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Urban agriculture is crucial for enhancing food security in densely populated areas, 
but maintaining soil health in these settings is key for long-term productivity. 
This study investigates the effects of locally produced compost and biochar 
amendments on soil health and plant nutrients at two urban farms in Sacramento, 
California, USA. Regionally sourced biochar was produced from pistachio shells, 
and the compost was made from on-site green waste, creating a closed-loop 
system that recycles organic materials back into urban soils. We hypothesized 
that the combined application of biochar and compost would increase soil water 
holding capacity and nutrient retention, leading to enhanced microbial activity 
and higher nutrient concentrations in corn compared to individual amendments. 
Field trials were established at both sites using the randomized complete block 
design with four treatments: control, compost applied at approximately 25 t ha−1 
(equivalent to 10 Mg C ha−1), biochar at 12.5 t ha−1 (equivalent to 10 Mg C ha−1), 
and a compost-biochar mix (20 Mg C ha−1). Soil samples were collected during 
mid- and late-season, and analyzed for key physicochemical and microbial 
properties. Corn kernel nutrient concentrations were also measured. Over one 
growing season, results showed that biochar and compost-biochar mix treatments 
significantly increased soil water holding capacity, organic matter content, and 
cation exchange capacity, leading to better soil structure and nutrient retention. 
Soil nitrate (NO3

−–N) and bioavailable phosphorus (P) were significantly higher in 
biochar-amended soils. The compost-biochar mix enhanced microbial metabolic 
activity and microbial community evenness, though overall microbial diversity 
remained stable. Corn kernels in biochar and compost-biochar treatments 
exhibited increased nutrient concentrations, particularly for P, Mg, Ca, and Fe. 
Overall, the compost-biochar combination treatment had the most significant 
impact on improving soil physicochemical properties, microbial responses, and 
the plant nutrient concentrations, demonstrating their cumulative benefits for 
urban soil health and crop nutrition. By utilizing locally sourced materials and 
recycling organic waste, this study demonstrates a resource-efficient approach 
to improving soil fertility at resource-limited urban farms. These practices have 
the potential to play a vital role in addressing food security challenges in urban 
communities, particularly those experiencing food insecurity, while promoting 
sustainable resource management.
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1 Introduction

Urban agriculture has emerged as a critical component of 
sustainable food production systems, particularly in densely populated 
areas where access to fresh, nutritious food is often limited (Nogeire-
McRae et al., 2018). In Sacramento, California, USA, urban farms and 
gardens like Three Sisters Gardens and the Capital Radio Garden serve 
as vital resources for food security.1,2 These organizations and 
initiatives address food insecurity by growing and donating fresh 
produce to local low-income communities, highlighting the social and 
environmental benefits of urban agriculture in promoting a more 
sustainable and equitable food system (Joyner et al., 2025). However, 
maintaining healthy and productive soils remains a key challenge for 
urban farmers, as many urban soils suffer from low organic matter, 
poor nutrient retention, and limited water availability (Wortman and 
Lovell, 2013). Developing soil management strategies that enhance 
soil fertility, water retention, and microbial activity is essential for 
ensuring the long-term productivity and resilience of urban farms 
(Salomon and Cavagnaro, 2022).

Soil health, defined as the continued capacity of a soil to function 
as a vital living system, is essential for agricultural productivity and 
environmental quality (Lehmann et al., 2020). One promising strategy 
for enhancing soil health involves the sequestration of carbon (C) in 
soils through the application of organic amendments, such as compost 
and biochar. These C-rich materials have the potential to improve soil 
fertility, enhance soil structure, and mitigate greenhouse gas emissions 
(Favoino and Hogg, 2008; Gao et al., 2017; Villagra-Mendoza and 
Horn, 2018). Compost is widely recognized as a valuable organic 
amendment for urban farms due to its ability to improve soil structure 
and provide readily available nutrients (Eldridge et al., 2018; Rashid 
and Shahzad, 2021). In recent years, the use of on-site composting 
systems, such as three-bin composting or windrow composting, has 
gained popularity in urban farms as a way to recycle food scraps and 
green waste while reducing reliance on external soil amendments 
(Carvalho et al., 2022; Torrijos et al., 2021). Both Three Sisters Gardens 
and the Capital Radio Garden demonstrate a holistic approach to 
waste management and resource utilization by utilizing compost 
generated on-site from organic waste (Harrison et al., 2024a; Joyner 
et  al., 2025; Sacramento State Sustainability, 2022). This approach 
promotes a circular economy, closing the loop between organic waste 
generation and food production (Mohan et al., 2020). Several studies 
have demonstrated that compost produced from urban organic waste 
and green waste can significantly increase soil organic matter, improve 
nutrient availability, and enhance plant productivity (Heckman et al., 
2022; Richardville et al., 2022). However, compost decomposition 
rates can be relatively fast, leading to nutrient losses through leaching 
and volatilization, particularly in Mediterranean climates where 
organic matter mineralization is accelerated (Kurganova et al., 2012).

Biochar, a carbon-rich byproduct of biomass pyrolysis or 
gasification, has been extensively studied for its long-term soil carbon 
sequestration potential and ability to improve nutrient and water 
retention in agricultural systems (Lehmann and Joseph, 2024). Unlike 
compost, biochar is highly stable, with a low decomposition rate and 

1 https://www.3sistersgardens.com/

2 https://www.capradio.org/garden/

high porosity, making it particularly valuable in semi-arid 
environments (Cen et al., 2021). Studies have shown that biochar can 
increase soil cation exchange capacity (CEC), enhance microbial 
habitat quality, and reduce nutrient leaching losses in arid and semi-
arid agroecosystems (Blanco-Canqui et al., 2024; Diatta et al., 2020). 
However, biochar alone is often nutrient-poor and does not provide 
an immediate source of plant-available macronutrients like nitrogen 
(N) and phosphorus (P) (DeLuca et  al., 2024). By harnessing the 
combined effects of compost and biochar amendments, urban farmers 
and gardeners can potentially revitalize degraded urban soils, increase 
agricultural productivity, and mitigate environmental impacts 
associated with conventional waste disposal practices (Hu et al., 2021; 
Kharola et al., 2022).

Despite the recognized benefits of compost and biochar 
amendments in improving soil health, studies examining their 
combined effects have reported variable outcomes due differences in 
soil conditions, amendment composition, and environmental factors 
(Agegnehu et al., 2017; Qian et al., 2023). Moreover, few studies have 
evaluated the combined use of biochar with compost derived from 
urban food and green waste in community farms, despite the 
increasing interest in urban circular economy practices (Adhikari 
et  al., 2010; Malone et  al., 2023; Morrow and Davies, 2022). In 
particular, studies assessing their co-application in urban agricultural 
systems remain limited, especially in Mediterranean climates with 
semi-arid growing seasons like Sacramento, California. This study 
aims to evaluate how compost, biochar, and their combination 
influence soil health and crop nutrient uptake in two semi-arid urban 
farms in Sacramento, California. Specifically, we hypothesize that the 
combined application of biochar and compost will enhance soil water 
retention and nutrient availability, leading to greater microbial activity 
and enhanced corn kernel nutrient concentrations. Given the regional 
context of Sacramento’s Mediterranean climate, this study provides 
empirical, field-based evidence on whether the co-application of 
biochar and compost leads to cumulative benefits that persist in soil 
and translate into improved crop nutrition. By focusing on urban 
farm-specific challenges and locally produced organic amendments, 
this research offers practical insights for urban farmers seeking to 
optimize soil fertility and maximize nutrient availability in resource-
limited urban agricultural systems.

2 Materials and methods

2.1 Study sites and field experimental 
design

The field trial was conducted at two urban agricultural sites 
around Sacramento, California, USA: the Capital Radio Garden and 
Three Sisters Gardens. These sites were selected due to similar 
environmental conditions and management practices, as well as their 
suitability for growing natural sweet corn. Both locations are 
community-run urban farms that implement organic soil management 
practices and produce fresh produce for local food-insecure 
communities. Both sites exhibit a Mediterranean climate with a mean 
annual temperature of 18.2°C and a mean annual precipitation of 
311 mm. Summers are hot and dry, with a July average temperature of 
29.3°C and no recorded rainfall. Winters are cooler and wetter, with a 
January average temperature of 8.5°C and 55 mm of monthly average 

https://doi.org/10.3389/fsufs.2025.1546426
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.3sistersgardens.com/
https://www.capradio.org/garden/


Gao et al. 10.3389/fsufs.2025.1546426

Frontiers in Sustainable Food Systems 03 frontiersin.org

precipitation. Climate data, including temperature and precipitation 
trends for the study period, are provided in Supplementary Table 1.

The soils at both sites are classified as mixed, thermic Typic 
Psammaquents (soil order: Entisols) and are somewhat poorly drained 
(Soil Survey Staff), with a sandy loam texture at the surface (0–30 cm). 
This consistency between the two sites allows for a robust comparison 
of soil health responses to compost and biochar amendments in urban 
agricultural settings. Specifically, soil at the Capital Radio Garden has 
a pH of 6.7, bulk density of 0.58 g cm−3, cation exchange capacity 
(CEC) of 20.9 meg 100 g−1, and 41.2 g kg−1 total C and 2.98 g kg−1 total 
nitrogen (N). The soil at the Three Sisters Gardens has a pH of 6.8, 
bulk density of 0.42 g cm−3, CEC of 15.6 meg 100 g−1, and 40.5 g kg−1 
soil total C, and 2.48 g kg−1 total N. By conducting the study at two 
urban agricultural sites, we can better assess the generalizability of our 
findings and provide valuable insights into the broader applicability 
of these soil management practices across urban farming contexts 
in Sacramento.

A randomized complete block design was employed at both sites, 
with four treatments and three replicates per treatment, totaling 12 
plots per site. Each plot measured 1 m by 1 m, with a 1-meter buffer 
zone between plots to minimize edge effects. The treatments included: 
(1) control (no amendment), (2) compost applied at 25 t ha−1 
(equivalent to 10 Mg C ha−1), (3) biochar applied at 12.5 t ha−1 
(equivalent to 10 Mg C ha−1), and (4) a compost-biochar mix applied 
at 25 t ha−1 of compost + 12.5 t ha−1 of biochar. Treatments were 
incorporated into the surface soil (0–15 cm) using a rake and pitchfork 
in late April 2024. Control plots were similarly raked to ensure 
consistent soil disturbance. This field experimental design, applied 
consistently across both study sites, allows for a detailed comparison 
of treatment effects while accounting for potential site-specific 
differences. Each farm site can be considered a stand-alone study 
while also providing broader insights into the combined effects of 
compost and biochar on soil health in urban agricultural systems.

Natural sweet corn (Zea mays L. Var. Saccharata) was sown on 
May 1st 2024, following standard management practices used at both 
farms. Corn was direct-seeded with 30 cm within-row spacing, and 
90 cm between-row spacing to optimize plant growth. Drip irrigation 
was used at both sites, with water application managed based on soil 
moisture levels and standard farm irrigation schedules. Manual 
weeding was performed as needed, with no synthetic herbicides used. 
Integrated pest management was implemented at both farms, relying 
on biological control and row covers to minimize damage. No 
chemical pesticide were applied. No synthetic fertilizers were used; 
and nutrient inputs were solely derived from compost and biochar 
amendments. Corn was harvested on July 27th 2024, with the entire 
experiment spanning approximately 3 months.

2.2 Biochar and compost characterization

The biochar used in the field trials at both study sites was sourced 
from VGrid Energy Systems in Camarillo, California, and produced 
through a high-temperature gasification process (900–1,200°C) using 
100% pistachio shells grown in California. Gasification biochar is 
produced nder limited oxygen conditions, generating syngas as a 
primary energy product, with biochar as a byproduct. Gasification 
biochar is distinct from pyrolysis biochar in its characteristics, 
especially its higher C stability, lower volatile matter content, and 

improved potential in nutrient retention (Tan, 2023). The biochar used 
in our study has a H:Corg ratio of 0.18, volatile matter of 18.8%, and ash 
content of 6.5% (summarized in Table 1). The biochar had a particle 
size range of 1–3 mm. Additional details regarding the production and 
properties of the biochar can be found at https://persistproducts.com/
persist-biochar/.

The compost used in the trials was locally produced at each site as 
part of a closed-loop waste recycling system, reflecting urban farm-
scale composting practices. At the Capital Radio Garden, compost was 
generated using a windrow composting system from green waste 
collected at Sacramento State University Campus. This feedstock 
primarily consisted of grass clippings, vegetable and fruit scraps, and 
tree leaves, supplemented with straw to balance the carbon-to-
nitrogen ratio. The windrows were turned every 2 weeks to ensure 
adequate aeration, support microbial activity, and maintain proper 
decomposition rates. The composting cycle lasted around 12 weeks 
before reaching maturity. At Three Sisters Gardens, compost was 
produced using a three-bin composting system, which allowed for 
staged decomposition and effective nutrient cycling. The feedstock 
primarily included food scraps and plant residues sourced directly 
from the farm, along with shredded paper, cardboard, dried leaves, 
and small wood chips to balance carbon and nitrogen inputs. The 
composting process involved regular turning (every 1–2 weeks) to 
ensure adequate oxygenation, with moisture levels adjusted as needed 
to optimize microbial activity. Compost at this site typically reached 
maturity within 12 weeks. Table  1 lists the relevant physical and 
chemical characteristics of both the biochar and compost used in this 
study. Due to differences in feedstock composition and processing 
methods, the Capital Radio Garden compost had a slightly lower total 
P and K content compared to that from the Three Sisters Gardens 

TABLE 1 Characteristics of organic amendments used in field trials at the 
Capital Radio Garden and Three Sisters Gardens, Sacramento, CA, USA.

Organic 
amendment 
characteristics

Biochar Capital 
Radio 

Garden 
compost

Three 
Sisters 

Gardens 
compost

Bulk density (g cm−3) 0.26 0.83 0.57

Total C (%) 88.0 20.1 31.4

Total N (%) 1.3 1.90 2.06

H:Corg 0.18 NA NA

Ash content (%) 6.5 69.4 41.1

pH 8.5 6.9 8.1

Surface area (m2 g−1) 407 NA NA

Volatile matter (%) 18.8 NA NA

Carbonates (%) 3.6 NA NA

P (%) 0.31 0.15 0.35

K (%) 3.01 0.21 0.80

Ca (%) 1.87 1.06 2.67

Mg (%) 0.13 0.21 0.53

Cu (%) 0.0052 0.0012 0.0025

Fe (%) 0.331 0.135 0.428

Mn (%) 0.0330 0.0106 0.0275

Zn (%) 0.0058 0.0031 0.0146
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(Table  1; Supplementary Table  2). These differences in compost 
composition contributed to site-specific soil responses observed in 
this study.

2.3 Soil sampling and analysis

Soil sampling was carried out at both sites at two time points 
throughout the growing season: During the mid-season at mid-June 
2024, and at the end of the growing season at late July 2024. Sampling at 
both mid-season and late-season allowed us to track treatment effects 
over time, capturing both immediate changes in nutrient availability and 
longer-term soil responses. Mid-season sampling was conducted to 
assess initial mineralization dynamics and microbial activity in response 
to organic amendments, while late-season sampling provided insights 
into cumulative treatment effects on soil fertility and plant-available 
nutrients at the crop maturity stage. Soil was sampled to a depth of 
approximately 0–30 cm, allowing us to account for potential vertical 
movement of nutrients due to drip irrigation and biological mixing, as 
well as root zone interactions where plant uptake and microbial activity 
are most active. Each soil sample was a composite of six subsamples 
collected from each plot using a soil probe. Soil samples were analyzed 
for various parameters, including moisture content, bulk density, water 
holding capacity, pH, electrical conductivity (EC), cation exchange 
capacity (CEC), organic matter content, total C, extractable N, net N 
mineralization rate, bioavailable phosphorus (P), as well as other macro 
and micronutrients. Soil microbial activity and diversity indices were 
also analyzed using community level physiological profiling.

Briefly, bulk density was determined using a bulk density corer 
(7 cm diameter). Water holding capacity was determined by 
gravimetry (Loveday, 1974). Soil pH and EC were determined on fresh 
soil (1:2 v/v soil to DI water) on a pH/EC meter (Mettler Toledo). For 
CEC, soil samples were extracted using an ammonium acetate solution 
at pH 7.0. The exchangeable cations (i.e., Ca, Mg, K, and Na) were 
displaced by ammonium ions, and the concentrations of these cations 
were quantified using an inductively coupled plasma optical emission 
spectrometer (ICP-OES). The CEC value was then calculated based 
on the sum of the exchangeable cations and expressed as 
milliequivalents per 100 grams of soil (meq 100 g−1). Organic matter 
content was determined using the Loss-on-Ignition (LOI) method, 
and oven dried (65°C) samples were ground and analyzed for total C 
on an elemental analyzer (Costech ECS 4010 CHNS-O).

Fresh soil samples were weighed, shaken in 2 M KCl for 1 h, 
filtered through Whatman #1 filter papers, and the extractants were 
analyzed for extractable NO3

−, NH4
+ by microplate-colorimetric 

techniques using the vanadium-chloride method and the salicylate-
nitroprusside method, respectively (Mulvaney et al., 1996). Soil net N 
mineralization rates were determined using the 28-d aerobic 
incubation method and were calculated by subtracting the initial 
extractable N (day 0) from that determined at the end of the 
incubation (day 28) (Hart et al., 1994). Soil bioavailable P status was 
determined using the biologically based P method described in 
DeLuca et  al. (2015) to assess a suite of four plant P acquisition 
strategies. Briefly, 0.01 M CaCl2, 10 mM citric acid, 0.2 enzyme unit 
mL−1 phosphatase enzyme (derived from wheat germs), and 1 M HCl 
were used as extractants to emulate free soluble P, active inorganic P 
(weakly sorbed or bounded in inorganic precipitates), active or labile 
organic P (readily attacked by phosphatase enzymes), and moderately 

stable inorganic P (present in P-precipitates). Extracts were analyzed 
for orthophosphate using the Malachite green method (Ohno and 
Zibilske, 1991). We also measured soil macro and micronutrients on 
soils collected from the end of the growing season. The macro and 
micronutrients were measured on ICP-OES following a dry-ash and 
acid digestion procedure (Górecka et al., 2006; Munter et al., 1984).

Soil microbial metabolic activity and functional diversity indices 
were evaluated on late-season soils using the Biolog EcoPlates method 
(Kiersztyn et al., 2019), which assesses microbial utilization of various 
C sources. Since microbial communities take time to fully respond to 
organic amendments, late-season sampling provided a more 
representative assessment of longer-term microbial shifts in the 
agroecosystem. Briefly, 3 g soil was mixed with 27 mL sterile 0.85% 
NaCl solution, shaken at 220 rpm for 30 min. The supernatant was 
obtained after 10-min standing. The supernatant was serially diluted 
to create a 1:1,000 soil solution. One hundred and fifty microliters of 
this solution were added to each well of the Biolog EcoPlate, and plates 
were incubated at 25°C in the dark. The optical density at 590 nm 
(OD590) in each well was determined every 24 h on a microplate 
reader (ACCURIS Smart Reader, Edison, NJ, USA). OD590 values 
measured at 96 h provided the best differentiation between treatments, 
and these were used to calculate the average well color development 
(AWCD) and the diversity indices, including Shannon, Simpson, and 
McIntosh following equations described in Du et al. (2022).

2.4 Corn kernel nutrient analysis

At the end of the growing season, corn kernels were collected 
from each treatment plot, dried at 65°C for 24 h, and ball-milled for 
nutrient analysis. Total N was measured using an elemental analyzer 
(Costech ECS 4010 CHNS-O), and macro- and micronutrients (P, K, 
Mg, Ca, Zn, Mn, Fe, and Cu) were analyzed via ICP-OES using the 
same methods described for soil nutrient analysis. Corn kernels were 
selected for nutrient analysis due to their representation of the primary 
harvested product. Farmers prioritize nutrient composition of kernels 
for human consumption and donation, making it the most relevant 
component for analysis. Leaves and stems were returned to 
composting systems on-site, contributing to long-term nutrient 
cycling, but were not included in this study’s nutrient assessment.

2.5 Data analysis

Before performing statistical analyses, data were screened for 
outliers, and tests for homogeneity of variance and normality of 
residuals were conducted using the Shapiro–Wilk test. When 
necessary, data were log-transformed to meet the assumptions of 
normality and homogeneity of variance. Analysis of variance 
(ANOVA) was conducted to assess the effects of treatments on 
individual soil and plant variables, followed by post-hoc tests (Tukey’s 
HSD) to identify significant differences among treatments. Statistical 
significance was determined at an alpha level of 0.05. Pearson 
correlation analyses were used to evaluate the relationships between 
key soil and plant metrics. Mixed linear regression (MLR) models 
were also used to identify the dominant factors contributing to 
variations in soil microbial properties. All statistical analyses were 
performed in R (R Core Team, 2020).
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3 Results

3.1 Soil physicochemical properties

The compost, biochar, and compost-biochar mix treatments 
significantly influenced soil physicochemical properties across both 
study sites (Figure 1 and Table 2). The water holding capacity (WHC) 
increased significantly in biochar and compost-biochar mix 
treatments. Soil pH and bulk density remained relatively stable across 
all treatments. Soil electrical conductivity (EC) values were 
significantly higher in the compost and compost-biochar mix 
treatments at Three Sisters Gardens. The cation exchange capacity 
(CEC), which represents the soil’s ability to retain and exchange 
essential nutrients, was the highest in the compost-biochar mix 
treatment at both sites. Both organic matter content and total C were 
significantly higher in biochar and compost-biochar mix treatments.

Soil extractable NH₄+–N did not significantly respond to the 
addition of biochar at either site during the mid growing season, but 
the effect of biochar on soil NH₄+–N was statistically significant at the 
late growing season at both sites (Figure 1). In contrast, the biochar 
effect on soil NO₃−–N was positive and statistically significant at both 
mid- and late-season at both sites (Figure 1). Compared to control soils 
or the compost treatment, biochar and compost-biochar mix 
treatments both significantly increased soil extractable NH₄+–N and 
NO₃−–N at late-season at both study sites, and soils under the compost-
biochar mix treatment exhibited the highest N availability throughout 
the season (Figure 1). For soil P bioavailability, the treatments had 
significant effects across most P fractions (Table 2). The active inorganic 

P fraction, which was extracted by 0.01 M citrate acid and included P 
that is readily available for plant uptake, was significantly higher in soils 
with all three organic amendment treatments compared to control at 
Three Sisters Gardens; and the compost-biochar mix treatment resulted 
in the highest active inorganic P concentrations at both study sites 
(Table 2). Similarly, labile organic P, extracted by phosphatase enzyme 
and an indicator of biologically active organic P, was also significantly 
higher in the compost-biochar mix treatment at both sites. Readily 
available inorganic P (extracted by 0.01 M CaCl2), and the moderately 
stable inorganic P (extracted by 1 M HCl) that represents P that is more 
tightly bound in soil minerals, both remained largely unaffected by the 
treatments. Biochar and compost-biochar mix treatments led to 
increased concentrations of Mg, Ca, and Fe at both sites (Table 2).

3.2 Soil microbial activity and diversity

Soil microbial metabolic activity, as measured by the average well 
color development (AWCD), was the highest in the compost-biochar 
mix treatment compared to control, compost alone, or biochar alone 
at both field sites (Figure 2). Though no compost effect or biochar 
effect was being observed on soil AWCD at the Capital Radio Garden 
site, both compost and biochar additions significantly increased soil 
AWCD compared to control at the Three Sisters Gardens site 
(Figure 2). The MLR analysis (Table 3) showed that microbial activity 
was significantly driven by soil parameters such as WHC, CEC, 
NO₃−–N availability, and the availability of active inorganic and 
organic P. Additionally, the McIntosh index, which highlights 

FIGURE 1

Soil extractable (a) NH₄+–N and (b) NO₃−–N at mid- and late-season at Three Sisters Gardens, and (c) NH₄+–N and (d) NO₃−–N at mid- and late-
season at Capital Radio Garden in response to compost, biochar, and compost-biochar mix treatments during field trials in Sacramento, CA, USA. Error 
bars represent ±1 standard error.
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microbial community evenness, was the highest in the compost-
biochar mix treatment (Figure 2 and Table 3). However, Shannon and 
Simpson indices of overall microbial diversity showed no significant 
differences across treatments (Table 3).

3.3 Corn nutrient responses

The nutrient concentration in corn kernels was significantly 
influenced by biochar and compost-biochar treatments over one growing 
season (Table  4). The compost-biochar mix led to the highest 
concentrations of P, K, Mg, and Fe in corn kernels at both field sites, 
compared to control and individual amendment treatments. For 
example, P concentration in corn kernels was significantly higher in the 
biochar-compost mix plots, reaching 3.9 g kg−1 at Three Sisters Gardens 

and 4.0 g kg−1 at Capital Radio Garden. Correlation analysis further 
revealed strong positive correlations between soil nutrient availability 
and crop nutrient uptake. Specifically, soil active organic P, Mg, Ca, and 
Fe showed significant correlations with corresponding nutrient levels in 
corn kernels (Figure 3), highlighting the role of improved soil conditions 
under biochar-compost amendments in enhancing nutrient availability 
for crop uptake and better plant nutrition.

4 Discussion

4.1 Soil physicochemical properties

Soil WHC increased significantly with the addition of biochar but 
not compost. This results aligns with previous findings that biochar’s 

TABLE 2 Soil physicochemical properties, microbial metrics, and nutrient concentrations at late-season in response to compost, biochar, or compost-
biochar mix amendments in the field trials at the Capital Radio Garden and Three Sisters Gardens, Sacramento, CA, USA.

Farm site Three Sisters Gardens Capital Radio Garden

Treatment Control Compost Biochar Compost- 
Biochar 

mix

Control Compost Biochar Compost- 
Biochar 

mix

Bulk density (g cm−3) 0.26 ± 0.02 0.23 ± 0.01 0.24 ± 0.02 0.25 ± 0.02 0.27 ± 0.01 0.26 ± 0.03 0.25 ± 0.02 0.26 ± 0.02

WHC (%) 0.36b ± 0.01 0.40b ± 0.01 0.49a ± 0.02 0.55a ± 0.02 0.30b ± 0.02 0.34b ± 0.02 0.41a ± 0.03 0.43a ± 0.02

pH 7.3 ± 0.2 7.4 ± 0.1 7.5 ± 0.1 7.5 ± 0.1 7.2 ± 0.1 7.3 ± 0.2 7.3 ± 0.1 7.1 ± 0.1

EC (dS m−1) 1.9b ± 0.2 2.8a ± 0.2 2.1b ± 0.4 3.0a ± 0.2 1.4 ± 0.2 1.2 ± 0.2 1.2 ± 0.2 1.5 ± 0.2

CEC (meq 100 g−1) 18.5b ± 0.6 20.7ab ± 2.0 20.2b ± 1.5 21.4a ± 1.5 22.5b ± 0.9 25.8b ± 1.9 24.9b ± 1.4 27.9a ± 0.6

Organic matter (%) 4.8b ± 0.4 5.6b ± 0.8 7.6a ± 0.5 6.9a ± 0.3 7.8b ± 0.4 7.3b ± 0.3 8.9a ± 0.4 8.0a ± 0.3

Total C (g kg−1) 32.6b ± 1.56 27.9b ± 2.50 44.2a ± 2.31 40.4a ± 3.50 45.3b ± 2.80 42.4b ± 3.35 51.7a ± 2.50 48.5a ± 2.39

Net N mineralization 

(mg kg−1 d−1)
0.55b ± 0.06 0.71a ± 0.07 0.68a ± 0.10 0.72a ± 0.0.8 0.18 ± 0.08 0.22 ± 0.05 0.23 ± 0.05 0.24 ± 0.04

Soluble inorganic 

P (mg kg−1)
3.93 ± 1.50 3.62 ± 2.10 4.79 ± 3.10 5.65 ± 3.00 1.77 ± 0.50 1.62 ± 0.30 1.63 ± 0.51 1.52 ± 0.10

Active inorganic 

P (mg kg−1)
81.80c ± 4.50 135.47b ± 9.40 148.40b ± 12.0 297.68a ± 8.10 77.10b ± 6.10 80.61b ± 6.51 82.20b ± 4.53 113.3a ± 8.90

Labile organic 

P (mg kg−1)
36.30c ± 3.60 58.20b ± 4.00 52.66b ± 3.80 72.44a ± 4.50 7.16b ± 2.53 10.33b ± 2.65 23.12a ± 3.54 19.01a ± 2.55

Moderately stable 

inorganic P (mg kg−1)
560.8 ± 45.0 822.3 ± 102 779.6 ± 83.1 877.9 ± 120 516.3 ± 21.0 613.7 ± 23.5 586.8 ± 42.1 566.4 ± 38.5

AWCD 0.59c ± 0.04 0.94b ± 0.02 0.88b ± 0.03 1.29a ± 0.02 0.69b ± 0.05 0.73b ± 0.09 0.73b ± 0.04 2.29a ± 0.08

Shannon Index 3.24 ± 0.02 3.32 ± 0.01 3.33 ± 0.02 3.33 ± 0.01 3.30 ± 0.05 3.28 ± 0.09 3.28 ± 0.07 3.38 ± 0.02

Simpson Index 3.11 ± 0.02 3.22 ± 0.02 3.22 ± 0.01 3.24 ± 0.01 3.20 ± 0.08 3.18 ± 0.13 3.18 ± 0.10 3.34 ± 0.02

McIntosh Index 4.04c ± 0.32 6.02b ± 0.07 5.63b ± 0.20 7.26a ± 0.13 4.47b ± 0.22 4.71b ± 0.28 4.74b ± 0.14 13.8a ± 0.32

K (mg kg−1) 437c ± 45 647b ± 20 718b ± 58 870a ± 120 104 ± 18 110 ± 20 118 ± 15 98 ± 12

Mg (mg kg−1) 344b ± 21 356b ± 15 364a ± 22 398a ± 30 368b ± 20 394b ± 23 450a ± 22 460a ± 21

Ca (mg kg−1) 2,920b ± 110 3,120a ± 120 2,960b ± 142 3,040a ± 114 3,820b ± 120 4,100a ± 124 4,440a ± 130 4,260a ± 102

Zn (mg kg−1) 9 ± 1 8 ± 1 9 ± 1 10 ± 1 14 ± 2 15 ± 2 16 ± 2 14 ± 2

Mn (mg kg−1) 11 ± 3.0 15 ± 2.0 16 ± 2.1 17 ± 2.4 10 ± 2.1 12 ± 2 13 ± 2 11 ± 2.4

Fe (mg kg−1) 29c ± 3.9 33c ± 4.3 49b ± 5.3 67a ± 6.9 51b ± 4 55b ± 6 66a ± 5 60a ± 4

Cu (mg kg−1) 3 ± 0.36 4 ± 0.30 3 ± 0.49 3 ± 0.40 2.0 ± 0.3 2.0 ± 0.2 2.0 ± 0.1 2.0 ± 0.2

Error bars represent ±1 standard error. Values followed by the same letters are not significantly different at p = 0.05. No letters following the values indicate no significant difference at p = 0.05. 
WHC – water holding capacity, EC – electrical conductivity, CEC – cation exchange capacity, AWCD – average well color development.
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porous structure enhances soil water retention by increasing 
microporosity and aggregation (Razzaghi et al., 2020). Unlike biochar, 
compost provides readily decomposable organic matter that enhances 

soil structure, but usually does not have the same porosity or surface 
area as biochar (Seyedsadr et al., 2022; Thao et al., 2023). Electrical 
conductivity (EC) only responded to compost application, particularly 

FIGURE 2

Average well color development (AWCD) as an indicator of soil microbial metabolic activity and McIntosh diversity index as an indicator of soil 
microbial species evenness in response to compost, biochar, and compost-biochar mix treatments in the field trials at the Three Sisters Gardens (a,b) 
and Capital Radio Garden (c,d) in Sacramento, CA, USA. Error bars represent ±1 standard error.

https://doi.org/10.3389/fsufs.2025.1546426
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Gao et al. 10.3389/fsufs.2025.1546426

Frontiers in Sustainable Food Systems 08 frontiersin.org

at the Three Sisters Gardens site (Table  2). This response could 
be attributed to the salts and nutrients introduced directly through 
compost decomposition, where the compost produced at the Three 
Sisters Gardens site has slightly higher nutrient content (e.g., P, K, Mg, 
and Ca) compared to the compost at Capital Radio Garden (Table 1 
and Supplementary Table 2). The elevated EC response in compost-
treated plots at Three Sisters Gardens suggests that site-specific 
differences in compost composition and nutrient inputs played a role 
in influencing soil nutrient availability. In contrast, biochar alone did 
not significantly affect soil EC, possibly due to its lower capacity to 
directly introduce nutrients (Table 1). Soil CEC was the highest in the 
compost-biochar mix treatment (Table 1), which likely reflects the 
cumulative effect of both amendments (Frimpong et al., 2021; Gao 
et al., 2023).

For soil N availability, biochar alone had a significant positive 
effect on soil nitrate (NO3

−–N) at both mid and late seasons (Figure 1). 
This finding aligns with previous studies showing that biochar can 
stimulate nitrification and increase the abundance of nitrifying 
bacteria and archaea (DeLuca and Sala, 2006; Gao and DeLuca, 2020) 
particularly when the ammonium (NH₄+–N) substrate is sufficient 
under an optimal soil pH for nitrifiers (Table 2). Additionally, biochar 
may help retain NO₃−–N in the soil by reducing leaching and keeping 
them available for plant uptake over time (Gao et  al., 2016). The 
delayed increase in NH₄+–N in response to biochar, observed only at 
the late growing season, suggests early microbial or plant uptake, as 
well as biochar’s gradual facilitation of NH₄+ sorption onto soil 

exchange sites (Weldon et al., 2022; Wu et al., 2023). Additionally, 
biochar’s influence on the retention and slow release of labile organic 
nitrogen might require more time to manifest, as suggested by the 
pattern observed in net N mineralization (Table 2). Regardless, the 
compost-biochar mix exhibited the highest extractable N availability 
throughout the season considering both NH₄+ and NO₃−, compared 
to control, compost alone, or biochar alone, indicating its ability to 
accelerate N cycling or retain extractable N, thereby potentially 
supporting sustained plant growth over the season.

The treatments had significant effects on various soil phosphorus 
(P) fractions, with the compost-biochar mix significantly increasing 
active inorganic P, particularly the citric acid-extractable fraction, at 
both sites (Table 2). This result aligns with previous studies on sandy 
soils (Gao et al., 2017; Gao and DeLuca, 2018), suggesting that biochar 
can play a role in enhancing P bioavailability by interacting with 
metallic ions through its organic functional groups. Biochar is known 
to alter soil P dynamics by binding with soil minerals that would 
otherwise fix P into non-available forms, making P more bioavailable 
(DeLuca et al., 2024; Ghodszad et al., 2021). Moreover, the increase in 
labile organic P observed in the compost-biochar mix treatment 
points to enhanced microbial-mediated P cycling. Biochar can 
influence microbial communities, particularly those involved in 
organic matter decomposition and P mineralization, such as the 
abundance and structure of phoC- and phoD-harboring microbial 
communities (Gao and DeLuca, 2018; Tian et al., 2021). The compost 
used at both sites supplied organic P sources (Supplementary Table 2) 
that are more readily accessed by plants and microbes through enzyme 
hydrolysis, while biochar helped to retain these nutrients and release 
them gradually. The combined amendment results in higher overall N 
and P availability (Table 2), providing a sustained supply of nutrients 
essential for plant growth and soil fertility.

Increased concentrations of other nutrients like Mg, Ca, and Fe 
were also observed in biochar and compost-biochar treatments. This 
could be  due to the direct contribution of these nutrients from 
compost and biochar, and biochar’s ability to adsorb and retain metal 
cations, which helps prevent leaching and ensures these nutrients 
remain available to plants over time (Gao et al., 2017; Zemanová et al., 
2017). The compost-biochar mix provided the highest total Mg, Ca, 
and Fe inputs compared to individual amendment alone 
(Supplementary Table  2), which translated into higher soil 
concentrations of these nutrients at late-season sampling (Table 2). 
Additionally, biochar may interact with root exudates, particularly 
carboxylic acids, that act as natural chelating agents. These exudates 
facilitate the mobilization of Mg, Ca, and Fe from soil minerals by 
forming soluble complexes, enhancing their availability to plants 
(Bornø et  al., 2018, 2022). However, this mechanism of nutrient 
mobilization through root exudates and biochar interaction was not 
directly evidenced in our study and requires further investigation to 
better understand its role in nutrient cycling under compost-
biochar treatments.

The compost-biochar mix treatment consistently resulted in the 
highest SOC and total C content, highlighting its potential for 
enhancing long-term carbon sequestration. While compost was 
applied at the same rate as biochar (10 Mg C ha−1), compost alone did 
not significantly increase total C or SOC compared to the control by 
the end of the growing season at either site (Table  2). This could 
be attributed to the rapid decomposition of compost’s labile organic 
matter, which releases CO₂ back into the atmosphere more quickly, 

TABLE 3 Statistical summary of the multiple linear regression models 
analyzing soil metabolic activity (AWCD) as a function of soil nutrient 
availability and treatment types (compost, biochar, compost-biochar mix) 
at the Capital Radio Garden and Three Sisters Gardens, Sacramento, CA, 
USA.

Coefficients t-value p-value Level of 
significance

Intercept 1.502 0.2074 ns

Site −5.590 0.0025 **

Biochar 2.923 0.0328 *

Compost 2.459 0.0572 ns

Compost-biochar mix 11.093 0.0001 ***

WHC 2.529 0.0393 *

pH 3.493 0.0129 *

CEC 3.059 0.0281 *

SOM 0.4452 0.6792 ns

NH4
+ -N 2.185 0.0805 ns

NO3
− -N 11.496 2.60e-05 ***

CaCl2-P 2.413 0.0423 *

Citrate-P −7.838 0.0005 ***

Enzyme-P 1.546 0.1827 ns

Mg 3.806 0.0089 **

Ca −2.274 0.0720 ns

Mn −0.848 0.4351 ns

Fe −2.001 0.1018 ns

All data were log transformed in the model to ensure data normality and homogeneity of 
variance. WHC, water holding capacity; CEC, cation exchange capacity; SOM, soil organic matter. 
Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
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limiting its effectiveness in long-term C storage (Gao et al., 2023; 
Harrison et al., 2024b). In contrast, biochar, with its more recalcitrant 
C structure, offers a stable form of C that can persist in soils over 
extended periods, thus contributing more effectively to soil C 
sequestration (Joseph et al., 2021). The stability of the biochar used in 
our study is also supported by its low H:Corg ratio (Table 1). A H:Corg 
ratio below 0.3 is reported to be indicative of high aromatic stability, 

meaning the biochar used in our study has a strong resistance to 
microbial degradation (Lehmann et al., 2024). While biochar alone 
demonstrated a clear advantage in sequestering carbon, its effects on 
available N and P were not as pronounced as the compost-biochar 
mix. Compost alone increased soil available N and P, but the mix 
treatment showed greater nutrient retention and gradual release, 
highlighting the combined effect of biochar and compost in 

TABLE 4 Effects of compost, biochar, and a compost-biochar mix on corn kernel nutrient concentrations over one growing season in field trials at the 
Capital Radio Garden and Three Sisters Gardens, Sacramento, CA, USA.

Farm site Three Sisters Gardens Capital Radio Garden

Treatment Control Compost Biochar Compost- 
Biochar mix

Control Compost Biochar Compost- 
Biochar mix

N (g kg−1) 17.1 ± 1.0 19.3 ± 1.2 18.1 ± 2.5 18 ± 2.0 18 ± 2.4 19.3 ± 1.7 19.7 ± 1.4 20 ± 1.6

P (g kg−1) 2.6b ± 0.4 3.5b ± 0.8 3.5a ± 0.6 3.9a ± 0.4 3.0b ± 0.5 3.1b ± 0.5 3.8a ± 0.8 4.0a ± 0.4

K (g kg−1) 5.9b ± 0.6 9.1a ± 1.0 8.3a ± 0.8 9.6a ± 1.0 6.3c ± 0.7 6.5c ± 1.0 9.0b ± 1.1 11.0a ± 1.2

Mg (g kg−1) 1.4b ± 0.1 1.4b ± 0.2 1.8a ± 0.2 1.7a ± 0.2 1.5b ± 0.1 1.6b ± 0.2 1.8a ± 0.3 1.9a ± 0.2

Ca (g kg−1) 0.6 ± 0.1 0.9 ± 0.1 0.9 ± 0.2 0.9 ± 0.1 0.8 ± 0.1 1.0 ± 0.2 0.9 ± 0.1 0.9 ± 0.1

Zn (mg kg−1) 43 ± 4.0 47 ± 4.5 30 ± 5.0 42 ± 5.2 35 ± 6.0 40 ± 7.0 50 ± 8.6 34 ± 2.5

Mn (mg kg−1) 26 ± 2.4 13 ± 1.4 14 ± 4.0 11 ± 2.1 5 ± 1.0 6 ± 1.2 11 ± 2.4 7 ± 1.8

Fe (mg kg−1) 15b ± 2.5 18a ± 1.8 21a ± 3.4 22a ± 3.0 15b ± 2.8 20a ± 3.0 23a ± 3.1 26a ± 3.9

Cu (mg kg−1) 4 ± 0.8 4 ± 1.0 3 ± 0.9 4 ± 0.4 4 ± 0.6 3 ± 0.5 4 ± 1.1 3 ± 1.5

Error bars represent ±1 standard error. Values followed by the same letters are not significantly different at p = 0.05. No letters following the values indicate no significant difference at p = 0.05.

FIGURE 3

Pearson correlation coefficients (r) and statistical significance between selected soil nutrients (a) active organic P, (b) Mg, (c) Ca, and (d) Fe and corn 
kernel nutrient concentrations across the field trials at the Capital Radio Garden (CPR) and Three Sisters Gardens (TSG), Sacramento, CA, USA.
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supporting nutrient cycling. The compost-biochar mix leverages both 
the stable and labile C pools, enhancing soil fertility and providing a 
pathway for gradual C accumulation while maintaining soil 
productivity. These findings suggest that integrating biochar into 
urban agricultural systems not only plays a crucial role in mitigating 
climate change through carbon sequestration but, when combined 
with compost, offers additional benefits by improving nutrient 
availability and cycling.

4.2 Soil microbial activity and diversity

The compost-biochar mix treatment resulted in the highest 
microbial metabolic activity compared to control or compost alone or 
biochar alone at both sites (Figure  2). This suggests an enhanced 
microbial C utilization and overall metabolic function, where biochar-
compost combination provided a more favorable microenvironment 
for microbial growth and activity. Biochar’s porous structure 
supported microsites that retained stable moisture and nutrient 
conditions, while the labile organic C in compost provided an 
accessible energy source for microbial metabolism (Tables 1, 3), and 
this synergy between biochar and compost may have contributed to 
the observed increase in microbial activity through diverse C 
substrates that support a range of microbial groups, as shown in the 
increased average well color development (AWCD) (Khan et  al., 
2023). The multiple linear regression (MLR) analysis (Table 3) also 
showed that soil properties, including WHC, CEC, and the availability 
of NO₃−–N and P, were significant predictors of microbial activity, 
which showed significantly response to the compost-biochar mix 
treatment. These findings emphasize the importance of both soil 
moisture and nutrient retention for sustaining active and resilient 
microbial communities, particularly in semi-arid regions like the 
study site (Cui et al., 2020). By enhancing these key soil properties 
simultaneously, the biochar-compost combination supported a 
functionally active microbial community capable of contributing to 
nutrient cycling and soil health.

Our results indicated that while the organic amendment 
treatments significantly increased microbial metabolic activity 
compared to control (Figure 2), there were no substantial changes in 
overall microbial diversity, as measured by the Shannon and Simpson 
indices (Table 2). This suggests that the organic amendments did not 
lead to major shifts in species richness or dominance in the microbial 
community (Chernov et al., 2015). In other words, neither rare species 
nor dominant species responded significantly to the organic 
amendments. Interestingly, the McIntosh index increased under the 
compost-biochar mix treatment (Figure 2), indicating an increase in 
the evenness within the microbial community, where the population 
distribution across species became more balanced (Kitikidou et al., 
2024). This suggests that the compost-biochar mix supports a more 
even distribution of microbial species that contribute equally to soil 
processes, without necessarily increasing species richness or altering 
the dominance of existing species. Biochar’s porous structure creates 
microsites that offer a stable habitat for a variety of microorganisms, 
while compost provides a rich supply of organic substrates. Together, 
these amendments supported a broader range of microbial functional 
groups or reduced microbial competition for nutrient acquisition, 
which led to a more balanced microbial community (Ren et al., 2022). 
This reduction in competition helps maintain evenness in the 

microbial community by allowing more microbial groups to coexist 
without one group dominating. Higher evenness is also be able to 
provide insurance and promote resilience through the complementarity 
effect (Wang et al., 2021), allowing the community to maintain key 
ecosystem functions under environmental stress.

4.3 Corn nutrient responses

The results demonstrated that soil active organic P extracted by 
phosphatase was significantly correlated with corn kernel P 
concentrations at both study sites (Figure  3). This suggests that 
bioavailable organic P in the soil, which is accessible to plants through 
enzyme hydrolysis, directly contributes to plant P uptake. Similarly, 
soil and plant concentrations of Mg, Ca, and Fe were positively 
correlated, indicating that soil amendments directly influence 
nutrient availability to crops. The compost-biochar mix treatment 
consistently resulted in the highest levels of these essential plant 
nutrients, pointing to the cumulative effect of biochar and compost 
on supplying nutrient inputs and their efficacy in enhancing nutrient 
cycling and plant nutrition (Figure 3). One potential mechanism for 
these findings is the enhanced nutrient retention and gradual release 
provided by biochar and compost together. Biochar’s porous structure 
increases soil’s capacity to retain nutrients like P, Mg, Ca, and Fe, 
preventing them from leaching while making them more available 
for plant uptake over time (Jílková and Angst, 2022). Compost, on 
the other hand, provides a rich source of organic matter and microbial 
activity that can promote the mineralization of organic forms of 
nutrients into forms accessible by plants. This pattern is consistent 
with the amount of nutrient inputs from amendments 
(Supplementary Table 2), which shows that the compost-biochar mix 
resulted in the highest total nutrient inputs across multiple 
essential elements.

As discussed above, the increased concentrations of soil active 
organic P, Mg, Ca, and Fe in biochar-amended soils could be attributed 
to biochar’s ability to adsorb and retain nutrients, which can then 
gradually become available to plants through microbial processes 
(Novak et  al., 2021). This is particularly relevant for P, which can 
be bound to organic matter or soil minerals and becomes available 
through extracellular enzymatic activity facilitated by a thriving 
microbial community (Baigorri et al., 2020). The higher soil microbial 
activity observed in the compost-biochar mix treatment also enhanced 
the enzyme-mediated release of P, thus supporting greater plant 
nutrient uptake (Hu et al., 2023). Moreover, biochar appears to improve 
the electrochemical properties of plant roots, which can further 
enhance nutrient uptake. Studies have shown that biochar increases the 
negative charge on root surfaces, there enhancing their ability to absorb 
nutrients such as Ca, Mg, and Fe (Farhangi-Abriz and Ghassemi-
Golezani, 2023). For instance, biochar application was found to 
increase the number of functional groups (such as hydroxycinnamic 
acid and carboxyl groups) on root cell walls, which play a key role in 
nutrient sorption (Farhangi-Abriz and Ghassemi-Golezani, 2023). 
Biochar also can retain root exudates like carboxylic acids, which act 
as chelating agents to solubilize P and Fe from soil minerals, enhancing 
their bioavailability (Yuan et al., 2024). These mechanisms collectively 
explain the higher concentrations of these nutrients in corn kernels 
observed in the biochar-compost mix treatment. These findings 
highlight the practical benefits of co-applying compost and biochar, 
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particularly for urban farmers seeking to optimize soil fertility and 
plant nutrition in resource-limited environments.

While these findings highlight the benefits of combined biochar 
and compost applications, it is important to acknowledge the 
limitations of our nutrient analysis. This study focused only on kernel 
nutrient concentrations rather than total biomass nutrient uptake 
(kg ha−1). Measuring nutrient content in both kernels and whole-
plant biomass (stems, leaves, husks) would provide a more 
comprehensive assessment of total nutrient uptake. Given that leaves 
and stems were returned to on-site composting systems, 
understanding their nutrient retention and recycling potential is 
another key area for future research. Additionally, yield data (kg ha−1) 
was not systematically recorded during this study, limiting our ability 
to evaluate whether nutrient concentration differences were 
associated with changes in total crop productivity. Future research 
should incorporate biomass yield measurements to assess whether 
higher kernel nutrient concentrations correspond to increased total 
nutrient removal per unit area. Long-term trials monitoring nutrient 
cycling between crop biomass and composted residues would further 
clarify the sustainability of biochar-compost integration in urban 
farming systems.

5 Conclusion

This study highlights the significant potential of locally sourced 
biochar and compost amendments in enhancing soil health and crop 
nutrient uptake in urban agricultural systems. Conducted at two urban 
farms in Sacramento, California, the field trial revealed that the 
compost-biochar mix treatment led to the greatest improvements in 
soil physicochemical properties, including increased water holding 
capacity, organic matter content, and cation exchange capacity, along 
with greater retention of essential nutrients like available nitrogen and 
phosphorus. These enhancements in soil nutrient availability were 
reflected in increased nutrient uptake by corn, particularly for 
phosphorus, magnesium, calcium, and iron. While biochar alone 
contributed significantly to carbon sequestration, the compost-biochar 
combination was more effective at enhancing both nutrient retention 
and microbial activity, promoting a more balanced microbial 
community. The use of locally sourced biochar from pistachio shells 
and compost from local organic waste exemplifies a closed-loop 
system, providing a sustainable solution for urban farmers by recycling 
organic waste and improving soil fertility. These findings are especially 
relevant for urban areas facing food insecurity, as the combined 
application of biochar and compost not only boosts soil health but also 
supports resilient crop production. Although the results from this 
single growing season are promising, further long-term research is 
necessary to evaluate the lasting impacts of these amendments in 
urban agricultural systems. Nevertheless, this study offers a practical 
model for integrating resource-efficient soil management practices 
into urban agriculture, presenting viable solutions for sustainable food 
production in cities like Sacramento.
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