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Abstract: Composting is an environmentally friendly method for disposing of solid waste.
To enhance the fermentation rate and quality of deer manure composting, we investigated
the effects of various conditioners (biochar, zeolite, biochar + zeolite) on the aerobic com-
posting process of deer manure. The results indicated that the combination of biochar
and zeolite significantly promoted the degradation of organic matter, resulting in a 34.83%
decrease in total organic carbon (TOC) content. The addition of biochar was particularly
beneficial for nitrogen retention in the compost, with the total nitrogen content reaching its
highest level at 39.55 g/kg. Furthermore, the inclusion of zeolite and biochar altered the
phosphorus content of the compost, with zeolite demonstrating a more favorable effect. The
addition of a conditioner increased the relative abundance of Ascomycota and Proteobac-
teria and decreased the relative abundance of Firmicutes; the changes in Corynebacterium,
Acinetobacter, and Glutamicibacter were positively correlated with the changes in the carbon-
to-nitrogen ratio (C/N ratio) and negatively correlated with total nitrogen (TN) and total
phosphorus (TP) levels. The mixed conditioner of biochar + zeolite used in composting
exhibited low toxicity and the highest degree of decomposition. In summary, the combi-
nation of biochar + zeolite as a mixed conditioner is the optimal choice for reducing the
toxicity of compost and promoting its maturation. Further research will be conducted in
the future to promote the resource utilization of agricultural wastes such as deer manure.

Keywords: aerobic composting; conditioning agents; biochar; zeolite; nitrogen and
phosphorus elements; microbial community

1. Introduction
China generates over 4 billion tons of agricultural waste each year [1,2]. Most of the

manures used in the composting of agricultural waste include cow, pig, and chicken manure,
each supported by established composting technologies. However, due to the diverse
characteristics of various fertilizers, there is a need to explore high-value organic fertilizers.
The economic value of organic fertilizers derived from deer manure is significantly higher
than that of other types of fertilizers [3]. In recent years, the growth rate of deer has outpaced
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that of other livestock species [4]. By the end of 2020, China was home to 260,000 sika
deer, representing 50% of the Jilin province’s population and 30% of the country’s total [5].
As deer operations expand, the pollution generated by deer manure increasingly impacts
the surrounding environment of factories [6]. Additionally, Northeast China experiences
low average annual temperatures and a prolonged cold season, which complicates the
management of livestock and poultry manure [7]. Therefore, researching pollution control
measures for the livestock and poultry industry is of considerable importance.

Composting is a widely adopted practice due to its safety, reliability, cost-effectiveness,
and ease of operation and maintenance [4,8]. However, conventional composting often suf-
fers from low maturity and inadequate carbon sequestration, which can lead to significant
nitrogen loss and reduced humus content. This substantially diminishes the quality of the
final compost product [9,10]. Enhancing the composting process by minimizing carbon loss
and increasing carbon fixation is crucial. The humification of composted products plays a
pivotal role in carbon sequestration [11,12]. Proper management during the composting
process can also mitigate excessive nitrogen leaching into the soil, thereby reducing nitrogen
pollution by approximately 32.0% [13]. Consequently, it is imperative to minimize nitrogen
loss and increase humus content during the composting process in order to improve the
living conditions for both humans and livestock.

Biochar and zeolite are commonly used additives in composting processes. Biochar
serves as a source of microbial nutrients and protects microorganisms from desicca-
tion [14,15]. It also enhances environmental conditions that are conducive to micro-
bial growth by promoting aeration in compost mixtures, thereby improving microaera-
tion [16,17]. The addition of biochar significantly influences the physicochemical processes
and microbial community diversity in composts made from tomato stems and chicken
manure [18]. Zeolite is incorporated into compost as a conditioning agent due to its ef-
fective nitrogen retention and fixation properties [19,20]. Furthermore, zeolite alters the
effectiveness of heavy metals and passivates them when added to compost [4]. Some
studies have shown that combining zeolite with other additives can further enhance the
composting process, reduce nitrogen loss, and improve compost quality [21]. The addition
of a biochar and zeolite mixed conditioner can buffer the pondus hydrogenii (pH) and
electrical conductivity (EC) changes during deer manure composting [22]. The inclusion
of biochar, zeolite, and their combinations does not negatively impact the maturation of
swine manure compost, but rather increases its nutrient content and overall quality [23]. In
conclusion, the incorporation of biochar and zeolite can influence the microbial community,
enhance the performance of the composting process, and improve the quality of the final
product. However, the specific effects of biochar and zeolite on the microbial community
structure and physicochemical properties during deer manure composting remain unclear.

As a kind of organic waste containing rich nutrients, the organic fertilizers produced
by deer manure are widely used in farmland, woodland, flower gardening, vegetable
garden planting, farming, and other fields, with great market potential. The composting
of straw and deer manure can not only facilitate resource utilization but also address
the issue of pollution caused by these materials. Consequently, this research employed
deer manure and straw as composting and fermentation agents, while biochar and zeolite
were used as conditioners in the composting experiments. The study aimed to investigate
the mechanism of their impact on the humification process during aerobic deer manure
composting. The primary research objectives included: (1) examining the influence of
different conditioners on nutrient indices throughout the composting process; (2) exploring
the effects of various conditioners on changes in microbial community structure during
composting; and (3) assessing the impact of different conditioners on the degree of compost
decomposition.
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2. Materials and Methods
2.1. Compost Materials and Properties

Composted straw and deer manure were sourced from a location in Jilin Province. The
deer manure was meticulously cleaned to remove bricks, stones, and other contaminants,
while the straw was air-dried and subsequently cut into segments of 1–2 cm in length. The
preparation of biochar was carried out through the pyrolysis of corn stover at temperatures
ranging from 300 to 700 ◦C. The properties of biochar are shown in Table 1 [24]. Natural
zeolite (AR grade) was acquired from an industrial zone and then ground to produce fine
particles ranging from 1 to 5 mm. The zeolite type was clinoptilolite. Table 2 presents the
water content, total organic carbon (TOC), total nitrogen (TN), and the carbon-to-nitrogen
ratio (C/N) for each raw material used in the compost.

Table 1. Analysis of properties of biochar.

Properties Apparent Density
(×103 kg·m−3) Porosity (%) SSA (m2·g−1)

Average Pore
Size (nm)

Biochar 0.257 ± 0.006 60.94 ± 6.62 305.52 ± 9.23 1.286 ± 0.231

Table 2. Basic physicochemical properties of composting raw materials.

Deer Manure Straw Biochar Zeolite

TOC (g/kg) 480.88 559.07 685.01 -
TN (g/kg) 20.32 4.83 11.62 -

C/N 23.66 115.84 58.95 -
Moisture content (%) 8.58 6.37 1.10 0.14

2.2. Experimental Design
2.2.1. The Impact of Conditioners on the Aerobic Composting Process of Deer Manure

The experimental design comprised four groups (Table 3): compost without condi-
tioner (CK), compost with biochar as a conditioner (B), compost with zeolite as a conditioner
(Z), and compost with biochar and zeolite as a combined conditioner (BZ). We set three
repetitions for each group. The initial carbon-to-nitrogen ratio was established at 30, the
moisture content was maintained at 60%, the total weight was 4 kg, and the conditioner was
incorporated at 12% of the total weight. Table 2 presents the specific compost material ratios.
The fully mixed raw materials were then transferred to the composting reactor (Figure 1)
for 36 days. The ventilation rate was set at 0.6 mL/min, with 15 min of ventilation per hour
followed by 45 min of cessation [22].
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Table 3. Compost material ratio.

Deer Manure (kg) Straw (kg) Charcoal (kg) Zeolite (kg) Water (kg)

CK 3.05 0.95 0 0 5.19
B 2.98 0.54 0.48 0 5.26
Z 2.69 0.83 0 0.48 5.29

BZ 2.83 0.69 0.24 0.24 5.78

2.2.2. The Impact of Conditioner on the Phytotoxicity and Decomposition of Deer
Manure Compost

The samples were combined with deionized water at a 1:10 ratio, then shaken at
150 rpm for one hour in a thermostatic shaker [25]. Following this, they were centrifuged
at 5000 rpm for ten minutes, and the supernatant was filtered through a qualitative filter.
Two pieces of qualitative filter paper were placed in a petri dish, to which 5 mL of the
filtered supernatant was added. Ten pak-choi (Brassica campestris L. ssp. chinensis Makino
var.communis Tsen et Lee) seeds were evenly distributed in the petri dish. The dishes were
then incubated in an environment with constant temperature and humidity (25 ◦C and
50% humidity) for 48 h. Deionized water served as a blank control. The length of the
germinated seed sprouts was measured using Vernier calipers, and the seed germination
index was calculated according to Equation (1).

GI (Germination index) =
(Seed germination rate o f composting treatment × Seed root length)

(Comparison o f seed germination rate × Seed root length)
× 100% (1)

2.3. Methods for Determining Physicochemical Indicators

The determination of total organic carbon (TOC), total nitrogen (TN), and total phos-
phorus (TP) during the composting process was conducted according to the methods
outlined in Organic Fertilizer (NY525-2021) [25]. The determination of ammonia ni-
trogen and nitrite nitrogen was conducted following the methods stipulated in “Soil-
Determination of ammonium, nitrite and nitrate by extraction with potassium chloride
solution -spectrophotometric methods” (HJ-634-2012) [26]. Nitrate nitrogen was measured
using the dual-wavelength ultraviolet spectrophotometric method [27].

TOC content: The potassium dichromate volumetric method was employed to de-
termine the TOC content. A quantitative potassium dichromate (AR, Beijing chemical
works, Beijing, China)–sulfuric acid (AR, Xihua, Tianjin, China) solution was used under
heated conditions to oxidize the organic carbon in air-dried samples. The excess potassium
dichromate was then titrated with a ferrous sulfate (AR, Damao, Tianjin, China) standard
solution, using silica (AR, Bailunsi, Tianjin, China) as a blank for comparison.

TN: In air-dried samples, nitrogen was converted to ammonium nitrogen through a
sulfuric acid–hydrogen peroxide (AR, Beijing chemical works, Beijing, China) extraction
process. The ammonia distilled during alkalization was absorbed by a boric acid (AR,
Beijing chemical works, Beijing, China) solution and subsequently titrated with a standard
acid solution to determine the total nitrogen content in the sample.

Ammonia nitrogen and nitrite nitrogen: We extracted them using a potassium chloride
(GR, Damao, Tianjin, China) solution at a 1:5 mass/volume ratio by shaking at 20 ± 2 ◦C
for 1 h. We then centrifuged at 3000 rpm for 10 min and collected the supernatant for
measurement. For ammonia nitrogen, we combined 10 mL of sodium nitroprusside (AR,
Aikeda, Chengdu, China)–phenol (AR, Beijing chemical works, Beijing, China) chromogen
with 40 mL of the sample and added 1 mL of sodium dichloroisocyanurate (AR, Rhawn,
Shanghai, China) chromogen. We allowed the color to develop for 15 min and then for an
additional 5 h, after which the absorbance was measured at 630 nm, using water as the
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reference. For nitrite nitrogen, we took 1 mL of the test sample, added 20 mL of water, and
mixed thoroughly. Then, we added 0.2 mL of the colorant and mix again. We allowed the
mixture to stand for 60 to 90 min at room temperature and measured the absorbance at
543 nm, using water as the reference.

Nitrate nitrogen: We extracted nitrate nitrogen using a calcium chloride (AR, Beijing
chemical works, Beijing, China) solution at a mass-to-volume ratio of 1:5. We shook the
mixture and allowed it to extract for 1 h. Then, we filtered the solution through qualitative
filter paper to obtain the test material. We diluted 0.4 mL of the test material to a final
volume of 25 mL. Finally, we added 1 mL of 1:9 sulfuric acid, mixed thoroughly, and
measured the absorbance at wavelengths of 210 nm and 275 nm.

TP: Organic fertilizer samples were treated with sulfuric acid and hydrogen peroxide.
Under specific acidity conditions, phosphate ions in the test solution reacted with metavana-
date and molybdate to form a yellow ternary heteropolyacid. Within a certain concentration
range, the absorbance of the yellow solution was proportional to the phosphorus content
and was measured spectrophotometrically at 440 nm.

2.4. Analysis of Microbial Community Structure

The hypervariable V3-V4 region of the bacterial 16S rRNA gene was amplified using
primers 338F (5′-ACTCCTACGGGAGGCAGC-3′) and 806R (5′-GGACTACHVGGGTWTCT
AAT-3′), The length of the amplified fragment was 480 bp. Similarly, the fungal ITS_V1
region was amplified with primers ITS5F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and
ITS1R (5′-GCTGCGTTCTTCATCGATGC-3′), The length of the amplified fragment was
250 bp. PCR amplicons were purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme,
Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen,
Carlsbad, CA, USA). After the individual quantification step, amplicons were pooled in
equal amounts, and pair-end 2 × 250 bp sequencing was performed using the Illlumina
MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd.
(Shanghai, China).

2.5. Statistical Analysis

Sequence data analyses were mainly performed using QIIME2; ASV class richness
was calculated using the ASV table in QIIME2, then we exported the data. The structure
of the microbial community was delineated using Prism 8, while structural tree diagrams
were crafted utilizing the Genescloud V1.1 by Shanghai Personal Biotechnology Co., Ltd.,
Shanghai, China. The redundancy analysis was conducted with Canoco 5. Correlation
analyses were executed using SPSS 24.0 software. The degree of decomposition was
assessed through a gray analysis implemented in Matlab 2017. The formula for the gray
correlation is presented in Equation (2).

Loi(k) =
minkmini|X0(k)− Xi(k) + ρmaximaxk|X0(k)− Xi(k)||

|X0(k)− Xi(k)|+ ρmaximaxk|X0(k)− Xi(k)|
(2)

In the given equation, X0(k) represents the value of the reference series; Xi(k) denotes
the value of the comparison series; and ρ stands for the resolution factor, which is typically
set to 0.5.

3. Results
3.1. Variations in Carbon, Nitrogen, and Phosphorus Levels in Reactor Under Distinct
Conditioning Agents

The dynamic alterations in TOC across the four composting process groups are illus-
trated in Figure 2. During the initial high-temperature phase (D2-D5), the TOC content
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in all groups initially decreased, then momentarily increased, before following distinct
patterns: groups B and BZ exhibited a gradual decline; group CK stabilized post-D8; and
group Z experienced a rapid reduction from D5 to D15, with a minor uptick after D15.
Ultimately, the end TOC values for the compost groups were as follows: B (415.16 g/kg) >
CK (375.55 g/kg) > BZ (349.16 g/kg) > Z (348.16 g/kg). Biochar, serving as a carbonaceous
agent, was incorporated into the compost, influencing its TOC levels. Notably, group B
consistently demonstrated higher TOC than the other groups, thereby impacting the C/N
and T-values [18]. Compared to their initial values, the reduction percentages were as fol-
lows: BZ (34.83%) > Z (26.52%) > B (22.12%) > CK (12.69%). These results indicate that the
conditioner significantly improved organic matter degradation. The order of effectiveness
was B + Z > Z > B, which is consistent with the findings of Dias and Zhang et al. [20,28].
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The trend of TN throughout the composting process is illustrated in Figure 3A. All
four groups demonstrated an upward trend in TN, albeit with fluctuations during the high-
temperature period. The final TN content for the four groups was as follows: B (39.55 g/kg)
> CK (32.12 g/kg) > BZ (30.42 g/kg) > Z (27.90 g/kg). The application of biochar enhance-
ment aided in the retention of nitrogen within the compost, resulting in a higher TN in
group B compared to the other three groups. The primary reason for the reduction in
nitrogen loss was the retention of NH3 in biochar-modified composting [29].

Figure 3B illustrates that the fluctuation and decline of ammonia nitrogen content
throughout the composting process were consistent across all four pile groups. Notably,
the BZ group exhibited a significant decrease on day 8. The reduction in ammonia nitrogen
content was markedly higher in the experimental group compared to the CK group, with the
B group showing a slightly greater decrease than the Z group. The BZ group experienced
the most substantial reduction in ammonia nitrogen content, with a decrease of 92.52%.
The control effect of the biochar conditioner on ammonia nitrogen emission is influenced by
both the quantity of biochar added and its performance. Furthermore, it has been observed
that ammonia volatilization decreases as the rate of biochar application increases [30]. The
incorporation of biochar influenced the equilibrium between NH4

+ and NH3, as well as
the kinetics of nitrogen mineralization during the composting process. Biochar exhibits a
significant adsorption capacity for NH4

+-N, NH3, and other organic nitrogen compounds
present in the compost mixture [31,32]. Concurrently, biochar facilitates the microbial
degradation of organic matter, leading to the production of ammonium [33].
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The alterations in nitrate nitrogen content across the four composting groups are
illustrated in Figure 3C. Initially, the nitrate nitrogen content was low in all groups, and a
downward trend was observed post-composting initiation. With the exception of group
Z, which exhibited a significant increase to 8.35 g/kg at D15, the concentration remained
stable at minimal levels from D2 to D22, subsequently decreasing to zero at D22 before
rising again. In the end, the nitrate nitrogen content in the four composting groups was as
follows: B (16.16 g/kg) > Z (15.19 g/kg) > BZ (14.16 g/kg) > CK (7.15 g/kg).

The variation in nitrite nitrogen content across the four compost groups is depicted in
Figure 3D, exhibiting a trend similar to that of nitrate nitrogen. Upon reaching the high-
temperature phase, the nitrite nitrogen content precipitously declined, nearing zero, before
gradually rebounding to its initial levels post-D22. By the conclusion, the nitrite nitrogen
concentrations across all groups aligned closely with their starting values. Specifically,
the CK and Z groups witnessed marginal increases, transitioning from initial concen-
trations of 2126.12 mg/kg and 2139.33 mg/kg to final concentrations of 2343.33 mg/kg
and 2777.67 mg/kg, respectively. Conversely, groups B and BZ experienced declines,
moving from initial values of 2704.33 mg/kg and 3018.33 mg/kg to 1279.67 mg/kg and
2327.00 mg/kg, respectively. The enhanced ventilation within the biochar-amended com-
post mixture likely fostered a conducive environment for nitrifiers, potentially explaining
the elevated nitrate nitrogen and reduced nitrite nitrogen levels in group B relative to the
other groups [29,34]. Furthermore, biochar characteristics—including surface area, pore
volume, total acid functional groups, and cation exchange capacity—play pivotal roles in
influencing its nitrogen retention efficacy during composting [29,31].

The alterations in the total phosphorus (TP) content within the compost are illustrated
in Figure 4. The phosphorus content and its variation in the heap were relatively consistent.
During aerobic composting, phosphorus is more stable than nitrogen. Although different
forms of phosphorus can be converted into each other, they do not evaporate or are lost;
therefore, the absolute TP content remained almost unchanged [35]. However, due to the de-
composition and transformation of a large amount of organic matter during the composting
process, as well as the volatilization of carbon dioxide and ammonia, the total dry matter in
the compost pile continuously decreased, leading to concentration effects and an increase
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in TP content [36]. By the conclusion of the composting process, the phosphorus content in
the compost was ranked as follows: Z (47.47 g/kg) > B (41.08 g/kg) > BZ (40.00 g/kg) >
CK (38.43 g/kg). With the continuous mineralization and decomposition of organic matter
in the heap, the TP content also significantly increased due to the “concentration effect”.
The introduction of zeolite and biochar had a quantitative impact on this effect, and zeolite
has been proven to be more conducive to increasing the decomposition of organic matter
and improving the TP content. The effect of mixed conditioning agents was not significant.
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3.2. The Impact of Various Conditioners on Microbial Community Alterations in Reactors

The alterations in fungal populations at the phylum level are illustrated in Figure 5.
At the phylum level, Ascomycota emerged as the predominant population throughout all
stages of the four compost groups, followed by Mucoromycota and Basidiomycota. In the
initial stage, the introduction of the conditioner led to an increase in the relative abundance
of Ascomycota. The relative abundance of Ascomycota in group CK at D1 was 71.79%, while
in group B, group Z, and group BZ D1 samples, it reached 92.17%, 87.22%, and 85.42%,
respectively. The inclusion of biochar significantly augmented the relative abundance
of Ascomycota in the reactor. This finding aligns with Mianshen Ge’s observation that
biochar increased the relative abundance of Ascomycota in cow manure compost when
biochar was used as a modifier [37]. In the CK group, Ascomycota’s relative abundance
progressively increased throughout the composting process. Differently, in groups B, Z,
and BZ, Ascomycota’s relative abundance initially declined before rising, with the final
proportion exceeding that at the commencement of composting. The community structure
of fungi was influenced by three types of conditioners. In the CK group, Mucoromycota’s
relative abundance stood at 17.39% during the initial warming phase of composting. As
composting progressed, this figure decreased to 1.70%, causing it to exit the dominant
group during the cooling phase. The introduction of biochar and zeolite altered the trend
for Mucoromycota during the high-temperature phase. Notably, the relative abundance of
Mucoromycota increased during the high-temperature stage in group B, while in group
Z, which included zeolite, the proportion reached 24.60%. The phase pair abundance
of Mucoromycota at high temperatures was influenced by the conditioner’s addition.
Similarly, the relative abundance of Basidiomycota and Mortierellomycota in groups B and
BZ rose during the high-temperature period, showing a significant increase compared to
group CK. However, Ascomycota remained the predominant strain during the cooling
phase of compost.
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Figure 6 illustrates the variations in bacterial phyla levels across different composts.
The dominant phyla during the initial and high-temperature phases were Proteobacteria,
Firmicutes, Actinobacteria, and Bacteroidetes. The introduction of the conditioner notably
augmented the relative abundance of Proteobacteria while reducing that of Firmicutes.
Specifically, the relative abundance of Proteobacteria during the biochar and zeolite as
mixed conditioning agents reached 74.22% and 80.00%, respectively. Moreover, these con-
ditioners altered the trends for Proteobacteria and Firmicutes during the high-temperature
phase, reversing the decline observed in the CK group. In the cooling phase, the condi-
tioning group saw a decrease in the relative abundance of Firmicutes, while there was an
increase in Bacteroidetes and Chloroflexi.
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The restrictive linear analysis incorporated the physicochemical index of the compost-
ing group as an environmental variable and the top ten dominant species as a response
variable. The results are presented in Figure 7. The Redundancy Analysis (RDA) demon-
strated that Axis 1 and Axis 2 accounted for 90.06% and 4.14% of the variance in the fungal
community structure, respectively. The variables TN (p = 0.002), C/N (p = 0.006), and TP
(p = 0.01) significantly influenced the alterations in fungal community structure, account-
ing for 64.0%, 60.6%, and 54.1% of the variance, respectively. The TOC’s impact on the
microbial community structure was significant at p < 0.05, explaining 47.8% of the variation.
Fungi such as Penicillum, Mucor, Aspergillus, Didymella, Microascus, Scopulariopsis, and
Botryotrichum exhibited a positive correlation with TOC, TP, and C/N, while demonstrat-
ing a negative correlation with TN. The concentration of Mycother was predominantly
influenced by the levels of TN and TP, exhibiting a positive correlation. The RDA revealed
that Axis 1 and Axis 2 accounted for 91.23% and 2.44% of the variance in the bacterial
community structure, respectively. The TN (p = 0.002), C/N (p = 0.004), TP (p = 0.006), and
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TOC (p = 0.008) significantly influenced the alterations in the bacterial community structure,
contributing to 66.1%, 62.6%, 56.0%, and 49.4% of the changes, respectively. Turicibacter,
Romboutsia, and Clostridium_sensu_stricto_1 exhibited similar patterns of change, which
were positively correlated with the carbon-to-nitrogen ratio and negatively correlated with
total nitrogen and total phosphorus. The genera Turicibacter, Romboutsia, and Clostridium
may be influenced by variations in moisture content and conductivity. Similarly, the genera
Corynebacterium, Acinetobacter, and Glutamicibacter could be affected by changes in
temperature and pH levels.
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3.3. The Impact of Conditioners on the Phytotoxicity and Maturation Process of Deer
Manure Compost

The seed germination index (GI) has been widely used as a bio-indicator to assess the
toxicity and maturity of composted plants [38]. Figure 8 illustrates the fluctuation in the GI
of each treated seed throughout the composting process. Among the three compost groups,
only BZ exhibited a GI value exceeding 100% on D29, theoretically indicating no detrimental
impact on seed germination. The GI value for the compost with added conditioner was
significantly higher than that of the CK group. Furthermore, the mixed conditioner GI
value in the BZ group surpassed the GI values of single-conditioner composting in the B
and Z groups. By the end of the composting period, as depicted in Figure 9, the GI of all
four groups had increased, with the GIs for CK, B, Z, and BZ being 75.20%, 97.90%, 89.48%,
and 98.5%, respectively. It is widely accepted that compost is essentially non-toxic when
the GI exceeds 50% and is fully decomposed when the GI surpasses 80% [39]. Therefore,
it can be inferred that the compost products in this study were relatively non-toxic and
exerted minimal effects on seed germination. This suggests that adding conditioners to
compost can enhance compost maturation and reduce toxicity to plants. Furthermore, a
mixture of conditioners is more effective than using a single type of conditioner in compost.
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Figure 8. Experimental results of seed germination.
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The C/N is a crucial determinant of compost quality, reflecting the decomposition
process. The T-value, defined as the ratio of the current C/N to its initial value, provides
a more dynamic perspective on this change. As illustrated in Figure 10, the initial C/N
ratios for the four compost groups ranged from 25 to 30, which aligned with the optimal
initial range for composting. Upon the initiation of composting, a consistent decline was
observed in the C/N ratios across all groups (Figure 10A). By the end of the composting
period, the C/N ratios were ranked as follows: Z (12.48) > CK (11.69) > BZ (11.48) > B
(10.50). In terms of the T-values, they mirrored the trend of the C/N ratios, with the final
values being Z (0.50) > BZ (0.44) > B (0.40) > CK (0.38). Notably, by the conclusion of the
composting phase, the T-values for all groups were below 0.6, indicating that the compost
in each group had undergone significant decomposition.
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A correlation analysis was conducted using SPSS to identify evaluation indicators,
with the results presented in Table 4. The pH level demonstrated a significant correlation



Fermentation 2025, 11, 66 12 of 16

with several variables: TN, TP, electric conductivity (EC), C/N, and T-values at the 0.01
level. Additionally, it was significantly correlated with TOC at the 0.05 level. The C/N
ratios and T-values were significantly associated with all indicators at the 0.01 level, except
for EC and GI, where T-values were significantly associated with GI at the 0.05 level. While
both C/N and T-values indicate changes in carbon and nitrogen, T-values specifically
reflect the dynamics of the C/N ratio throughout the composting process. Additionally,
moisture content serves as a representation of the stability of the composting degree [18,40].
Consequently, pH, GI, C/N ratio, T-value, and moisture content (MC) were selected as the
evaluation indexes.

Table 4. The correlation analysis.

TOC TN TP pH EC T GI MC

TN −0.331 *
TP −0.458 ** 0.661 **
pH −0.361 * 0.472 ** 0.467 **
EC −0.127 0.141 0.158 0.528 **
T 0.732 ** −0.845 ** −0.675 ** −0.617 ** −0.239
GI −0.222 0.503 ** 0.459 ** 0.102 −0.097 −0.355 *

MC 0.190 −0.518 ** −0.487 ** −0.143 0.058 0.446 ** −0.274
C/N 0.709 ** −0.869 ** −0.718 ** −0.587 ** −0.159 0.971 ** −0.508 ** 0.458 **

* At the 0.05 level (two-tailed), the correlation is significant; ** At the 0.01 level (two-tailed), the correlation
is significant.

As indicated in Table 5, Matlab 2017 software was utilized to analyze the data of
D36 post-composting. The findings are presented in Table 6 and Figure 11. The highest
correlation between the four compost groups and the maturation level was reached by the
BZ group, which demonstrated the strongest correlation coefficient at 0.8346, signifying the
highest degree of maturation. The correlation coefficients for the remaining three groups
were as follows: Z (0.8316) > B (0.8226) > CK (0.8102). The inclusion of a conditioner
appeared to enhance compost maturation, with the combined addition of biochar and
zeolite proving most effective. Furthermore, the impact of zeolite surpassed that of biochar.
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Table 6. The gray correlation analysis maturity evaluation results.

Correlation Coefficient CK B Z BZ

Rotten 0.8102 0.8226 0.8316 0.8346
Relatively rotten 0.7824 0.7889 0.7910 0.7792

Not ripe 0.7677 0.7759 0.7705 0.7542

4. Conclusions
This paper examined the aerobic composting process of deer manure and straw,

utilizing biochar, zeolite, and their combination as conditioners. The study analyzed
changes in basic physical and chemical properties, as well as the degradation process
within the reactor, in conjunction with alterations in the microbial community structure.
The primary conclusions drawn are as follows:

(1) The conditioner significantly enhanced the degradation of organic matter, with the
following order of effectiveness: BZ (34.83%) > Z (26.52%) > B (22.12%). The inclusion
of biochar helped to mitigate nitrogen loss in the compost heap, with the peak TN
content of composting reaching 39.55 g/kg. Additionally, the incorporation of zeolite
and biochar modified is beneficial for the retention of phosphorus in the reactor,
with the zeolite demonstrating a positive effect, resulting in a phosphorus content of
47.47 g/kg in the reactor.

(2) Dominant strains during the compost cooling phase differed markedly from those
prevalent in the warming and high-temperature phases. During the warming and
high-temperature stages, the dominant species were bacteria such as Psychrobacter,
Tuicibacter, and Glutamicibacter, along with fungi like Botryotrichum, Aspergillus, and
Mucor. In contrast, the cooling phase saw a shift to bacterial species including Lutei-
monas, Pseudomonas, Chryseolinea, and fungal species Mycothermus and Thermomyces.

(3) The redundant analysis revealed that using biochar and zeolite as conditioners altered
the bacterial community structure. Environmental factors influenced this change
in microbial community structure; TN (p = 0.002), C/N (p = 0.004), TP (p = 0.006),
and TOC (p = 0.008) had significant impacts on the bacterial community structure,
accounting for 66.1%, 62.6%, 56.0%, and 49.4%, respectively. Notably, changes in
Coryneba, Acinetob, and Glutamic were positively associated with alterations in the
C/N ratio and negatively correlated with TN and TP.

(4) Composting effectively mitigated the phytotoxicity inherent in deer manure. The
incorporation of compost products, when combined with biochar and zeolite condi-
tioners, exhibited minimal toxicity, resulting in a negligible impact on seed germi-
nation, as evidenced by a GI value of 98.5%. Notably, the addition of a conditioner
comprising a mixture of biochar and zeolite yielded the highest degree of compost-
ing decay. This mixture demonstrated the strongest correlation with the maturation
process, evidenced by a correlation coefficient of 0.8346.
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