communities, including AMF, which play 
a key role in plant nutrient acquisition. While some studies report increased micro-
bial diversity and AMF colonization following biochar application, these responses are 
influenced by biochar properties, soil type, and environmental conditions [20, 21]. In 
some cases, higher biochar rates have been associated with reduced microbial activity or 
altered community composition, highlighting the complexity of biochar–microbe inter-
actions and the need for site-specific evaluation (22, 23).

Despite the growing body of research, important knowledge gaps remain regard-
ing how biochar application rate and soil type interact to influence plant performance, 
microbial dynamics, and soil C pools [24, 25]. While low to moderate application rates 
are generally beneficial, high application rates can introduce unintended negative effects 
on soil biology. Excessive biochar can suppress soil microbial biomass and significantly 
reduce arbuscular AMF colonization [22, 26, 27]. This suppression often occurs due to 
transient increases in soil pH beyond optimal thresholds, the sorption of signaling mol-
ecules required for mycorrhizal symbiosis, or the immobilization of essential nutrients 
within the biochar’s porous structure [13, 28]. Understanding these high-rate limitations 
is critical for defining safe application thresholds.

In particular, the relationship between increases in SOC and biologically active micro-
bial biomass is not well understood [29, 30]. To address these gaps, this study evaluated 
the effects of biochar application rates on sweet pepper production in two contrasting 
soils (sandy loam and loam). Specifically, we examined plant growth, yield, fruit quality, 
soil chemical properties, phospholipid fatty acid (PLFA)-derived microbial biomass, and 
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AMF root colonization. In addition, depth-wise variation in microbial biomass and its 
relationship with SOC were assessed. By integrating plant, soil, and microbial responses, 
this study aims to provide a more comprehensive understanding of how biochar func-
tions within soil systems and to inform its effective use in regenerative agricultural 
practices.

2  Materials and methods
2.1  Experimental design and soil sourcing

The pot experiment was conducted at Rodale Institute, Kutztown, PA, following a two-
factor factorial randomized complete block design with four replications in 2024. Treat-
ments consisted of (i) soil type (sandy loam and loam) and (ii) biochar application rate 
(0, 11.2, and 22.4 Mg ha⁻¹). The corresponding biochar amounts applied per pot were 0, 
61, and 122 g, respectively; however, results are presented using field-equivalent appli-
cation rates for broader interpretation. Field-equivalent rates were calculated from the 
incorporation depth (top 6 cm) and bulk density (1.4 Mg m⁻³): for 1 ha to 6 cm depth, 
soil mass = 10,000 m² × 0.06 m × 1.4 Mg m⁻³ = 840 Mg ha⁻¹. Biochar was applied at 1.33% 
and 2.67% (w/w) of this incorporated soil mass, giving 11.2 and 22.4 Mg ha⁻¹, respec-
tively; per pot amounts (61 and 122 g) were scaled from the same w/w ratio applied to 
the incorporated soil mass in each pot.

At the beginning of the experiment, two surface soils (0 to 20 cm depth) were collected 
in spring 2024. The first soil was a Pacolet sandy loam (fine, kaolinitic, thermic Typic 
Kanhapludults, 6 to 10% slope) with pH 6.2, 5.2% organic matter (OM), and 34.1, 80.1, 
and 233.1 mg kg⁻¹ of nitrate-N (NO₃-N), P, and K, respectively, and a CEC of 10.1 meq 
100 g⁻¹. This soil was collected from the Rodale Institute Southeast Organic Center in 
Chattahoochee Hills, GA. The second soil was a Clymer loam (coarse-loamy, siliceous, 
active, mesic Typic Hapludults, 1 to 3% slope), hereafter referred as loam, with pH 6.6, 
3.2% OM, and 12.5, 27.2, and 50.1 mg kg⁻¹ of NO₃-N, P, and K, respectively, and a CEC 
of 5.9 meq 100  g⁻¹. This soil was collected from the Rodale Institute Pocono Organic 
Center in Long Pond, PA, a regenerative organic certified site. Both soils were sourced 
from long-term organically managed systems. The sandy loam soil was previously 
planted with hairy vetch, whereas the loam soil was collected from fields previously used 
for sweet corn production.

Soils were air-dried, adjusted to 10% gravimetric water content, and repacked into 
18.9 L plastic pots (28 cm height, 25 cm diameter). Each pot contained 12.8 kg of soil 
packed to a height of 20 cm, corresponding to a bulk density of 1.4 Mg m⁻³ (Fig. 1). Pots 
were equipped with drainage holes and placed on saucers to collect leachate. Biochar 
(pH: 9.5, moisture: 23.8% wet weight, organic C: 83.8%, total ash: 8.3%, N: 0.7%, CO3: 
5.7%, electrical conductivity: 0.9 dS m− 1, and surface area: 456 m2 g− 1 dry), sourced from 
High Plains Biochar (Laramie, WY), was incorporated into the top 6 cm of soil at rates 
equivalent to 61 and 122 g per pot. After a 48-hour stabilization period, 3 to 4-week-old 
sweet pepper seedlings (cultivar: Sprinter Organic; Johnny’s Selected Seeds, Winslow, 
ME) were transplanted (two plants per pot). Plants were grown under ambient condi-
tions and irrigated as needed.
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2.2  Sample collection and measurements

Plant height and stem diameter were measured at multiple growth stages. Fruits were 
harvested repeatedly throughout the growing season, and total yield per pot was 
recorded. Subsamples of harvested fruit were analyzed for mineral nutrient composi-
tion at the Pennsylvania State University Agricultural Analytical Services Laboratory 
(University Park, PA). At the end of the experiment, soils were destructively sampled 
by dividing each pot into three depth intervals (0 to 6, 6 to 12, and 12 to 20 cm). Root 
samples were collected to determine root length (not included in the quantitative analy-
sis, Fig. 1c) and AMF colonization, following the procedures described in Panday, Heller 
[31]. Total yield per pot was calculated as the cumulative fresh weight of all harvests 
summed across the season; per plant yield was obtained by dividing this cumulative 
value by two plants per pot.

Soil samples were analyzed for chemical and biological properties at Ward Laborato-
ries Inc., Kearney, NE. Organic matter was determined by loss-on-ignition, total C and 
N by combustion, and NO₃-N and NH₄-N by 2 M KCl extraction. Macronutrients and 
micronutrients were measured using inductively coupled plasma optical emission spec-
trometry following microwave digestion. Cation exchange capacity and base saturation 
were calculated from exchangeable cations. Microbial community composition and 
abundance were determined using PLFA analysis following Buyer and Sasser [32].

2.3  Data analysis

All statistical analyses were conducted in R [33]. A two-way analysis of variance 
(ANOVA) was performed to evaluate the effects of soil type, biochar application rate, 
and their interaction on plant, soil, and microbial variables. When main or interaction 
effects were significant, means were separated by the least significant difference tests. 
Statistical significance was determined at P < .05 unless otherwise stated. Depth-wise 
microbial biomass data were analyzed separately using ANOVA with soil type, bio-
char rate, and depth as factors. Relationships between SOC and microbial biomass 
were assessed using linear regression analysis. Data visualization was performed using 
ggplot2 package, and summary statistics were calculated using dplyr.

Fig. 1  (a) Sweet pepper plants during outdoor cultivation in pots; (b) destructive sampling at the end of the ex-
periment, demonstrating the lead author handling an experimental pot during soil and root tissue collection; (c) 
root system visual differences between sandy loam (top) and loam (bottom) soils under three biochar rates (left to 
right): control, 11.2 Mg ha⁻¹, and 22.4 Mg ha⁻¹
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3  Results
3.1  Plant growth and yield

Plant performance was significantly influenced by soil type, with consistently higher 
growth (27.4 vs. 22.2 cm), stem diameter (10.7 vs. 9.3 mm) observed in sandy loam com-
pared to loam (Table 1). Biochar affected plant height and root colonization as a main 
effect. Plant height also varied over time; although measurements were taken at four dif-
ferent stages (Supplementary Fig. S1), only mean values are presented in Table 1. Bio-
char treatments showed lower plant height than the control at early growth stages, but 
these differences diminished as growth progressed, particularly in sandy loam. In con-
trast, in loam, biochar treatments consistently resulted in greater plant height than the 
control throughout the growing period.

A significant soil × biochar interaction was observed for yield and root coloniza-
tion (Table 1; Fig. 2). In sandy loam, yield increased to > 300 g plant⁻¹ at 11.2 Mg ha⁻¹, 
whereas in loam yield increased from < 100  g in the control to ~ 240  g plant⁻¹ at 22.4 
Mg ha⁻¹. Root colonization followed a similar pattern, with maximum values observed 
at 11.2 Mg ha⁻¹ (~ 45 to 48%) and substantial reductions at the highest rate. Fruit nutri-
ent concentrations remained stable across treatments (N: 1.4 to 1.6%, P: ~0.4%, K: 2.6 to 
2.7%), except for Ca, which was significantly influenced by soil type (Table 1), indicat-
ing minimal influence of biochar on fruit nutritional composition. Residual soil nutrient 
concentrations (0 to 6 cm) varied among treatments but showed no consistent patterns 
that aligned with changes in plant performance or microbial responses (Supplementary 
Table S1).

3.2  PLFA microbial biomass response

Living microbial biomass and community components were strongly influenced by soil 
type (Table 2). Sandy loam comprised 6845 ng g⁻¹ microbial biomass compared to 3737 
ng g⁻¹ in loam. Similarly, total bacterial biomass was 3346 vs. 1707 ng g⁻¹, fungal biomass 
was 1137 vs. 577 ng g⁻¹, and AMF biomass was 223 vs. 130 ng g⁻¹ in sandy loam and 
loam, indicating consistently greater microbial abundance in sandy loam.

Biochar had no significant effect on PLFA parameters; however, numerical declines 
were observed at the highest rate. Microbial biomass decreased from 5628 ng g⁻¹ in 

Table 1  Effects of soil type and biochar application rate on phenological traits, root colonization, 
and nutrient concentration in harvested fruits of sweet pepper
Source of 
variation

Plant 
height

Stem 
diameter

Yield Root 
colonization

N P K Ca Mg S

cm mm g % nutrient concentration, %
Soil (S)

Sandy loam 27.4a 10.7a 282.1 36.9 1.5 0.4 2.7 0.08b 0.2 0.2

Loam 22.2b 9.3b 146.4 29.5 1.5 0.4 2.7 0.12a 0.2 0.3

Significance *** ** *** ** NS NS NS * NS NS

Biochar (B)

Control 24.0b 9.9 206.4 22.9 1.6 0.4 2.7 0.1 0.2 0.2

11.2 Mg ha− 1 26.5a 10.4 224.7 42.1 1.4 0.4 2.6 0.1 0.2 0.2

22.4 Mg ha− 1 23.9b 9.7 211.6 35.2 1.5 0.4 2.7 0.1 0.2 0.2

Significance * NS NS *** NS NS NS NS NS NS

Interaction

S x B NS NS *** * NS NS NS NS NS NS
Means in a column followed by same lowercase letter are not significantly different. When interaction effect was significant, 
main effect was not reported. *P < .05, **P < .01, ***P < .001, and NS = not significant
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Fig. 2  Interaction effects of soil type and biochar application rate on (a) harvested fruit yield (g plant⁻¹) and (b) AMF 
root colonization (%). Treatments are denoted as follows: SlB0 = sandy loam without biochar (control), SlB1 = sandy 
loam with biochar at 11.2 Mg ha⁻¹, SlB2 = sandy loam with biochar at 22.4 Mg ha⁻¹, LoB0 = loam without biochar 
(control), LoB1 = loam with biochar at 11.2 Mg ha⁻¹, and LoB2 = loam with biochar at 22.4 Mg ha⁻¹. Error bars repre-
sent ± SE. Different letters above bars indicate significant differences among treatments at P < .05
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the control to 4682 ng g⁻¹ at 22.4 Mg ha⁻¹ (~ 17% reduction; not statistically signifi-
cant, Table 2), with similar trends for bacteria, fungi, and AMF. The F: B ratio (~ 0.12 to 
0.14) and GDI (~ 2.2 to 2.3) remained stable across treatments (Fig. 3). Baseline values 
exceeded treatment means in sandy loam but were comparable in loam.

3.3  Depth-wise variation in microbial biomass

Microbial biomass varied with soil depth (Fig. 4), increasing from the surface (0 to 6 cm) 
to the intermediate layer (6 to 12 cm) and declining at 12 to 20 cm. This pattern was con-
sistent across other key PLFA variables, with treatment effects becoming progressively 
weaker with increasing depth (data not shown), indicates that microbial activity was not 

Table 2  Effects of soil type and biochar application rate on phospholipid fatty acid (PLFA)-derived 
microbial parameters, including living microbial biomass, total bacteria, total fungi, and arbuscular 
mycorrhizal fungi (AMF), in soil samples (0 to 6 cm depth)
Source of variation Microbial Biomass Total Bacteria Total Fungi AMF

ng g− 1

Soil (S)

Sandy loam 6845.0a 3345.9a 1137.3a 223.1a

Loam 3736.6b 1707.2b 576.5b 129.5b

Significance *** ** *** **

Biochar (B)

Control 5627.8 2658.5 950.7 188.4

11.2 Mg ha− 1 5562.9 2690.5 895.5 197.4

22.4 Mg ha− 1 4681.8 2235.2 724.4 162.9

Significance NS NS NS NS

Interaction

S x B NS NS NS NS
 Means in a column followed by same lowercase letter are not significantly different. When interaction effect was significant, 
main effect was not reported. *P < .05, **P < .01, ***P < .001, and NS = not significant

Fig. 3  Effects of soil type and biochar rate on PLFA-derived microbial properties (microbial biomass, total bacteria, 
total fungi, AMF, fungi: bacteria ratio, and general diversity index (GDI)). Bars represent sandy loam and loam soils; 
error bars indicate ± SE. Baseline values (initial soil samples before treatment application) are shown for reference 
but were not included in statistical analysis. Statistical analysis indicated no significant differences among the 
treatments (P > .05)
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strictly confined to the immediate surface but extended into the subsurface layer. Bio-
char effects were most pronounced in the upper soil layers and diminished with depth 
(Fig. 4). Across all depths, microbial biomass remained approximately two-fold greater 
in sandy loam than loam soils.

3.4  Soil organic carbon and microbial biomass relationship

The relationship between SOC and microbial biomass differed by soil type (Fig. 5). In 
sandy loam, SOC (2.5 to 4.0%) showed a weak or no clear relationship with microbial 

Fig. 5  Relationship between soil organic carbon and living microbial biomass in sandy loam and loam soils under 
three biochar application rates (control, 11.2 Mg ha⁻¹, and 22.4 Mg ha⁻¹). Symbols represent individual observations, 
lines denote fitted regressions, and R² and P values are shown for each soil type

 

Fig. 4  Effects of biochar application rate and soil depth on microbial biomass (mean ± SE) in sandy loam and loam 
soils. Living microbial biomass was evaluated at depths of 0 to 6, 6 to 12, and 12 to 20 cm under three biochar 
treatments: control, 11.2 Mg ha⁻¹, and 22.4 Mg ha⁻¹ at the end of the experiment. Statistical analysis indicated no 
significant differences among the treatments or soil depths (P > .05)
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biomass (~ 5500 to 8500 ng g⁻¹). In loam, increasing SOC (1.8 to 5.0%) was associated 
with a decline in microbial biomass (~ 4200 to 2800 ng g⁻¹), indicating a significant nega-
tive relationship. Across both soils, increases in SOC were not consistently associated 
with increases in microbial biomass. This decoupling suggests that a substantial portion 
of accumulated C was not readily available for microbial utilization, highlighting the dis-
tinction between total SOC and biologically active C pools.

4  Discussion
The present study suggests that the effects of biochar on plant performance and soil bio-
logical properties are strongly dependent on soil type and application rate. Sandy loam 
(initial pH: 6.2) consistently supported greater plant growth and microbial biomass than 
loam (initial pH: 6.6), with yield nearly doubling (282 vs. 146 g plant⁻¹) and microbial 
biomass increasing by ~ 83%. Biochar (pH: 9.5) improved yield in loam, particularly at 
22.4 Mg ha⁻¹, whereas in sandy loam yield plateaued or declined at higher rates. These 
results support previous findings that biochar benefits are often greater in lower-per-
forming soils, while excessive application may reduce performance in more fertile sys-
tems [34–36].

Plant growth responses were dynamic over time, highlighting that biochar effects may 
not be immediate [37, 38]. Early growth stages showed reduced plant height under bio-
char treatments compared to control, whereas differences diminished as growth pro-
gressed, particularly in sandy loam. These contrasting temporal patterns suggest that 
biochar-induced changes in soil conditions initially altered nutrient availability but 
became more favorable as the system stabilized. This is consistent with the buffering 
effect of alkaline biochar, which can modify soil pH and nutrient dynamics through the 
release of basic cations (Ca, K, Mg, Na), especially in slightly acidic soils [39, 40]. Such 
transient responses emphasize that early growth measurements may not reflect final 
plant performance. In contrast, plant height in loam was consistently higher under bio-
char treatments, suggesting that these buffering and structural effects may have been 
immediately beneficial in that soil.

Fruit nutrient concentrations remained relatively stable (Table 1), indicating that yield 
increases were not accompanied by improvements in nutritional quality and may reflect 
dilution effects [34]. To better understand the biological mechanisms underlying these 
crop responses, we evaluated AMF. Arbuscular mycorrhizal fungi were particularly 
responsive to biochar application rate. Root colonization increased at the moderate bio-
char rate (11.2 Mg ha⁻¹) but declined at the highest rate (22.4 Mg ha⁻¹), although remain-
ing higher than the control (Table 1). A similar pattern was observed for AMF biomass 
(Table  2), suggesting that moderate biochar inputs may stimulate, whereas excessive 
application may partially suppress symbiotic activity. Such responses have been linked 
to changes in soil pH, nutrient availability, and microbial habitat conditions under high 
biochar inputs [13, 41].

Although biochar altered residual soil nutrient concentrations in the surface layer, 
these changes were not consistently associated with variations in microbial biomass, 
root colonization, or yield (Supplementary Table S1), potentially indicating that nutrient 
availability was not the primary driver of treatment effects. This pattern persisted despite 
differences in baseline soil fertility, as residual nutrient concentrations did not consis-
tently explain variations in plant performance or microbial responses. However, reduced 
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AMF did not consistently correspond to reduced yield, particularly in loam (Fig.  2), 
where soil N and P availability were maintained or increased under biochar application 
[42]. This suggests that plant nutrient acquisition may have become less dependent on 
AMF under these conditions.

Biochar also affected entire soil microbial biomass. Overall, microbial biomass 
declined non-significantly at the highest application rate (from 5628 to 4682 ng g⁻¹; 
~17% reduction), despite the concurrent increase in SOC [41, 42]. Despite this decline, 
overall yield remained higher in sandy loam than in loam (282 vs. 146 g plant⁻¹), while 
loam exhibited a stronger relative response to biochar application, with yield increasing 
from < 100 g plant⁻¹ in the control to ~ 240 g plant⁻¹ at 22.4 Mg ha⁻¹ (Fig. 2). This pat-
tern indicates that plant productivity and microbial activity can respond independently 
to biochar amendment [43]. Such variability is consistent with recent meta-analytical 
evidence showing that biochar effects on crop growth, biomass accumulation, and soil 
quality are highly variable across studies and depend on soil conditions, management, 
and application rates [44]. Microbial responses were strongly depth dependent. Bio-
mass increased from the surface to the 6 to 12 cm layer, where maximum values were 
observed, and declined at greater depths, with treatment effects diminishing downward 
(Fig. 4). This pattern is consistent with previous syntheses indicating that biochar effects 
are concentrated in the surface soil but may extend into subsurface layers, with progres-
sively weaker responses due to limited vertical movement and redistribution processes 
[45].

A key outcome of this study is the apparent decoupling between SOC, microbial bio-
mass, and plant productivity. Organic carbon exhibited weak or negative relationships 
with microbial biomass (Fig. 5), indicating that biochar-derived C is largely recalcitrant 
and not readily available for microbial utilization [41, 42]. It is important to distinguish 
total SOC, measured by combustion (including both biochar C and native soil C), from 
labile C, which supports short-term microbial activity. Because biochar C is largely 
aromatic and recalcitrant, increases in total SOC do not necessarily increase labile C, 
providing a plausible explanation for why SOC increased while microbial biomass did 
not. In loam, the significant negative relationship between SOC and microbial biomass 
(Fig. 5) may reflect this mechanism more strongly because of its lower baseline SOC and 
bacterial biomass. It may also partly result from the simplified, repacked pot environ-
ment, although the influence of a few high SOC observations cannot be ruled out and 
should be confirmed under field conditions.

These contrasting responses of higher SOC but lower microbial biomass and greater 
loam yield despite reduced microbial biomass suggest that biochar improves plant 
growth mainly through direct chemical and physical effects rather than microbial pro-
cesses. Its alkaline pH (9.5), cation content, and porous structure improve soil pH, nutri-
ent retention, water holding capacity, and cation exchange capacity, particularly in the 
lower fertility loam soil. At the same time, biochar can adsorb labile organic compounds, 
reducing their availability to microorganisms (negative priming) [46]. Together, these 
mechanisms provide a possible explanation for the different responses of crop yield and 
microbial biomass across biochar rates and soil types.

Several limitations should be considered when interpreting these results. Soils were 
repacked at a uniform bulk density, and changes in soil physical structure following 
biochar addition were not monitored. In addition, soil physicochemical changes after 
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biochar application were not measured over time, which may limit interpretation of 
the mechanisms driving these depth-dependent responses. Because this study was con-
ducted over a single growing season under controlled conditions, longer-term field stud-
ies are needed to better understand how biochar effects on soil C dynamics, microbial 
communities, and crop nutritional quality evolve over time.

Overall, these findings indicate that biochar is a context-dependent amendment. 
While it can enhance productivity in lower-performing soils such as loam, excessive 
application may risk suppressing microbial biomass and symbiotic associations without 
improving crop nutritional quality. This variability aligns with recent syntheses indicat-
ing that biochar effects depend strongly on soil properties, application rate, and environ-
mental conditions, and that excessive inputs can sometimes suppress microbial activity 
despite increasing soil C pools [47]. Effective use of biochar in regenerative systems 
therefore appears to require moderate application rates and soil-specific management 
strategies that support existing soil biological processes rather than relying solely on C 
addition.

5  Conclusions
Biochar effects on sweet pepper productivity and soil microbial properties were soil 
type- and rate-dependent. Sandy loam produced higher overall yields, whereas loam 
responded more strongly to biochar. Although the highest biochar rate increased yield 
in loam, it also reduced microbial biomass and AMF colonization compared with the 
moderate rate, without improving fruit nutritional quality. In addition, increases in SOC 
did not correspond to greater microbial biomass, indicating that biochar-derived carbon 
was largely unavailable for microbial use. Overall, 11.2 Mg ha⁻¹ provided the best balance 
between crop productivity and microbial health across both soils, while 22.4 Mg ha⁻¹ 
may be appropriate only when maximizing yield in lower fertility soils is the primary 
goal. For regenerative organic vegetable systems, biochar should be matched to soil type 
and applied at moderate rates as part of an integrated soil health strategy. Because this 
was a single-season pot study using two soils with similar pH, field-based, multi-season 
studies across a wider range of soil types are needed to validate these recommendations.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1007/s44378-026-00297-8.

Supplementary Material 1

Acknowledgements
The authors would like to thank Phillip Hinson, Cole Connolly, and Blake Morris for their support in conducting this study.

Author contributions
D.P.: Conceptualization, Data Curation, Formal Analysis, Funding Acquisition, Manuscript Preparation-First Draft, 
Methodology, Study Design, and Validation, S.D.: Manuscript Preparation-Review Draft, Methodology, and Study Design, 
and B.S.A.: Manuscript Preparation-Review Draft and Study Design, W.P.H.: Data Curation, Manuscript Preparation-Review 
Draft, and Methodology, L.M.: Data Curation and Manuscript Preparation-Review Draft, and A.G.: Funding Acquisition, 
Manuscript Preparation-Review Draft, Project Administration, and Study Design. All authors reviewed the manuscript.

Funding
This research project was funded by Arabella Advisors.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding author on 
reasonable request.

https://doi.org/10.1007/s44378-026-00297-8


Page 12 of 13Panday et al. Discover Soil           (2026) 3:136 

Declarations

Ethics approval and consent to participate
Sweet pepper plants used in this study were commercially cultivated materials and their collection and use complied 
with relevant local and institutional guidelines. No wild plant species were collected, and no special permits or licenses 
were required for this study. The biochar used was a commercially produced material derived from wood biomass, and 
its source, manufacturer, and location have been provided in the manuscript.

Consent of publication
Informed consent for publication was obtained from the individual participant visible in Fig. 1. The individual pictured is 
an author of this study and has explicitly consented to the publication of their identifiable image in this manuscript.

Disclaimer
Mention of trade names or commercial products in this publication is solely for the purpose of providing specific 
information and does not imply recommendation or endorsement by the United States Department of Agriculture 
(USDA). USDA is an equal opportunity employer.

Clinical trial number
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 28 April 2026 / Accepted: 30 July 2026

References
1.	 Bogati K, Walczak M. The impact of drought stress on soil microbial community, enzyme activities and plants. Agronomy. 

2022;12(1):189.
2.	 Maslin M, Ramnath RD, Welsh GI, Sisodiya SM. Understanding the health impacts of the climate crisis. Future Healthc J. 

2025;12(1):100240.
3.	 Cordero I, Leizeaga A, Hicks LC, Rousk J, Bardgett RD. High intensity perturbations induce an abrupt shift in soil microbial 

state. ISME J. 2023;17(12):2190–9.
4.	 Moyer J, Smith A, Rui Y, Hayden J. Regenerative agriculture and the soil carbon solution. Rodale Institute. 2020.
5.	 Schreefel L, Schulte RP, De Boer I, Schrijver AP, Van Zanten H. Regenerative agriculture–the soil is the base. Global Food 

Secur. 2020;26:100404.
6.	 Lehmann J, Joseph S. Biochar for environmental management: an introduction. Biochar for environmental management. 

Routledge; 2015. pp. 1–13.
7.	 Khangura R, Ferris D, Wagg C, Bowyer J. Regenerative agriculture—A literature review on the practices and mechanisms 

used to improve soil health. Sustainability. 2023;15(3):2338.
8.	 Blanco-Canqui H. Does biochar improve all soil ecosystem services? GCB Bioenergy. 2021;13(2):291–304.
9.	 El-Naggar A, Lee SS, Awad YM, Yang X, Ryu C, Rizwan M, et al. Influence of soil properties and feedstocks on biochar 

potential for carbon mineralization and improvement of infertile soils. Geoderma. 2018;332:100–8.
10.	 Rubin RL, Anderson TR, Ballantine KA. Biochar simultaneously reduces nutrient leaching and greenhouse gas emissions in 

restored wetland soils. Wetlands. 2020;40(6):1981–91.
11.	 Jaiswal AK, Elad Y, Paudel I, Graber ER, Cytryn E, Frenkel O. Linking the belowground microbial composition, diver-

sity and activity to soilborne disease suppression and growth promotion of tomato amended with biochar. Sci Rep. 
2017;7(1):44382.

12.	 Quilliam RS, Glanville HC, Wade SC, Jones DL. Life in the ‘charosphere’–Does biochar in agricultural soil provide a signifi-
cant habitat for microorganisms? Soil Biol Biochem. 2013;65:287–93.

13.	 Warnock DD, Lehmann J, Kuyper TW, Rillig MC. Mycorrhizal responses to biochar in soil–concepts and mechanisms. Plant 
Soil. 2007;300(1):9–20.

14.	 Jabborova D, Annapurna K, Azimov A, Tyagi S, Pengani KR, Sharma P, et al. Co-inoculation of biochar and arbuscular 
mycorrhizae for growth promotion and nutrient fortification in soybean under drought conditions. Front Plant Sci. 
2022;13:947547.

15.	 Zhang G, Guo X, Zhu Y, Liu X, Han Z, Sun K, et al. The effects of different biochars on microbial quantity, microbial com-
munity shift, enzyme activity, and biodegradation of polycyclic aromatic hydrocarbons in soil. Geoderma. 2018;328:100–8.

16.	 Acharya BS, Dodla S, Wang JJ, Pavuluri K, Darapuneni M, Dattamudi S, et al. Biochar impacts on soil water dynamics: 
knowns, unknowns, and research directions. Biochar. 2024;6(1):34.

17.	 Zhang W, Pang J, Qi J, Lu Y, Liu J, Yu M, et al. Biochar’s dual impact on soil acidity management and crop yield enhance-
ment in acidic soils: a meta-analysis. Plant Soil. 2025;514(2):1849–65.

18.	 Singh H, Northup BK, Rice CW, Prasad PV. Biochar applications influence soil physical and chemical properties, microbial 
diversity, and crop productivity: a meta-analysis. Biochar. 2022;4(1):8.

19.	 Gale NV, Thomas SC. Dose-dependence of growth and ecophysiological responses of plants to biochar. Sci Total Environ. 
2019;658:1344–54.

20.	 Wen Y, Wu R, Qi D, Xu T, Chang W, Li K, et al. The effect of AMF combined with biochar on plant growth and soil quality 
under saline-alkali stress: Insights from microbial community analysis. Ecotoxicol Environ Saf. 2024;281:116592.

21.	 Xu W, Whitman WB, Gundale MJ, Chien CC, Chiu CY. Functional response of the soil microbial community to biochar 
applications. Gcb Bioenergy. 2021;13(1):269–81.

22.	 Barna G, Makó A, Takács T, Skic K, Füzy A, Horel Á. Biochar alters soil physical characteristics, arbuscular mycorrhizal fungi 
colonization, and glomalin production. Agronomy. 2020;10(12):1933.



Page 13 of 13Panday et al. Discover Soil           (2026) 3:136 

23.	 Zhang S, Luo P, Yang J, Irfan M, Dai J, An N, et al. Responses of arbuscular mycorrhizal fungi diversity and community to 
41-year rotation fertilization in brown soil region of northeast China. Front Microbiol. 2021;12:742651.

24.	 Alkharabsheh HM, Seleiman MF, Battaglia ML, Shami A, Jalal RS, Alhammad BA, et al. Biochar and its broad impacts in soil 
quality and fertility, nutrient leaching and crop productivity: A review. Agronomy. 2021;11(5):993.

25.	 Kumar Y, Ren W, Tao H, Tao B, Lindsey LE. Impact of biochar amendment on soil microbial biomass carbon enhancement 
under field experiments: a meta-analysis. Biochar. 2025;7(1):2.

26.	 Wang H, Yang Z, Cheng M, Yang Q, Han H. Response of Root Arbuscular Mycorrhizal Fungi Colonization Rate to Biochar, 
Compost, and Manure: A Global Meta-Analysis. Agronomy. 2026;16(2):263.

27.	 Sun J, Jia Q, Li Y, Zhang T, Chen J, Ren Y, et al. Effects of arbuscular mycorrhizal fungi and biochar on growth, nutrient 
absorption, and physiological properties of maize (Zea mays L). J Fungi. 2022;8(12):1275.

28.	 Joseph S, Cowie AL, Van Zwieten L, Bolan N, Budai A, Buss W, et al. How biochar works, and when it doesn’t: A review of 
mechanisms controlling soil and plant responses to biochar. Gcb Bioenergy. 2021;13(11):1731–64.

29.	 Na L, Liu Y, Nan Q, Chen L, Dong D, Wu W, et al. Microbial life-history strategies mediate differential effects of straw and 
biochar amendments on soil POC/MAOC dynamics and SOC sequestration. Biochar. 2026;8(1):118.

30.	 Liu W, Niu G, He C, Ma Y, Tao Y, Liu S, et al. Biochar-Driven Soil Restoration: Balancing Carbon Sequestration and Ecosystem 
Recovery in Degraded Lands. Eur J Soil Sci. 2025;76(6):e70244.

31.	 Panday D, Heller WP, Carrara JE, Bhusal N, Omoding N, Caton T, et al. Performance and mycorrhizal colonization of 
industrial hemp varieties under regenerative organic systems in Northeastern region. Agrosystems Geosci Environ. 
2025;8(2):e70091.

32.	 Buyer JS, Sasser M. High throughput phospholipid fatty acid analysis of soils. Appl Soil Ecol. 2012;61:127–30.
33.	 R Core Team. R: A language and environment for statistical computing. Viena, Australia: R Foundation for Statistical Com-

puting; 2021.
34.	 Agegnehu G, Bass AM, Nelson PN, Bird MI. Benefits of biochar, compost and biochar–compost for soil quality, maize yield 

and greenhouse gas emissions in a tropical agricultural soil. Sci Total Environ. 2016;543:295–306.
35.	 Jeffery S, Verheijen FG, van der Velde M, Bastos AC. A quantitative review of the effects of biochar application to soils on 

crop productivity using meta-analysis. Agric Ecosyst Environ. 2011;144(1):175–87.
36.	 An N, Zhang L, Liu Y, Shen S, Li N, Wu Z, et al. Biochar application with reduced chemical fertilizers improves soil pore 

structure and rice productivity. Chemosphere. 2022;298:134304.
37.	 Blanco-Canqui H, Laird DA, Heaton EA, Rathke S, Acharya BS. Soil carbon increased by twice the amount of biochar carbon 

applied after 6 years: Field evidence of negative priming. GCB Bioenergy. 2020;12(4):240–51.
38.	 Khan S, Irshad S, Mehmood K, Hasnain Z, Nawaz M, Rais A, et al. Biochar production and characteristics, its impacts on soil 

health, crop production, and yield enhancement: A review. Plants. 2024;13(2):166.
39.	 Lu H-l, Li K-w, Nkoh JN, He X, Hong Z-n, Xu R-k. Effects of the increases in soil pH and pH buffering capacity induced by 

crop residue biochars on available Cd contents in acidic paddy soils. Chemosphere. 2022;301:134674.
40.	 Tusar HM, Uddin MK, Mia S, Suhi AA, Wahid SBA, Kasim S, et al. Biochar-acid soil interactions—a review. Sustainability. 

2023;15(18):13366.
41.	 Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crowley D. Biochar effects on soil biota–a review. Soil Biol Bio-

chem. 2011;43(9):1812–36.
42.	 Mulyadi JL. The combined application of biochar and arbuscular mycorrhizal fungi (AMF) enhanced the physical and 

chemical properties of soil and rice productivity in Indonesia. Sustainability. 2023;15(12):9782.
43.	 Biederman LA, Harpole WS. Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis. GCB bioen-

ergy. 2013;5(2):202–14.
44.	 Song S, Ren K, Zhang W, Song P. Biochar and microorganisms combined enhance crop growth and soil properties: Evi-

dence from meta-analysis. Agric Water Manage. 2025;321:109908.
45.	 Ma R, Wu X, Liu Z, Yi Q, Xu M, Zheng J, et al. Biochar improves soil organic carbon stability by shaping the microbial com-

munity structures at different soil depths four years after an incorporation in a farmland soil. Curr Res Environ Sustain. 
2023;5:100214.

46.	 Wang H, Zhang W, Chen L, Xu Q, Jiang Y, Sun B. Biochar induced negative priming effect on soil organic carbon minerali-
sation by changing the microbial community structure across plant growth stages. J Soils Sediments. 2020;20(9):3340–50.

47.	 Das S, Beegum S, Acharya BS, Panday D. Soil carbon sequestration: a mechanistic perspective on limitations and future 
possibilities. Sustainability. 2025;17(13):6015.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	﻿Effects of soil type and biochar rate on sweet pepper productivity and microbial dynamics in regenerative organic soils
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Experimental design and soil sourcing
	﻿2.2﻿ ﻿Sample collection and measurements
	﻿2.3﻿ ﻿Data analysis

	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Plant growth and yield
	﻿3.2﻿ ﻿PLFA microbial biomass response
	﻿3.3﻿ ﻿Depth-wise variation in microbial biomass
	﻿3.4﻿ ﻿Soil organic carbon and microbial biomass relationship

	﻿4﻿ ﻿Discussion
	﻿5﻿ ﻿Conclusions
	﻿References


