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Abstract: Aminopyralid (2-pyridine carboxylic acid, 4-amino-3, 6-dichloro-2-pyridine carboxylic
acid) is an auxin herbicide that has been used widely to control broadleaf weeds in pasture and
hay fields. With no post-application withdrawal time, aminopyralid absorbed into forage material
can contaminate compost feed stocks such as hay, grass bedding material, and manure. Composts
derived from such feed stocks raises concerns about after-effect injuries to sensitive crops by residual
aminopyralids. Biochar (BC) additive may affect the composting process and immobilizes organic pol-
lutants. This study examined the effect of composting dairy manure/sawdust 1:1 mixture containing
10 ppb (wet) of aminopyralid with 0%, 2%, 4%, and 10% (w/w) BC levels on chemical and biological
characteristics of compost, residual aminopyralid concentration, and intensity of plant injury to
tomato (Lycopersicon esculentum L.) plants after composting in 140 L plastic rotary drum reactors for
two 6-month cycles. Biochar addition decreased organic matter degradation and intensified reduction
in residual aminopyralid levels in a dose-dependent manner. Composting with BC concentrated
more N, P, and K, caused mild plant injuries, and increased the above ground biomass compared to
the no BC incorporation. Addition of BC for composting aminopyralid-contaminated dairy manure
can increase the phyto safety level of compost while enhancing the key fertilizer values.

Keywords: composting; dairy manure; biochar; herbicide; aminopyralid

1. Introduction

Herbicidal injury to crops following the application of livestock manure/compost
has become a significant concern for producers. Pyridine carboxylic acid herbicides that
are widely used in pasture and rangelands have the potential to carryover the effects of
herbicides on crops following the application of compost from contaminated feed stocks [1].
Pyridine carboxylic acid herbicide injury to broadleaf crop plants following the application
of hay or manure compost has been reported in the United States (US) [2] and across the
world [3]. Residual concentrations of pyridine carboxylic acid herbicide even as low as
<10 ppb in compost can affect different sensitive broadleaf crop plants [4,5]. Aminopyralid
(2-pyridine carboxylic acid, 4-amino-3, 6-dichloro-2-pyridine carboxylic acid) herbicide
works as a plant growth regulator and causes auxin-like injuries on plants.

Aminopyralid herbicides have been registered for use on rangelands, pastures, natural
areas, noncroplands, rights-of-ways, and riparian areas for controlling annual and perineal
broadleaf weeds [6]. Aminopyralid has a favorable human health toxicity profile to be cate-
gorized as a low-risk herbicide [7]. The lower application rate and high persistence have
made aminopyralid herbicides a favorite choice for broadleaf weed control among live-
stock producers [5,8]. Further, the low toxicity of aminopyralid herbicide to mammalians
make aminopyralid-treated pastures and hay fields quite safe to consume immediately by
livestock with no post-application withdrawal time requirement for forage utilization [9].
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The residues of aminopyralid herbicides on pasture and hay fields can remain in the
environment or in the tissues of contact plant materials for a long period. Research has
shown that the half-life of aminopyralid in soil is 34.5 days [10]. Aminopyralid residues
have been shown to be stable for 16 months in dry matrices, such as hay and straw [11].
Once forage products from treated fields are ingested, pyridine carboxylic acid (aminopy-
ralid) compounds are quickly eliminated through urine and feces [5] with little absorption
and biotransformation [12] and can pass to the manure (a combination of urine and feces)
composting process. Given the auxinic mode of action, any aminopyralid residues left
in manure compost can injure broadleaf crop plants grown in association with compost
material [13]. Cattle manure contaminated with aminopyralid injuring garden plants was
reported [14]. After being absorbed by the roots, aminopyralid is translocated throughout
the plant, inducing an auxin-type response in susceptible plant species, causing epinastic
bending and twisting of leaves and stems, deformation of leaves, cupped or elongated
leaves, and stunting of roots that results in growth inhibition [8,15]. At low concentrations,
auxin can stimulate growth through cell division and elongation [16].

Composting is a process of bio-decomposition and stabilization of organic matter
through the action of diverse microorganisms under aerobic conditions [17]. Composting
dairy manure has become a popular alternative manure management method that results in
manure stabilization, mass and moisture reduction, and reduction in pathogen levels [18].
Composting manure itself can be very inefficient due to high moisture content, low porosity,
and low C: N ratio [19]. Therefore, substrate conditioning with a bulking agent that
improves C:N ratio, regulates moisture content, and enhances porosity, structure, and
oxygen diffusion [20] is required for optimal composting of animal manure. Bulking agents
are commonly fibrous with carbonaceous material with low moisture content [21]. Of the
cellulosic agricultural and forestry by-products, sawdust as a bulking agent has been found
to be significant in reducing moisture content [22].

Biochar (BC), a solid material produced by thermo-chemical conversion of biomass
under oxygen-limited conditions [23], has high porosity that can enhance aeration and
stimulates microbial growth during composting [24]. Biochar has also become one of
the preferred carbonaceous bulking materials for co-composting with manure [25]. The
addition of biochar for composting offers an extra benefit as a smart adsorbent [26] for
organic pollutants [27,28] including herbicides [29]. Biochar produced at relatively high
pyrolysis temperatures is generally effective in the sorption of organic contaminants [23],
which is attributed to the physicochemical properties, such as large surface area, porosity,
and surface chemistry [30].

Composting itself can degrade most herbicides and insecticides [31,32]. It has been
reported that clopyralid concentrations declined from 32 ppm to <1.4 ppm after 365 days of
composting grass clippings, but the levels were still 10 to 100 times above the no-observable-
effects level [33]. The general pattern of herbicidal degradation while composting has been
found to be similar to the degradation observed in the soil environment [32], where soil
microbes are quite effective at metabolizing herbicides into permanently inactive forms
where they can be a major factor in determining the overall fate of herbicide compounds [34].
Enzymatic transformation, which is mainly the result of biotic processes mediated by plants
and microorganisms, is by far the major route of detoxification [35].

The addition of biochar for composting offers an extra benefit as a smart adsorbent
for organic pollutants including herbicides. Biochar produced at relatively high pyrolysis
temperatures is generally effective in the sorption of organic contaminants, which is at-
tributed to its physicochemical properties, such as large surface area, porosity, and surface
chemistry.

The bioassay process uses sensitive plants to detect herbicide contamination of ma-
nure/compost. The plant bioassay method for aminopyralid uses sensitive broadleaf
crop plants, such as tomato (Lycopersicon esculentum L.) and peas (Pisum Sativum L.), to
determine visual plant injury symptoms and to indicate the presence of herbicide residues
in compost [36]. Although bioassay tests are less specific than chemical tests, they are
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much less expensive and can be useful in detecting phytotoxic metabolites that are not
detected in chemical tests. However, improper composting can also result in compost
quality characteristics that cause phytotoxicity symptoms similar to the pyridine carboxylic
herbicides [37]. Salinity in growing media has been shown to exacerbate harmful effects
for tomato- and cucumber-like crop plants [38], which are frequently used as test plants
for herbicide bioassays [39]. High salinity affects the water relations of the plant, which
may cause yield reduction, leaf burning, and leaf deformation. Salinity levels between 1.99
and 3.5 dSm−1 are commonly accepted as favorable for seedling growth [36]. In addition,
immature compost may contain high salt concentrations, volatile organic acids, fatty acids,
phenolic acids, and ammonia in sufficient quantities to cause stunting and other phytotoxic
symptoms [37]. As such, utmost care is needed to accurately distinguish plant damage
from residual herbicide and from other factors of compost.

Not many compost studies have been conducted in small-scale compost reactors.
However, pilot-scale composting studies conducted in small reactors enable easier tracking
of the composting process than in full-scale [40]. Reactors of 10–300 L size frequently
involve a self-heating phase that depends solely on microbial heat production and en-
sures a well-conducted composting process. Under such conditions, the simulation of the
thermodynamic regime (thermophilic, cooling, and maturation phases) has enabled the
reproduction of many parameters of full-scale composting systems, including biological
activity and metabolic capacities [41,42].

There has been limited information evaluating the composting of dairy manure con-
taminated with aminopyralid with biochar in small-scale reactors for managing residual
aminopyralid concentrations, associated phytotoxicity effects, and the chemical and bio-
logical characteristics of compost. A better understanding of the effect of biochar addition
on composting dairy manure contaminated with aminopyralid is significant for managing
residual herbicidal effects on sensitive crop plants and designing manure composting
systems that ensure the production of biologically safer compost products with high fertil-
ity characteristics. Such information would provide a solid scientific base for promoting
the safe use of manure compost originated from aminopyralid-contaminated feed stocks
widely in agricultural production.

The primary objective of this study was to investigate the effect of biochar (BC)
addition at 0%, 2%, 4%, and 10% rates for composting dairy manure + sow dust 1:1 mixture
containing 10 ppb (w/w) aminopyralid on the chemical and biological characteristics and
residual aminopyralid concentrations of compost and the phytotoxicity effects of dairy
manure compost on tomato plants after 6-month composting periods. The hypotheses of
this study were based on the fact that addition of biochar to dairy manure composting
starter mixtures alters (i) the basic chemical and biological properties of dairy manure
compost and (ii) the aminopyralid residual concentrations and intensity of plant injury to
tomato plants.

2. Materials and Methods

This study was conducted at the Agriculture Research and Education Complex (AREC),
Department of Agriculture and Food Science, Western Kentucky University, Bowling
Green, KY, USA. as two independent runs, each lasting for a 6-month period from Aug.
2022 to March 2023 (cycle 1) and from March 2023 to Sept. 2023 (cycle 2) under natural
environmental conditions.

2.1. Compost Starter Mixtures, Reactors, and Composting Procedure

The compost starter mixtures were prepared in a similar manner for the two compost-
ing cycles by mixing 22.5 kg of fresh dairy manure (86–88% moisture) collected freshly
from the manure pit of the dairy barn of AREC with an equal amount (22.5 kg) of sawdust
(8.2–8.8% moisture, 1.2 g N kg−1, 385.2 g C kg−1 and 355:1 C/N ratio). The dairy herd from
which the manure originated consisted of 53 Holstein Friesian milking cows managed in a



Agronomy 2024, 14, 952 4 of 19

free stall barn setting. The manure in the pit contained direct scrapes from the alleyways of
the dairy barn with no bedding material.

It is considered that a C/N ratio of 25:1 to 30:1 and a moisture content of 60–65% is
optimal for the composting process [43,44]. Several preliminary pilot trials conducted to
determine the manure/sawdust combination that adjusted the moisture content to 60–65%
level revealed that mixing of 1:1 dairy manure and sawdust achieved the desired moisture
level. Pretesting of 1:1 dairy manure and sawdust mixture for C/N suggested an addition
of 1.8 g mineral N kg−1 compost starter mixture to adjust the final C:N ratio to the desired
level of 30:1 and to avoid the limitation of organic matter decomposition by low mineral
N availability. Thereafter, compost starter mixtures (45 kg) were mixed with 0%, 2%, 4%,
and 10% (w/w) biochar (BC) rates to formulate 0% BC, 2% BC, 4% BC, and 10% BC biochar
treatments. Biochar used in this experiment was produced from pyrolysis of softwood at
500–600 ◦C (Biochar Now, CO, USA).

To examine the relationship between herbicide concentration and the response of
transplanted 10-day-old tomato plants (Lycopersicon esculentum L.), a series of preliminary
bioassays were conducted using a potting mix containing 1, 10, 20, 30, 40, 50, and 100 ppb
levels of aminopyralid. Results from this study indicated 10 ppb as the minimum level
causing injuries to tomato test plants. Accordingly, we selected 10 ppb aminopyralid
level to contaminate dairy manure compost starter mixtures. Aminopyralid of 99% purity
(Sigma–Aldrich Inc. St. Louis, MO, USA) was dissolved in deionized water and, then,
mixed thoroughly with dairy manure to give 10 µg kg−1 concentration in the dairy manure
+ sow dust + BC mixtures.

The compost starter mixtures of four BC treatment mixtures were filled into sixteen
140 L plastic rotary drum reactors (four replicates per treatment) and composted under
natural environmental conditions. To aerate and homogenize the material and to promote
composting, the reactors were rotated twice in the first week and, thereafter, once a week.
The rotation of reactors was stopped when the temperature inside the compost decreased
slowly to reach ambient temperature. To maintain the microbial activity, the moisture
content of the compost materials was monitored biweekly, and optimum 50–60% moisture
levels [45] were ensured by adding water. The temperature within the compost material
was recorded weekly for the first four months using a hand-held 0.9 m compost temperature
probe (Reotemp, San Diago, CA, USA) at the center of the compost material within the
reactors. Each composting cycle (1 and 2) lasted for a 6-month period before sampling the
compost for various analyses.

2.2. Compost Sampling, Chemical and Biological Analysis

The compost starter mixtures within the reactors were sampled twice, one at the
beginning of the experiment on day zero and the other at the end of each 6-month period.
Before drawing samples, the material inside was homogenized by rotating the reactors
and, thereafter, by protected (using separate hand gloves) manual mixing. The sample
collected for chemical analysis of aminopyralid concentration and chemical and biological
characteristics of composts weighed 500 g. Another compost sample weighing 3 kg was
collected for use in bioassays. The compost samples collected for chemical analysis and
bioassay tests were stored at 4 ◦C under refrigeration until the respective analysis/test was
performed, while the samples collected for biological analysis were stored at −80 ◦C.

The pH, electrical conductivity (EC), ash, total nitrogen (TN), total carbon (TC), NO3-
N, NH4-N, organic matter (OM), potassium (K), and phosphorus (P) were determined
according to the standard protocols specified by the US Composting Council (TMECC, 2002).
Sub-samples were ground to the particle size specified by the analytical method for each
chemical property. Moisture content (w/w) was determined after oven drying (60–80 ◦C) to
a constant weight. The pH and electrical conductivity of compost material was determined
according to TMECC method 04.11-A and using a solu-bridge conductivity meter (Beckman
Instruments, Cedar Grove, NJ, USA) according to TMECC method 04.10-A. After heating
for 4 h in a muffle furnace at 550 ◦C, ash content in the compost was determined according
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to TMECC method 03.02-A. Total nitrogen (N) and total carbon (C) analyses were performed
(Dumas combustion method) using Vario Max CN analyzer (Elementar America Inc., Mt.
Laurel, NJ, USA) (TMECC methods 04.02-D and 04.01-A). Total nitrate–N and ammoniumN
contents were determined by KCl extraction and flow-injection colorimetric analysis on a
Lachat Quickchem FIA+ 800 analyzer (USA Hach Co., Loveland, Colorado) according to
TMECC method 04.02- B & C. Total organic matter (dry basis) content was determined by
loss on ignition method (TMECC method 05.07-A). Total K and P were measured by ICP
after microwave digestion of 0.1 g of oven dried sample with 4 mL 69% HNO3 and 1 mL
33% H2O2 [46]. The total DM and OM loss during composting was assessed for cycle 2.
To determine initial reactor mass and mass loss during composting, composting mixtures
in each reactor were weighed at the start (day zero) and at the end of the 6 m period. The
assessments were conducted as the difference of total DM or OM contents in the initial and
final masses as a percentage of initial mass.

Total community DNA was extracted from 300 mg of the initial mix and final compost
samples using the Dneasy PowerSoil Pro Kit in a QIAcube semi-automated instrument
(Qiagen, Germantown, MD, USA) following the manufacturer’s instructions. Quantitative
PCR run was performed using CFX96 instrument (Bio-Rad, Hercules, CA, USA). Bacterial
16S rRNA was amplified using published primer and TaqMan probe sequences (Table 1).
The PCR mix of 25 µL total volume consisted of 10 µL of probe master mix (nodUTP; Bio-
rad), 1 µL of primer pairs (10 µM concentrations), 1 µL of TaqMan probe (5 µM), 11 µL of
PCR clean water, and 1 µL sample DNA. The PCR program was 95 ◦C for 15 min, 40 cycles
at 95 ◦C for 15 s, 58 ◦C for 45 s, and 72 ◦C for 45 s. The 16S rRNA gene used as a PCR
standard was E. coli 25922 DNA cloned into TOP TA (3908 bp) vector (Invitrogen, Waltham,
MA, USA) using 16S-27F/16S-1492R with the resulting insert size of 1465 bp. A 10-fold
serial dilution of the 16S rRNA standard ranging from 101 to 108 was used. The primers
and probes were obtained from Integrated DNA Technologies, Inc. (Coralville, IA, USA).

Table 1. Sequences, target size, and annealing temperature of primers used in this study.

Primer Primer Sequence (5′-3′) † Tm ‡ (◦C) PCR Product (bp) §

Forward ATGGCTGTCGTCAGCT

58 337Reverse ACGGGCGGTGTGTAC

Probe CAACGAGCGCAACCC
† Probe sequences each contained a 5′ FAM fluorophore and 3′ Black Hold Quencher combination for use in
probe-based 5′ nuclease assays; Probe concentration of 200 nM; Primer concentration of 400 nM; ‡ Tm. (◦C) is the
annealing temperature of the PCR reaction; § PCR Product refers to the expected amplification product size in
nucleotide base pairs (bp).

2.3. Chemical Analysis for Aminopyralid Residual Concentration

Determination of aminopyralid concentration in compost was performed by an an-
alytical laboratory (Anatek Labs, Moscow, ID, USA) using Shimadzu LC-20AD Liquid
Chromatograph (Shimadzu Scientific Instruments, INC., Redwood City, MD, USA) cou-
pled with a Sciex API 4000 Mass Spectrometer (Sciex, Illinois, CA, USA) and a Shimadzu
SIL020A HT auto sampler, using Sciex Analyst software (X500 QTOF). Compost samples
were prepared by weighing approximately 10 g of sample into a 250 mL plastic bottle.
Hundred mL of an extraction solution (70 g NaOH and 710 g NaCl diluted to 15 L with
DI water) was added, and samples were tumbled for 1 h. A 2 mL aliquot was taken
into a 15 mL centrifuge tube, 2 mL 2N HCl was added, and the tube was vortexed, then
heated for 90 min at 80 ◦C. Samples were then centrifuged prior to cleanup. The samples
were purified using Oasis HLB and Oasis MAX cartridges (Waters Corp., MA, USA). For
derivatization, extracts were reconstituted with 200 µL derivatizing coupling reagent ace-
tonitrile/pyridine/butanol (22:2:1). Samples were derivatized by adding 10 µL of butyl
chloroformate reagent and letting stand 5 min with gentle mixing. Thereafter, 790 µL of
the Sample Solvent (water/MeOH—60:40 with 0.05% formic acid and 5 mM ammonium
formate) was added prior to analysis on the HPLC. The average recovery level of the
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method was 94.8% with a %RSD of 25.7%, and any interferences were negligible. The limit
of quantification (LOQ) and detection (LOD) on the equipment were 5 ppb and 1 ppb,
respectively.

2.4. Bioassay Tests

The relationship between residual herbicide concentration and plant response was
determined by bioassay tests using potted tomatoes (Lycopersicon esculentum, ‘cherry red’).
The bioassay tests were conducted in a greenhouse with 25/18 ◦C day/night temperature
and without artificial lightening. The compost materials from cycle 1 (6 months old) were
mixed with potting soil (1:3) before being used for bioassay tests in 0.75 L pots. For the
bioassay test, ten 0.75 L pots containing composts and potting mixture (1:3) from cycle 1
were transplanted to one tomato plant of phase 13–19 BBCH. The pots planted with tomato
plants were placed on plastic saucers to collect any excess water drain. The pots were
watered 1–3 times per week to ensure water holding capacity but to minimize leaching.
Individual tomato plants in pots were grown until phase 21 of BBCH scale (after 2 months)
and then, damage to tomato plants was evaluated. The injury level of plants, height of
plants measured from the root collar to the top of the plant (cm), and dry weight of the
aboveground part (g plant−1) after 2 m were evaluated for the test plants. The visual injury
score assessment was confined to the top three leaves from the growing point of each test
plant. A point scale (1–4), 1—without injury; 2—cupping; 3—twisting; 4—drying leaf, was
established to assess the intensity of plant damage. Mean injury levels per plant were
calculated accordingly.

2.5. Experimental Design and Data Analysis

Two-factor factorial completely randomized design (CRD), with BC treatment and
composting cycle as the two factors, was used in this experiment. The properties of initial
compost starter mixtures were used as covariate when analyzing for the chemical and
biological properties of compost. The biological characteristics of compost were assessed
by the number of 16S rRNA gene copies. Before statistical analysis, 16S rRNA gene copy
numbers were normalized with log-transformation. Effect of BC treatment on measured
variables and comparisons of treatment means was performed by ANOVA GLM procedure
followed by Tukey’s honest significant differences test at 5% level of significance in IBM
SPSS 29 (IMB Corp., Armonk, NY, USA). When treatment × composting cycle interaction
effects were found to be significant, a separate analysis for treatment effect was performed
for each composting cycle; otherwise, averaged values for the two cycles were used for
the analysis.

3. Results
3.1. Environmental Conditions

The ambient temperature profiles for the two composting cycles are presented in blue
within Figures 1 and 2. There were comparatively higher mean ambient temperatures at
the time of compost temperature measurement (between 9.00 am and 10.00 am) during
the early period of composting cycle 1 compared to cycle 2. The maximum mean ambient
temperature for the two cycles exceeded 25 ◦C and were 26.1 ◦C and 29.4 ◦C, respectively.
During cycle 1, minimum mean daily ambient temperature was 0.6 ◦C, and it was 9.4 ◦C
for cycle 2. The mean daily ambient temperatures reported during cycles 1 and 2 were
17.1 ◦C and 21.7 ◦C, respectively.
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3.2. Composition of Dairy Manure and Compost Starter Mixtures

The mean composition values of dairy manure used for the two composting cycles
given in Table 2. The results showed no considerable differences between them. The
two sets of dairy manure had neutral or near neutral mean pH but reported relatively
higher mean EC than the optimal amount for plant growth and ranged from 6.7 (cycle 2)
to 8.1 (cycle 1) ds m−1. The dairy manure exhibited a typical low mean C/N value that
ranged from 13.6 to 18.7 and contained a relatively high moisture level (861–879 g kg−1),
around 21 g kg−1 ash, and 100–116 g kg−1 organic matter, on average. The mean NH4-N
content in the dairy manure was low (1 g kg−1) but contained exceptionally high amounts
of NO3-N (42–50 g kg−1) compared to the typical undetectable levels. The mean total N
content varied between 3.6 and 4.2 g kg−1, and the greater portion appeared as organic
N (2.2–3.1 g kg−1). In addition, dairy manure contained relatively low amounts of P
(0.6–0.8 g kg−1) and 3.3 g kg−1 K content.
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Table 2. Composition of dairy manure used for two composting experiments.

Parameter Cycle 1 Cycle 2

pH 6.7 7.0
Conductivity (ds m−1) 8.1 6.7

C:N ratio 18.7:1 13.6:1
g kg−1

Moisture 861.8 879.1
Ash 21.4 20.5

Organic matter 116.8 100.4
Total N 3.63 4.28
NH4-N 1.4 1.2
NO3-N 50.0 42.8

Organic N 2.2 3.1
P 0.8 0.6
K 3.3 3.4

The composition of the compost starter mixtures with different BC levels is presented
in Table 3. Except the moisture (cycle 1) and ash contents (both cycles), other chemical
and biological properties of the compost starter mixtures were uniform among the BC
treatments. The moisture content of compost starter mixtures varied between 697 and
739 g kg−1. The compost starter mixtures exhibited slightly basic nature with the mean
pH values fluctuating around 8.3–8.9. The C/N ratio of compost starter mixtures from
cycle 1 were comparatively lower and ranged between 27.2 and 29.8 as compared to the
36.9–43.3 in cycle 2. The EC of the compost starter mixtures differed considerably between
the two cycles with 2.8–3.4 ds m−1 in cycle 1 and 5.4–6.9 ds m−1 in cycle 2, on average. The
highest ash contents were observed in the 10% BC treatment (20.5–33.7 g kg−1), whereas
the lowest values of 13.3 and 14.8 g kg−1 were detected in the 0% (cycle 1) and 2% (cycle 2)
BC treatments. The organic matter (OM) levels ranged between 247.5 (cycle 2, 0% BC)
and 287.3 (cycle 2, 10% BC) g kg−1, and organic C (OC) levels ranged between 127.8 and
164.3 g kg−1. In general, the treatments of cycle 1 contained higher total N and the other
nitrogen components (NH4-N and NO3-N) than in cycle 2. Total N content in cycle 1 varied
between 5 and 6 g kg−1 compared to the 3.0–4.0 g kg−1 in cycle 2. The compost starter
mixtures of cycle 1 reported NH4-N contents > 2 times as much as the contents of the
treatments of cycle 2. While NO3-N (except the control manure mixture) was undetectable
in all the compost starter mixtures from cycle 2, 40–48 g kg−1 concentrations were detected
in cycle 1. The P and K contents did not vary considerably between the two cycles and
fluctuated around 0.4 g kg−1 and 2.0 g kg−1, respectively.

Table 3. Chemical and biological characteristics of compost starter mixtures of biochar treatments
(BC) from the two composting cycles.

Cycle 1 Cycle 2
Parameter 0% BC 2% BC 4% BC 10% BC 0% BC 2% BC 4% BC 10% BC

log16SrRNA 10.0 ± 0.1 10.1 ± 0.1 10.2 ± 0.1 10.1 ± 0.1 9.4 ± 0.1 9.4 ± 0.1 9.5 ± 0.2 9.5 ± 0.1
pH 8.8 ± 0.06 8.9 ± 0.03 8.8 ± 0.05 8.8 ± 0.03 8.3 ± 0.1 8.3 ± 0.1 8.4 ± 0.1 8.5 ± 0.1
C:N 27.5 ± 0.7 27.2 ± 1.9 29.8 ± 1.0 27.6 ± 2.8 36.9 ± 3.3 43.3 ± 3.5 40.7 ± 6.5 39.1 ± 3.7

ds m−1 ds m−1

EC 3.2 ± 0.6 3.2 ± 0.5 2.8 ± 0.5 3.4 ± 0.3 5.4 ± 0.4 6.9 ± 0.4 5.6 ± 0.6 6.8 ± 0.4
g kg−1 g kg−1

Moisture 731.8 ± 2.5 a 711.5 ± 8.0 ab 697.7 ± 7.4 b 704.9 ± 7.3 ab 739.7 ± 3.3 731.0 ± 15.4 720.5 ± 16.4 699.1 ± 22.6
Ash 13.3 ± 1.8 a 16.0 ± 1.2 ab 19.1 ± 2.4 ab 20.5 ± 0.6 b 19.0 ± 3.6 a 14.8 ± 6.1 a 23.9 ± 1.7 ab 33.7 ± 2.0 b
OM 255.0 ± 4.1 272.5 ± 8.7 283.2 ± 7.2 274.6 ± 7.0 247.5 ± 4.4 256.1 ± 10.4 255.6 ± 17.0 287.3 ± 20.6
OC 147.9 ± 2.4 158.1 ± 5.1 164.3 ± 4.2 159.3 ± 4.0 128.9 ± 7.1 128.0 ± 5.2 127.8 ± 8.5 133.6 ± 10.3

Total N 5.4 ± 0.2 5.9 ± 0.4 5.5 ± 0.2 5.9 ± 0.5 3.6 ± 0.6 3.0 ± 0.1 3.3 ± 0.3 3.4 ± 0.1
NH4-N 3.3 ± 0.1 3.6 ± 0.2 3.2 ± 0.2 3.5 ± 0.9 1.2 ± 0.6 0.9 ± 0.1 1.3 ± 0.5 1.0 ± 0.1
NO3-N 45.0 ± 2.9 48.0 ± 2.5 40.0 ± 4.1 45.0 ± 6.5 12.5 ± 12.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Org. N 2.1 ± 0.2 2.3 ± 0.2 2.3 ± 0.2 2.4 ± 0.4 - - - -

P 0.4 ± 0.02 0.4 ± 0.03 0.5 ± 0.08 0.5 ± 0.07 0.4 ± 0.05 0.5 ± 0.04 0.5 ± 0.1 0.5 ± 0.06
K 1.9 ± 0.06 a 2.1 ± 0.04 ab 2.4 ± 0.2 ab 2.5 ± 0.1 b 2.3 ± 0.1 a 2.4 ± 0.2 ab 2.3 ± 0.2 ab 2.4 ± 0.2 b

EC, Electrical conductivity; OM, organic matter; OC, organic carbon; BC, biochar. Mean ± SE. Numbers with
different letters within cycles across columns are significantly different at p < 0.05.



Agronomy 2024, 14, 952 9 of 19

3.3. Composting Process

The temperature evolutions at the time of measurement within the composting mate-
rial during the two composting cycles are presented in Figures 1 and 2. During the two
composting cycles, the maximum temperatures recorded by compost material of any treat-
ment ranged between 39.4 ◦C and 40 ◦C, and the minimums were reported as 1.1 ◦C, and
7.9 ◦C in cycle 1 and cycle 2, respectively. The highest difference between the temperature
within compost and ambient temperature by any treatment for cycle 1 and 2 was noted as
20.6 ◦C and 11.1 ◦C, respectively.

The total dry matter (DM) mass loss, mass and percentage mass change (per kg DM)
of organic matter (OM), organic C (OC), total N, P, and K during composting cycle 2 are
presented in Table 4. Although the initial total DM content did not vary significantly among
the BC treatments, it was slightly higher in the 10% BC treatment. During the composting
process, 0%, 2%, and 4% BC treatments lost comparatively higher amounts of total DM
mass (5–6 kg). The lowest amount 3.5 kg of DM loss was noted in the 10% BC treatment.
A similar dose–response trend was noted for the loss of OM and OC (per kg DM) among
the treatments. The total N, P, and K were concentrating in the compost (N: 4.3–50.9%;
P: 7.7–26.5%; K: 5.2–25%) with highest aggregation of P and K occurring in the 0% BC
treatment. The aggregation of N increased with the increase in BC concentration in the
treatments showing a dose–response relationship.

Table 4. Total mass and percentage mass change in dry matter (DM), organic matter (OM), organic
carbon (OC), total nitrogen (TN), P, and K in the compost from initial total content over the course of
composting cycle.

Parameter 0% BC 2% BC 4% BC 10% BC

kg
Total initial DM 11.4 ± 0.1 11.8 ± 0.6 12.1 ± 0.6 13.4 ± 0.8

Mass change
Total DM 6.4 ± 0.4 a 5.0 ± 1.1 a 5.2 ± 1.0 a 3.5 ± 0.8 b

g kg DM−1

OM 515.7 ± 32.9 a 434.7 ± 33.6 a 377.8 ± 53.5 ab 188.9 ± 79.9 b
OC 272.3 ± 15.6 a 217.3 ± 16.8 a 188.9 ± 26.8 ab 93.3 ± 41.0 b
TN 0.0 ± 1.7 a −3.9 ± 1.4 ab −4.9 ± 0.3 b −5.6 ± 0.7 b
P −0.3 ± 0.2 −0.1 ± 0.1 0.4 ± 0.8 0.2 ± 0.2
K −1.5 ± 3.5 −0.3 ± 0.4 −0.4 ± 0.6 −1.2 ± 0.6

% Mass change from initial
DM 56.1 ± 3.3 a 40.3 ± 6.5 ab 40.7 ± 5.8 ab 18.0 ± 10.8 b
OM 56.0 ± 3.5 a 46.1 ± 5.5 ab 44.5 ± 5.8 b 20.1 ± 11.5 b
OC 29.9 ± 0.8 a 23.1 ± 2.7 ab 22.2 ± 2.9 ab 9.9 ± 5.9 b
TN −4.3 ± 10.1 a −38.1 ± 14.2 ab −45.1 ± 5.8 ab −50.9 ± 9.8 b
P −26.5 ± 21.1 −10.8 ± 7.9 −7.7 ± 44.2 18.0 ± 21.6
K −25.0 ± 48.3 −5.2 ± 5.8 −6.4 ± 7.3 −18.9 ± 10.8

Mass change = (initial total (dry) − final total (dry)); % Mass change = (initial total (dry) − final total (dry)) as a
percentage of initial total; BC, biochar; Mean ± SE. Numbers with different letters within rows for BC treatments
are significantly different at p < 0.05.

3.4. The Biological and Chemical Characteristics of Compost

The biological and chemical characteristics of compost for the BC treatments are
presented in Table 5. The initial 16S rRNA gene copy numbers among the treatments were
similar for the two cycles (Table 2). The final mean log 16S rRNA gene copy numbers,
as well, remained similar among the treatments. However, the gene copy number in the
treatments with BC was slightly higher (by 0.2 order) than the control treatment with no
BC. The final compost materials were slightly basic pH (7 < pH < 8). The C/N ratios of
composts exceeded 15:1 but did not exceed 20:1 optimum except the 25.7:1 found in the 10%
BC treatment of cycle 1. The compost materials showed low EC values that ranged between
2 and 3 ds m−1. The moisture content of composts exceeded 500 g kg−1 level for almost all
the samples and did not differ among the BC treatments. Biochar addition increased the
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ash and OM contents of composts compared to no BC addition almost in a dose–response
manner. However, the ash and OM contents in cycle 1 differed significantly between the
10% level and 4–10% BC levels. For both cycles, total N content did not vary significantly
among the treatments and ranged between 7.1 and 9.5 g kg−1 in cycle 1 and between 10.1
and 13.9 g kg−1 in cycle 2. The NH4-N/NO3-N ratio of composts too did not differ among
the treatments for the two cycles, but the ratio was slightly higher in the compost from
cycle 1 than from cycle 2. Similar concentrations of P and K were detected in composts
from all the BC treatments during cycles 1 and 2. The P levels within the two cycles varied
from 0.8 to 1.9 g kg−1, but there were slightly higher K levels in cycle 2 (5.5–10.7 g kg−1)
than in cycle 1 (3.3–4.6 g kg−1).

Table 5. The mean 16S rRNA gene copies and chemical characteristics of compost of biochar (BC)
treatments during composting cycles 1 and 2.

Parameter n 0% BC 2% BC 4% BC 10% BC

log 16S rRNA
gene copies g−1 8 10.1 ± 0.1 10.3 ± 0.1 10.3 ± 0.1 10.3 ± 0.0

Cycle 1
pH 4 7.8 ± 0.0 7.6 ± 0.2 7.4 ± 0.0 7.8 ± 0.1

C:N ratio 4 19.2 ± 0.8 a 20.8 ± 2.2 a 20.3 ± 1.3 a 25.7 ± 0.8 b
dsm−1

EC 4 1.9 ± 0.1 2.8 ± 0.3 2.6 ± 0.6 2.3 ± 0.1
g kg−1

Moisture 4 684.7 ± 12.0 563.5 ± 74.6 674.5 ± 28.7 592.2 ± 11.1
Ash 4 25.5 ± 3.8 a 38.4 ± 4.4 a 46.0 ± 2.1 a 47.3 ± 6.4 b
OM 4 289.7 ± 10.1 a 287.1 ± 25.4 ab 361.9 ± 10.6 b 389.3 ± 61.8 b

Total N 4 7.6 ± 0.5 9.5 ± 1.5 7.1 ± 0.5 7.1 ± 0.2
NH4/NO3 4 3.1 ± 1.3 3.2 ± 2.6 4.2 ± 0.2.4 4.7 ± 2.8

P 4 1.1 ± 0.09 a 1.2 ± 0.2 a 0.9 ± 0.06 a 0.8 ± 0.02 ab
K 4 3.9 ± 0.2 4.6 ± 0.6 3.3 ± 0.2 3.7 ± 0.2

Cycle 2
pH 4 7.6 ± 0.0 7.6 ± 0.1 7.5 ± 0.1 7.4 ± 0.0

C:N ratio 4 14.9 ± 0.6 15.7 ± 1.1 15.8 ± 0.78 20.4 ± 1.7
dsm−1

EC 4 2.6 ± 0.5 2.6 ± 0.5 2.6 ± 0.1 2.5 ± 0.1
g kg−1

Moisture 4 563.5 ± 74.6 674.5 ± 28.7 507.2 ± 68.8 473.5 ± 83.2
Ash 4 21.1 ± 9.3 a 65.5 ± 3.2 b 62.8 ± 18.8 b 64.6 ± 8.6 b
OM 4 358.1 ± 88.3 415.4 ± 62.0 418.6 ± 42.1 434.6 ± 77.3

Total N 4 13.9 ± 0.8 13.5 ± 1.3 11.0 ± 2.1 10.1 ± 1.0
NH4/NO3 4 0.07 ± 0.04 0.1 ± 0.08 0.08 ± 0.03 0.08 ± 0.05

P 4 1.9 ± 0.2 1.5 ± 0.2 0.9 ± 0.3 0.8 ± 0.2
K 4 10.7 ± 3.4 7.9 ± 0.8 6.0 ± 1.4 5.5 ± 0.8

EC, electrical conductivity; OM, organic matter; BC, biochar; Mean ± SE. Numbers with different letters within
rows are significantly different at p < 0.05.

3.5. Residual Aminopyralid Concentrations

The residual aminopyralid concentrations in the finished composts for the treatments
are presented in Table 6. The effects of biochar treatment, year, and year x treatment inter-
action were significant (p < 0.05) for the final residual aminopyralid concentration in the
finished composts. The 10 ppb (wet basis) initial aminopyralid concentrations in compost
starter mixtures of cycle 1 and 2 were reflected as 33.1–37.3 ppb (dry basis) and (33.8–38.4)
ppb (dry basis), respectively. Initial aminopyralid concentrations in the 2–10% BC groups
were significantly lower compared to the no BC. The initial aminopyralid levels in the BC
treatments of cycle 1 reduced from 47.7 (0% BC) to 100% (10% BC). For cycle 2, aminopy-
ralids in the 0% BC treatment showed slight aggregation compared to the 2.4 to 93.8%
reduction in the 2–10% BC treatment. All the treatments with BC reported comparatively
higher reduction in aminopyralid concentration compared to the no BC addition.
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Table 6. Residual aminopyralid concentration (ppb–dry matter basis) in compost for the treatments
after 6-month composting cycles 1 and 2.

0% BC 2% BC 4% BC 10% BC

n Cycle 1
Initial 4 37.3 ± 0.3 a 34.7 ± 0.9 b 33.1 ± 0.8 b 33.9 ± 0.8 b
Final 4 19.5 ± 2.2 a 15.2 ± 0.7 a 2.5 ± 2.5 b 0.0 ± 0.0 b

% change from initial 47.7 56.2 92.4 100
% difference from 0% BC 8.5 44.7 52.3

Cycle 2
Initial 4 38.4 ± 0.5 37.5 ± 2.0 36.1 ± 2.0 33.8 ± 2.6
Final 4 42.1 ± 2.0 a 36.6 ± 4.1 a 22.0 ± 2.8 b 2.1 ± 2.1 c

% change from initial −0.1 2.4 39.0 93.7
% difference from 0% BC 2.5 39.1 93.8

BC, biochar; Mean ± SE. Numbers with different letters within rows are significantly different at p < 0.05.

3.6. After Effects of Residual Aminopyralid in Compost on Tomato Plants

Effect of biochar treatment on growth and injury levels of tomato plants for composting
cycle 1 are shown in Table 7. Plant height after the testing period did not differ significantly
among the BC treatments but slightly increased with the increase in BC level showing
a dose–response relationship. Plant biomass content differed significantly among the
treatments with higher biomasses in the treatments with BC compared to the no BC. Plant
injury index among the treatments varied between 1.0 (10% BC) and 1.7 (2%), and it was
comparatively low in the treatments with higher BC levels.

Table 7. Effect of biochar (BC) treatment on growth and injury levels of tomato plants grown on
compost from cycle 1.

Parameter n 0% BC 2% BC 4% BC 10% BC

Plant height (cm) 4 49.3 ± 1.5 52.0 ± 1.0 53.4 ± 1.6 53.7 ± 1.8
Plant biomass 4 4.8 ± 0.3 b 5.2 ± 0.3 ab 6.1 ± 0.3 a 5.9 ± 0.3 a
(dry g/plant)

Mean plant injury
index 4 1.6 ± 0.1 a 1.7 ± 0.1 a 1.3 ± 0.1 b 1.0 ± 0.1 b

BC, biochar; Mean ± SE. Numbers with different letters within rows are significantly different at p < 0.05.

4. Discussion

Optimization of composting requires initial substrate conditions that facilitate the
composting processes. The control of composting parameters such as porosity, nutrient
content, C/N ratio, temperature, pH, moisture, and oxygen supply influence composting
optimization and determine the optimal condition for microbial development and organic
matter degradation [47–50]. The low C/N ratio (13.6–18.7) and excessive moisture content
(861–879 g kg−1) of fresh dairy manure (Table 1) was not conducive for an optimal compost-
ing process. The chemical and physical properties of sawdust, biochar (not provided), and
mineral N supplementation complemented the high moisture content and low C/N ratio of
the dairy manure to reach the desired levels. Sawdust, biochar, and mineral N amendment
increased the mean C/N ratios of dairy manure from 13.6–18.7 to 27–28 in cycle 1 and
to 36–43 in cycle 2 (Table 2) and reached (cycle 1) or exceed (cycle 2) the 25–35 optimum
range [51]. Further, sawdust and biochar addition reduced the moisture content of dairy
manure from 861–879 g kg−1 to 697–739 g kg−1 in the compost starter mixtures (Table 2).
However, the moisture level in compost starter mixtures exceeded 500–600 g kg−1 opti-
mum [45]. A pH of 5.5–8.0 in the compost starter mixture is considered optimum for good
microbial activity during composting [48,49]. All compost starter mixtures had slightly
higher pH than the optimal highest pH of 8.0, and the values ranged between 8.3 and 8.9
(Table 2). However, the pH of compost starter mixtures was consistent with 8.2–8.8 pH of
the same compost starter mixture composted in the windrow experiment reported [52].
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Temperature is one of the most important parameters of composting. The composting
process transforms fresh organic matter into a bio stable product with a specific heat
generation pattern that is highlighted by mesophilic and thermophilic heating [53]. The
complete temperature profiles during the two composting cycles (Figures 1 and 2) indicated
the occurrence of microbial activity and composting process. Without more frequent early
temperature measurements, the presence of typical early mesophilic stage was not evident
in the temperature profiles, but it was slightly visible in cycle 2. Although the staging of the
typical thermophilic phase was evident in the temperature profiles, the peak temperatures
of compost did not exceed the typical 400C. The greater porosity and simulation of microbial
activity by the addition of BC for composting showed increasing temperature in compost
rapidly [54], reduced the time taken to enter the thermophilic phase, and increased the
composting temperatures [55]. However, in this experiment, BC addition did not exert
considerable effects on the level of temperature development and the temperature profile.

There was an identical pattern of temperature evolution in the treatments, but the
self-heating phase started late by 32nd d in cycle 1 and 56th d in cycle 2. The late com-
mencement of the self-heating phase deviated from the typical 10-day period for full-scale
composting [52]. The temperature evolution within the compost corresponded to the natu-
ral self-heating of the organic mixture and proved the existence of a thermophilic phase in
all reactors. The peak temperatures achieved by composts in all the treatments did not reach
the typical >55 ◦C [52] to meet with the pathogen reduction guideline [48]. The maximum
temperatures evolved during thermophilic stages were suboptimal and remained around
40 ◦C. The deviation from typical peak temperature and the temperature profile could
be due to the fact that the low mass of organic matter (14.2 ± 0.5 kg) involved in this
experiment for composting may not be large enough to produce high heat generation and
does not result in the thermal inertia of a full-scale system. In addition, the relatively low
bulk density and high free air space of compost starter mixtures induced by saw dust and
biochar addition may also have contributed high heat loss to lower the level of temperature
development during composting.

In contrast to the typical slow and gradual decline in temperature of full-scale compost-
ing [56], a rapid decrease in thermophilic temperatures is common within small reactors [57].
The same scenario of rapid decrease in thermophilic temperatures within reactors was
noted in this experiment. The identical temperature profiles did not support the effects of
BC addition on temperature development in composts. The lower mass of OM involved
in this small-scale composting experiment could explain the deviation from the expected
temperature developments within composts. Composting degrades OM and the degrada-
tion of OM during composting can be estimated as a loss of DM, OM, or organic C [58,59].
During the composting process of cycle 2, the initial total dry weight, total OM, and total
OC masses decreased considerably due to the loss of moisture and volatile solids (VSs).
The reduction in VS (100- ash content) during composting was supported by the elevated
ash contents in the final compost products (Tables 2 and 5). Consistent with [58,59], the
loss of DM and OM both showed similar trends among the treatments.

Biochar addition indicated negative effects on the reduction in DM and OM masses
with a decreasing trend from 0% BC to 10% BC levels. Biochar provides additional large
porosity to dairy manure/saw dust mixture; thus, it is expected that BC addition facilitate
more efficient composting. However, BC contains a high amount of aromatic carbon [60],
which is more recalcitrant for decomposition than the lignin in saw dust [61]. As such,
we suggest that high recalcitrant aromatic carbon in the treatments with BC might have
contributed to the relatively lower decompositions of DM and OM compared to the control
treatment with no BC. The negative effect of BC on the decomposition of DM and OM was
more evident in the 10% BC rate with the lowest mass DM and OM losses (Table 4). The
effect of the addition of C by BC [62] and the resulting low degradation of OM was reflected
by higher OM contents in the treatments with BC compared to the control treatment
(Table 5). Lashermes et al. (2012) [63] reported 40% DM loss while composting a mixture of
sewage sludge and green wastes in small composters, whereas our results for composting
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dairy manure mixture with no BC in a small composter situation showed much higher
loss of DM than [63]. The difference in DM losses noted between the two small-scale
experiments could have been attributed to the composition of two compost starter mixtures.
However, the total DM loss in the 0% BC treatment was within the range of 44–72% total
DM loss reported for dairy manure and sawdust mixture in full-scale composting [52]. The
56% total OM loss observed in the 0% BC treatment was lower than the 67% OM loss found
for composting cattle manure under windrow operation [64], but it was comparable to the
46% OM loss found for composting green waste in similar small- scale composters [63].

Nutrient content in compost is an important consideration from the fertility standpoint.
The mineralization of OM during composting and concentration of minerals by the loss of
OM increased N [65], P, and K [59] mass in the composts. Results from the 0% BC treatment
showed a % mass increase (from the initial total mass) of N (4.3%), P (26.5%), and K (25%)
comparable to the levels (7–38% N, 14–39% P, and 1–38% K) reported for composting the
same mixtures in the windrow system [52]. However, the mean % mass increase in total N
and P in the control treatment was considerably lower than the 42–52% N and 40–101% P
reported for composting similar starter mixtures in a small heap setting [59]. The difference
in % N and P mass increase between the two experiments could be due to the different
masses of materials involved and the effect of mass on composting process. Since no
leaching took place from the drum reactors, we presume that mineralization of OM during
composting and the corresponding loss of OM increased N, P, and K concentrations in
the final compost products (Table 5). The increase in N in the treatments with BC could
be attributed to the positive effect of BC on sorption of NH4+ and reducing N losses
especially originating from volatilization [66]. Composts with NH4+/NO3− ratio < 1.0 [67]
or 0.5–3.0 [68] is considered matured. Having NH4/NO3 between 0.07 and 0.1 composts
from all the treatments of cycle 2 appeared more matured than the composts from cycle 1
with slightly higher NH4/NO3 values (3.1–4.7) to be classified as matured (<3.0).

The pH is an important property for plant growth. For most plants, the optimum pH
is between 6.5 and 7.0 [55]. The pH determines the mobility of heavy metals; the higher the
pH, the lower the solubility of metals [69], and the safer the material from the viewpoint of
heavy metal contaminants. Initially, all the treatments had similar pH values that varied
between 8.0 and 8.8 (Table 2). Michel et al. (2004) [52] reported that pH in the dairy
manure + saw dust composted in windrows decreased pH by <0.5 units to reach 7.7–8.6
final pH in the stabilized composts. Data from the 0% BC treatment of this experiment
showed that during composting, pH reduced by 0.7 to 1 unit to a final pH of 7.6–7.8. Several
studies on different manure types composted with BC have shown increased pH in the
compost, relative to the material without BC addition [70,71]. There are also studies in
which the addition of BC to compost substrate did not cause any significant change in pH,
compared to the substrate with no BC addition, before and after the completion of the
process [55,72]. Results from this experiment agreed with [55,72] and showed no significant
difference in pH between the treatments with and without BC.

Composting results in low levels of EC that indicate the high maturity of compost due
to less soluble and more stable compounds of high molecular mass [73]. In this experiment,
composting dairy manure in small reactors reduced the initial EC values from 2.8–6.9 to
1.9–2.8 dsm−1 in the final composts and showed the attainment of maturity. The sorption
of soluble organic matter containing various functional groups by biochar contributed to
an increase in cation exchange capacity (CEC) and sorption capacity of biochar [74,75]. In
addition, electrostatic interaction between metallic ions and the charged biochar surface
and complexation or ionic exchange between ionizable protons on the surface of biochar
and metallic ions may also have a significant contribution to the biochar’s ability to sorb
metals [74,76]. However, the higher EC values expected for the treatments with BC were
not evident in this experiment. Irrespective of BC level, all the treatments showed similar
EC values in the final compost products. The final EC values noted here in this experiment
were within the 1.9–3.5 dsm−1 range defined for safe seedling growth [36].
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The relatively high initial C/N ratios (27.5–36.9) of the control treatment (Table 2)
reflected the lignocellulosic nature of the composting substrates. The addition of BC to
compost substrates slightly increased the C/N ratio of the compost starter mixtures with
peak values in the two cycles ranging from 29.8 to 43.3. In the course of composting,
irrespective of BC level, mineralization of substrates or increase in total N taking place
after C degradation decreased C/N ratios [55,77,78] from 27.2–29.8 to 19.2–25.7 in cycle 1
and from 36.9–43.3 to 14.9–20 in cycle 2. General compost that is deemed to be mature has
C/N < 21 [79], and composts from all the treatments showed C/N within that range. Due
to high stability of C in BC, for compost with BC, the value of C/N can be higher than 21 in
spite of the compost attaining maturity [79]. However, only the 10% BC treatment from
cycle 1 showed C/N exceeding 21. Consistent with [79], the treatments with BC had higher
C/N ratios than the control treatment with no BC (Table 5).

The higher C/N ratio in the compost with BC can be explained by the presence of C
resistant to degradation added through the BC [80] and to the reduced mineralization of
substances in composts with BC [62]. However, some studies have shown no significant
difference in the C/N ratio between the compost containing BC and without BC [79]. Our
results for 2% and 4% BC rates as well showed no difference in the C/N ratio compared
to the control treatment (0% BC) [79]. The C/N ratio is among the certain values that
change in the course of composting and is important to estimate the condition of composts.
Composts with C/N < 21 or C/N > 21 (for BC amended) are considered to have attained
the status of stable/mature [79]. Based on the C/N ratios, compost from all the treatments
of this experiment showed attainment of adequate maturity during composting in the
two cycles. The C/N, along with other indicators such as EC and NH4/NH3, suggests
the attainment of stable/mature status by composts where the microbiological processes
have slowed down or nearly ceased. In this regard, the uniform abundance of 16S rRNA
genes (total bacterial count) among the treatments (Table 5) would provide microbiological
evidence for the attainment of stable/mature status by the compost.

In general, composting degrades most herbicides biologically [31,32]. Composting
decreased aminopyralid concentration in the treatment with no BC in cycle 1 by 47.7% but
aggregated concentration slightly (−0.1%) in cycle 2 (Table 6). Reduction in clopyralid
by composting of grass clippings (0.5 m3)) for a one-year period has been previously
reported [33]. In this experiment, clopyralid levels decreased from 32 to 1.4 ppm by
95.6% compared to the 47% decrease in the 0% BC treatment of this experiment. The
difference in reduction could be explained by the nature of compost starter mixtures
(grass clipping vs. dairy manure) and the initial levels of clopyralid (32 vs. 10 ppb).
Aggregation of herbicide due to higher degradation of organic matter that concentrates
herbicides in compost has been previously reported [31]. The higher DM loss noted in
the 0% BC treatment (Table 4) could explain the aggregation of aminopyralid in cycle 2.
Crop residues burn/charcoal/biochar has been shown to adsorb herbicides and reduce
their bioavailability [23,81,82]. Further, aminopyralid contains an amine substituent and
aromatic amines that are known to sorb strongly to organic matter via electrostatic ion
attraction, covalent amine linkages, and organic matter encapsulation [83]. The treatments
with BC had higher levels of OM in the finished composts (Table 5) mainly due to the low
amount of OM loss (Table 4). Thus, it is expected that BC addition to the dairy manure
would enhance the capacity to adsorb aminopyralid. Accordingly, treatments with BC
showed higher reduction in aminopyralid (56.2–100% in cycle 1 and 2.4–93.7% in cycle 2)
compared to the composting without BC (0–47.7%). Comparable to ours, results from [84]
showed that 64–73% of clopyralid (100 ppm) mixed with different organic substrates
decomposed within the first 30 days.

During the two composting cycles, the addition of 2, 4, and 10% BC contributed
8.4–12.1%, 44.5–48.7%, and 52.3–100% as much higher reduction in aminopyralid con-
centration, respectively. The reduction levels were 2.5–93.8% higher than the levels of
reduction observed in the control treatment. Further, it was noted that aminopyralids were
not detected (<1 ppb) in the samples from higher BC levels. Two samples from 4% BC
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treatment, all the samples from 10% BC treatment in cycle 1, and three samples from 10%
BC treatment in cycle 2 were noted to have undetectable levels (>1 ppb) of aminopyralids.
Biochar addition for dairy manure composting has been found effective for managing
residual aminopyralid concentrations. The positive effect of BC to reduce aminopyralid
levels in compost could be attributed to the adsorption capacity of BC and positive prim-
ing effect of biochar to stimulate the growth of microbial population and activity [24,85],
especially during the active phases of composting that promotes higher biodegradation
of aminopyralid.

Biological methods for estimating the degree of maturity of composts are based on
tests for phytotoxicity. Plant growth tests with combination of germination are the two
common biological methods for testing phytotoxicity of composts. Germination tests
provide an instant picture of phytotoxicity, whereas growing tests will be affected by
continuing changes in the stability or maturity of the compost tested. Effect of biochar
treatment on growth and injury levels of tomato plants are shown in Table 7. There were
no leaf deformations noted in the 10% BC levels, but there were leaf deformations in
the leaves of tomato plants from all other treatments. The intensity of injury to tomato
plants measured on the 1–4 scale was significantly lower in the treatments with 4% and
10% BC rates compared to the lower rates (0% and 2%). Addition of BC decreasing plant
injury levels in bioassay tests was previously reported [86] for tomato seedlings grown
on soil environment where the herbicidal degradation was similar to composting [32].
The height of the plant measured from the root collar to the top of the tomato plant
did not differ significantly among the BC treatments, but tomato plants raised on media
prepared with compost from higher BC rates grew slightly taller than the plants grown
on compost media of low BC rates. The lowest mean plant height was measured in
the 0% BC treatment, and the highest was noted in the 10% BC treatment. The auxinic
effect of low residual aminopyralid concentrations in the higher BC treatments could
explain the slightly higher heights observed for the plants from the treatments with higher
BC levels. As with plant height, the dry weight of aboveground phytomass increased
with the increase in BC level. The highest above ground phytomass of 5.9–6.1 g was
observed in the 4% and 10% BC treatments. Plants from the control treatment reported the
lowest plant biomass of 4.8 g. These results confirm the fact that increasing aminopyralid
concentration in the media has a growing negative effect on the formation of above ground
phytomass of tomato plants [86]. Accordingly, because of low residual aminopyralid
levels, tomato plants grown on compost mixtures with higher BC levels, especially with
the 4% and 10% levels, reported higher above ground phytomass compared to the plants
grown on compost from low BC levels that carried higher levels of aminopyralids. Despite
several compost maturity indicators indicating the attainment of maturity, a treatment
that carries compost from uncontaminated dairy manure would have been helpful to
isolate the magnitude of potential plant damage by other factors resulting from incomplete
composting or immature compost.

5. Conclusions

This study examined the chemical and biological characteristics of compost, residual
aminopyralid concentrations, and after-effect injuries on tomato plants after composting
dairy manure + saw dust mixture with 0%, 2%, 4%, and 10% biochar in 140 L rotatable
plastic drum compost reactors for two 6 m cycles. Composting dairy manure with sow
dust and biochar in a small reactor setting for 6 months showed C/N and NH4/NO3 ratios
and electrical conductivity levels to be defined as achieving maturity. Addition of biochar
affected negatively the degradation of dry matter and organic matter but exerted a positive
effect to concentrate total N, P, & K in compost. Irrespective of the biochar level, composting
reduced residual aminopyralid concentrations in the dairy manure with intense reduction
by the higher biochar rates (4% and 10%). The compost produced with higher biochar rates
also caused mild aftereffect injuries on test plants and promoted plant growth compared to
the no and low biochar addition. Establishment of a long term experiment and an upscaled
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study in a small heap setting would be beneficial to better understand the effect of biochar
on composing processes and altering residual aminopyralid levels in manure compost at a
common operational scale.
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