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ABSTRACT

Xihuan Zhang. Effects of long-term biogas slurry application on soil
properties and crop yield in the North China Plain. - Manuscript Thesis for a
Doctor Philosophy Degree(PhD): Specialty 201 “Agronomy”. — Sumy National
Agrarian University, Sumy, 2023.

Zhoukou is located in the southeast of Henan Province, China, which is the core
area of grain production. Lime concretion black soil is one of the main low-yield soil
types in this region, which has the characteristics of heavy clay, compact soil layer, poor
aeration and low organic matter content, so it is urgent to carry out the task of improving
the soil fertility. Biogas slurry contains a variety of nutrients, which can improve soil
physical and chemical properties, increase soil enzyme activity, improve crop biological
properties and promote crop growth.

However, the application of continuous large concentrations will have a negative
impact on the growth of crops. Reasonable application of biogas slurry is particularly
important in order to ensure the yield and quality of agricultural products, and does not
pollute the soil and groundwater environment.

In this study, we systematically analyzed the effects of different proportions of
combined application of biogas slurry and chemical fertilizer on the physicochemical
properties and enzyme activities of different soil layers in the of lime concretion black
soil of the Huang-Huai-Hai Plain, as well as the effects on the growth and development
of winter wheat, and determined the appropriate amount of biogas slurry suitable for
Zhoukou area, so as to provide a scientific basis for the improvement of the soil of the of
lime concretion black soil, and provide a reference for the application of biogas slurry in
Ukraine, the improvement of soil texture and the realization of sustainable agricultural

development.



Soil bulk density comprehensively reflects the tightness and porosity of soil, and
has a significant impact on water, fertilizer, gas, heat conditions in the soil and
agricultural production. In this study, there were significant differences between
different soil layers, and between each treatment and CK (control). After adding biogas
slurry, the soil bulk density was significantly reduced, especially BS50 (50 % nitrogen
from biogas slurry and 50 % nitrogen from fertilizer during winter wheat planting) soil
bulk density was the smallest, and it was within the suitable bulk density range for
winter wheat, which was conducive to the growth and development of winter wheat and
the increase in yield.

In 0-10 cm soil layer, percentage of particle aggregates with size >2 mm was the
highest for BS50 and for CF (only chemical fertilizers) was the lowest, which are 54.48
and 39.27 %, respectively. Percentage of 0.25-2 mm particle size aggregates was the
highest for CF with a value of 53.61, which is significant different from others. Soil
samples from BS50 had the lowest percentage of aggregates 0.053-0.25 mm with a
value of 2.03, which is not significant different from BS100 (100% biogas slurry), but is
significant different from other treatments. For aggregates of <0.25 mm particle size, CF
had the smallest percentage - 1.94, but there is no significant difference between
treatments. Long-term application of chemical fertilizer significantly decreased the
number of large aggregates and increased the number of small aggregates, and
application of biogas slurry was beneficial to increase the composition of large
aggregates.

The stability of soil aggregates varies in different soil layers and under different
treatment conditions. Biogas slurry treatment is beneficial to increase the MWD (mean
weight diameter) of 0-10 cm, 10-20 cm, 20-40 cm force-stable aggregates and water-
stable aggregates, with BS50 being the largest. The size order of MWD of force-stable
aggregates and MWD of water-stable aggregates in the vertical direction is 0-10 cm>10-

20 cm>20-40 cm, and both decrease with the increase of soil depth. The combined



application of chemical fertilizers and biogas slurry made the MWD of force-stable and
water-stable aggregates significantly higher than those of other treatments, increasing
the stability and agglomeration of the soil. In the 0-10 cm soil layer, BS50 has the
smallest percentage of aggregate destruction (PAD) value of 36.52, which is 45.0 % and
46.74 % lower than CK and CF respectively. The PAD of CF increased by 3.27 %
compared to CK. In the 10-20 cm soil layer, the PAD value of BS50 is 35.70, which is
46.26 % and 47.71 % lower than CK and CF respectively. In the 20-40 cm soil layer, the
PAD value of BS50 combined with biogas slurry and chemical fertilizers was the lowest
(33.33), which was significantly different from each treatment. The PAD of CF was
increased compared with CK. The single application of chemical fertilizer CF will make
the stability of soil aggregates worse and destroy the aggregation of aggregates; while
the combined application of organic fertilizer and chemical fertilizer will reduce the
degree of damage to aggregates and facilitate the aggregation of aggregates. Reasonable
fertilizer application, especially the BS50 treatment of biogas slurry and chemical
fertilizers, has positive significance in maintaining the stability of soil aggregates and
improving soil quality.

pH is an important chemical property of soil, which can affect the solubility of
nutrient elements and ultimately affect the supply of nutrients in the soil. In this study,
CF treatment can reduce pH, and application of biogas slurry can increase pH. Biogas
slurry itself is alkaline and contains high cation content. The increase of base ions can
effectively inhibit the soil acidification trend caused by long-term application of
chemical fertilizer to a certain extent, and the acid-base environment of soil solution can
be improved.

The application of biogas slurry in agricultural planting can significantly increase
the nitrogen content of the soil, thereby satisfying the absorption of nutrients by crops.
In 0-10 cm, 10-20 cm, and 20-40 cm, the total nitrogen content is highest by the BS50



treatment. The total nitrogen content is 0-10 cm>10-20>20-40 cm, the total nitrogen
content decreased with the increase of soil depth.

Biogas slurry contains a large number of microorganisms, which can promote the
propagation of soil microorganisms and enhance the activity of related enzymes.
Application of biogas slurry has a certain impact on the soil available phosphorus
content. Among all soil layers, the available phosphorus content of BS50 was the
highest, which was 25.59 mg /kg, 22.50 mg/kg and 20.48 mg/kg, respectively, and there
was a significant difference between BS50 and other treatments. In terms of soil depth,
soil available phosphorus content decreased with the increase of soil depth, and the
available phosphorus content was 0-10 cm>10-20 cm>20-40 cm, indicating that soil
available phosphorus mainly concentrated in the surface layer. The content of soil
available phosphorus was different in different soil layers and different treatment
conditions, which indicated that the application of biogas slurry could improve the
supply level of soil available phosphorus, but more is not always better, increasing the
proportion of biogas suspension to BS75, B100 leads to a decrease in phosphorus
content. In agricultural production, biogas slurry should be applied reasonably according
to soil conditions and crop needs to increase soil available phosphorus content and
promote crop growth.

Potassium has obvious effects on improving crop yield and agricultural product
quality. Available potassium is an effective potassium that can be directly used by plants
and plays an irreplaceable role in ensuring the normal growth and development of plants.
Compared with CK, the content of available potassium in soil of each treatment
increases to varying degrees. In different soil layers, the available potassium content of
BS50 treatment combined with biogas slurry and chemical fertilizer was the highest,
which was in 0-10 cm - 173.71 mg/kg, 10-20 cm - 156.63mg/kg and 20-40 cm - 144.06
mag/kg, respectively, and significantly increased compared with other treatments. Biogas

slurry increased the content of available potassium in soil, which was beneficial to the



absorption of potassium by winter wheat. Reasonable application of fertilizer and biogas
slurry has positive significance to increase soil available potassium content, which is
conducive to crop growth.

Application of biogas slurry had an effect on soil organic matter content. In 0-10
cm, 10-20 cm and 20-40 cm soil layers, the soil organic matter content was
BS100>BS75>BS50>BS25>CF>CK, and the soil organic matter content increased with
the increase of biogas slurry concentration. There were significant differences between
all treatments and CK (p<0.05), and the soil organic matter content of BS100 was the
highest (24.24 g/kg, 20.16 g/kg and 18.32 g/kg, respectively). Compared with CF,
organic matter increased by 32.82 %, 24.44 % and 17.84 %, respectively, with the
increase of soil layer, the organic matter content of different treatments decreased, and
the organic matter content was 0-10 cm >10-20 cm > 20-40 cm.

We studied the effects of different proportions of biogas slurry and fertilizer on
soil enzyme activity. The results showed that: the application of biogas slurry increased
the activity of sucrase in soil, and with the increase of biogas slurry application, the
activity of sucrase first increased until B75 and then decreased (BS100). The activity of
sucrase with BS75 was the highest in 0-10 cm, 10-20 cm and 20-40 cm, which was
15.28 mg/g, 30.73 mg/g and 31.28 mg/g, respectively. Sucrase provides energy for
organisms in soil, increases the intensity of organic carbon accumulation, decomposition
and transformation, and increases soil fertility level.

Application of biogas slurry and chemical fertilizer can increase soil urease
activity. The urease activity of combined application of biogas slurry and chemical
fertilizer (BS25, BS50 and BS75) was higher than that of CF. With the increase of
biogas slurry replacement ratio, the urease activity increased first BS50 and then
decreased, indicating that the benefit of biogas slurry on soil was dose-dependent, and
appropriate biogas slurry was beneficial to the improvement of soil urease activity, but

excessive fertilization was counterproductive. In 0-10 cm, 10-20 cm, 20-40 cm, soil



urease activity was the highest in BS50 treatment (235.33 ug/g, 337.79 ug/g and
351.45 ug/g, respectively), and was significantly different from that in other treatments.
Combined application of biogas slurry and chemical fertilizer can enrich soil nitrogen
pool, improve soil nitrogen transformation, increase the nitrogen source absorbed by
winter wheat.

Both biogas slurry and chemical fertilizer increased soil acid phosphatase activity.
With the increase of biogas slurry concentration, soil acid phosphatase increased with
BS50 and then decreased on BS75-100. An appropriate amount of biogas slurry could
catalyze the conversion of soil phosphorus into phosphorus easily absorbed by
organisms, and improve its utilization rate. The activity of acid phosphatase with BS50
was the highest in different soil layers.

The order of catalase activities in 0-10 cm, 10-20 cm, and 20-40 cm soil was as
follows: BS100 >BS75> BS50>BS25>CF >CK, and there was a significant difference
between each treatment and CK (P<0.05), and there was no significant difference
between CF and BS25 (P > 0.05), BS100 catalase activity was the highest, with
93.19 mmol/g, 95.11 mmol/g and 97.12 mmol/g, which were 12.35 %, 6.21 % and
5.86 % higher than CF, respectively. The activity of soil catalase reflects the process of
soil organic oxidation, with the increase of the proportion of biogas slurry, the catalase
activity increases. The biogas slurry has a significant promoting effect on soil catalase
activity, which can accelerate the removal of hydrogen peroxide in organisms and soil to
prevent damage, and the soil catalase activity of BS100 treatment is the largest, and the
soil detoxification effect is the strongest. Long-term application of chemical fertilizers
has a significant inhibitory effect on soil catalase activity, which can easily lead to the
accumulation of root exudates, thereby aggravating the toxic effect of hydrogen
peroxide on crops. Biogas slurry application can significantly increase soil catalase

activity and accelerate the decomposition of toxic substances in soil.



Under the influence of soil fertility and productivity, the vertical distribution of
soil enzymes has obvious regularity. Biogas slurry can improve the soil enzyme activity
of winter wheat in 0-40 cm soil layer, especially in 20-40 cm soil layer, which is
conducive to delaying the aging process of winter wheat root in the late growth period,
promoting the transformation of soil nutrients, improving the ability of soil to supply
fertilizer to winter wheat, and meeting the demand for nutrients during the growth and
development of winter wheat, which is beneficial to the improvement of soil fertility and
crop yield.

Finally, we measured the effects of different proportions of biogas slurry and
chemical fertilizer on the growth and development of winter wheat. Both biogas slurry
and chemical fertilizer application increased the yield of winter wheat, and there was a
significant difference compared with CK (p<0.05). With the increase of biogas slurry
proportion, the yield of winter wheat first increased and then decreased, and the yield of
winter wheat with BS50 treatment was the highest, compared with CF, BS25, BS75 and
BS100, the increases were 30.79 %,13.61 %, 4.31 % and 34.06 %, respectively, and
there were significant differences between them (p<0.05). BS50 is the optimal
combination of biogas slurry and chemical fertilizer, which can well match the nutrient
demand of winter wheat at different growth and development stages, ensure the
continuous supply of nutrients, promote winter wheat nutrient growth and nutrient
accumulation, and achieve the best level of winter wheat yield.

The yield and yield composition of winter wheat are closely related. Chemical
fertilizer and biogas slurry treatment can significantly increase the effective number of
ear, grain number per ear and 1000-grain weight of winter wheat (P<0.05), so as to
increase production. Yield was significantly correlated with the effective number of ear,
grain number per ear and 1000-grain weight, and the correlation coefficients were 0.964,
0.974 and 0.870, respectively. The correlation between yield and grain number per ear is

the highest. The high yield was achieved by increasing grain number per ear.



Different fertilization treatments had effects on the morphological indexes of
winter wheat. Fertilization increased the plant height of winter wheat, and thus increased
the ventilation and light transmittance of the bottom of the plant, which was conducive
to the growth and development of winter wheat and the photosynthetic efficiency of
leaves, so as to increase the yield of winter wheat. In the fertilization treatment, the plant
height of BS treatment was higher than that of chemical fertilizer. The plant height
treated with BS25, BS50, BS75 and BS100 was 77.47 cm, 79.52 cm, 78.08 cm and
78.02 cm, respectively. With the increase of biogas slurry proportion, the plant height
first increased and then decreased, and plant height with the BS50 was the highest of
79.52 cm, but still belonged to the medium plant height. This can not only prevent
lodging, but also enable the winter wheat nutrient body to obtain the appropriate spatial
distribution and size, meet the nutrition required for wheat growth and growth, and is
more conducive to the high yield of winter wheat.

The plant height is determined by several internode lengths, which extend at
different stages of development, so they have different effects on yield. The first basal
internode length is very important to plant lodging resistance wheat, the base of the first
internode increases with fertilizer use, but the increase rate is different, compared with
CK, CF, BS25, BS50, BS75, BS100 respectively increased by 1.81 %, 3.55 %, 0.68 %,
5.96 % and 6.19 %, BS100 has the greatest amplitude, increasing the risk of lodging.
BS50 had the smallest increase, which was not only conducive to increasing plant height,
but also had better lodging resistance.

The plant height component index of wheat (I) is the proportional relationship
between the length between the upper and lower nodes of the stem, reflecting the
information of the spatial arrangement of photosynthetic area and the operation and
distribution of compounds. Fertilization can effectively improve the plant height
component index of winter wheat. If the value of | is high, the lower node is shorter, the

center of gravity is lower, the lower ear node is longer, the photosynthetic area above the
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blade node is increased, and the resistance to falling and photosynthesis are enhanced.
The increase of plant height component index with BS50 made the ear under good light
condition, which was conducive to increasing the yield of winter wheat. Plant height
component index was significantly correlated with the effective number of ears, grain
number per ear, 1000-grain weight, yield and plant height. The correlation coefficients
between sub-panicle internode and 1000-grain weight, 11 and plant height were above
0.9, accounting for a higher proportion.

In the correlation analysis between yield and plant height component index, the
correlation coefficient between yield and subear node was the highest (0.895), while the
correlation coefficient between plant height and 11 and subear node was 0.971 and 0.954,
respectively. Therefore, subear internode plays a key role in the formation of winter
wheat yield. In practice, winter wheat with relatively high plant height and |11 should be
selected within a moderate height range.

The increase of crop yield is based on the accumulation and distribution of dry
matter. The combined application of biogas slurry and chemical fertilizer had a
significant effect on straw biomass and aboveground biomass (p<0.05), and the highest
values of straw biomass and aboveground biomass were BS75 and BS50, with the
increase of biogas slurry proportion, even the biogas slurry completely replacing
chemical fertilizer, both showed a downward trend.

Harvest index is the ratio of grain yield to aboveground total dry matter weight. It
reflects the distribution ratio of crop assimilation products in grains and vegetative
organs, and is an important index to evaluate crop yield level and -cultivation
effectiveness. Both fertilizer and combined biogas slurry increased the harvest index of
winter wheat (P<0.05), and the harvest index of BS50 was the highest (0.48). Increasing
biogas slurry within a certain range could improve both economic yield and harvest
index. BS50 treatment can improve the growth and development of various organs in the

later period of growth, coordinate the balanced distribution of dry matter, transport more
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photosynthetic products from source organs to reservoir organs, increase the flow and
achieve the purpose of increasing production.

The factors affecting grain yield, biological yield and substance distribution were
closely related to harvest index. Above ground biomass was significantly positively
correlated with effective number of ear and grain number per ear, with correlation
coefficients of 0.935 and 0.944, respectively, and the harvest index was also
significantly positively correlated with effective number of ear and grain number per ear,
with correlation coefficients greater than 0.9 (0.911 and 0.901, respectively). Therefore,
it is possible to effectively combine high biological yield with high harvest index, and it
is feasible to increase the yield by increasing effective number of ears and grain number
per ear.

Key words: biogas slurry, fertilizer, nutrients, soil fertility, yield, winter wheat,
digestate, enzyme activity, soil structure, bulk density, nitrogen, phosphorus, potassium,

organic matter, 1000 grain weight, growth and development.
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AHOTAIIA

Ykan Cixyan. BmimB J0BrorpuBajioro 3acTOCyBaHHsI JAirecrary Ha
BJIACTHMBOCTI I'PYHTY Ta BPO:KANHICTh CiJIbCbKOT0OCNOAAPCHKUX KYJbTYP B YMOBax
IliBHiuHO-KMTalcbKOI piBHUHU. — KBamidikaliitHa mpalisd Ha mpaBax pyKOIIUCY.

HMucepranist Ha 3000yTTSI HAyKOBOIO CTyIeHs JokTopa (Qiiocodii 3a
cnerianbHicTIO 201 — ArpoHomisi. — CyMChbKUIl HaIllOHATBHUIN arpapHUil YHIBEpCUTET.
Cywmu, 2023 p.

U>xoykoy po3TalioBaHU Ha MIBAEHHOMY cXOj1 npoBiHuii XeHanb B Kurai, sikuit
€ OCHOBHMM pailOHOM BHUPOOHHUIITBA 3epHa. YopHo3eM IIeOCHIOBaTUI Ha EJIOBii
BAaITHAKY € OJHHUM 13 OCHOBHUX MaJIONPOAYKTUBHUX THUIIIB I'PYHTIB IIbOTO PETIOHY, OO0 BiH
€ BAXKOTJIMHUCTUM, VIIUIBHEHHM, 31 CJIaOKOI0 aepaiierd Ta HU3BKAM BMICTOM
OpraHivYHOi PEYOBHUHHM, TOMY BUPIIICHHS 3aB/IaHb I1JBHUIICHHS POJIOYOCTI IIUX IPYHTIB €
akTyasbHUM. bilorasoBa cycneH3isi MICTUTh pPI3HOMAHITHI IOXWBHI PEYOBHUHH, SKI
MOXXYTh TOKpAamuTH (Pi3U4HI Ta XIMI4HI BJIACTUBOCTI IPYHTY, MIABUIIUTH AKTHUBHICTb
IPYHTOBHX ()EPMEHTIB, MOKPAIIUTH PICT Ta PO3BUTOK POCIMHH W CIPHUITH OTPUMAaHHIO
IPUPOCTY BPOXKAIO.

Opnak, MOCTIMHE 3aCTOCYBaHHS BEIMKHUX KOHIIEHTpaIiil 0iora3oBoi cycmneHsii
MaTUME€ HETraTHBHUI BIUIMB HAa PICT CUIbCBKOrOCHOMAPChKUX KynbTyp. Tomy, ii
paiioHanbHe, HAyKOBO OOIPYHTOBAaHE 3aCTOCYBAHHS € OCOOJIMBO BaKJIUBUM IS
OTpUMaHHS BpOXKAiB Ta BHUCOKOI SKOCTI CUIBCHKOTOCIIONAPCHKOI MPOYKIi 0e3
HIKIJJTMBOTO BIUIMBY Ha IPYHTOBE CEPEOBUIIE TA IM1JI36MH1 BOJH.

Y 1poMy JOCHIKEHHI CHCTEMHO IMPOAHANI30BAaHO BIUIMB KOMOIHOBAHOTO
3acTOCyBaHHA 010ra30BOi CyCIEH31i Ta MIHEpaIbHUX JOOPUB Yy PI3HUX CIIBBIAHOLIEHHSIX
Ha (pi3MKO-XIMIUHI BIACTUBOCTI Ta aKTHBHICTH ()EPMEHTIB PI3HUX IIAPIB YOPHO3EMY
11e0CHIOBATOTO Ha €JIOBIT BaMHIKY piBHUHU XyaH-Xyail-Xai. Takok BU3HAYEHO BIUIMB

yAOOpeHHsI Ha PICT 1 PO3BUTOK IIIEHHUIIl O3WMOi, BU3HAYEHO BIJIMOBIAHY KUIBKICTbH
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010ra3oBoi cycrneH3ii, IpUAaTHOI A pailoHy UXKOYKOy 3 METOI CTBOPEHHS HayKOBOL
OCHOBH JIsI TIOKPAIICHHS BIAMOBIIHOTO IPYHTY U HajgaHHs iHGopMallii Ta peKkoMeHaarii
JUIsL  3aCTOCYBaHHs 010ra30BOi CYCIIEH31i, BHECEHHS $KOI MOKpAIlye€ CTPYKTYypHO-
arperaTHUM CKJIaJ TPYHTY Ta pealli3allifo CTaJoro po3BUTKY CIIbCHKOTO TOCIOIapPCTBA.

IinpHICTD TPYHTY BCeOIUHO BioOpaskae CKIAJCHHS 1 IMMapyBaTicTh IPYHTY, Ma€
3HAYHUH BIUIMB HA BOJHUMN, TMOXXWBHHUH, MOBITPSHUM, TETUIOBHH PEXHMHU IPYHTY Ta
CLIIBCBKOTOCIIOIAPChKE BUPOOHUIITBO. Y 1IbOMY JOCIII)KEHH] 0yJI0 BCTAHOBJICHO 3HAYHI1
BIIMIHHOCTI MK PI3HMMH IIapaMH TPYHTY, @ TaKOXX MIX BapiaHTaMH 13 BHECCHHSIM
6iora3oBoi cycrneHsii i miHepaabHuUX H00puB Ta koHTpojeM (CK). Ilicisa momaBaHHs
010ra30BO1 CyCMEH31i HIUIBHICTh IPYHTY 3HAYHO 3MEHIIWJIACA, OCOOJIMBO Ha BapiaHTI
BS50 (50% azoty 3 0Oiora3oBoi cycnensii Ta 50% a30Ty 3 MiHEpaJlbHHX HOOpUB), 1
3HAXOIWIacsa B MeXKaxX MPUHAHATHOTO Jiama3oHy JJIsg O3UMOi MIICHHMINl, IO CIPHUSIIO0
POCTY Ta PO3BUTKY POCIHHH i 301IBIIEHHIO BPOXKAWHOCTI.

VY mapi rpyaty 0-10 cM, BMICT arperariB i3 po3Mipom >2 MM Ha BapianTi BS50 €
HaiiBuiuM, a CF (BapiaHT 13 BHECEHHSM TUIbKH MIHEPAJIbHHUX JOOPHUB) € HAWHUKUYUM,
10, BIAMOBIAHO, ctaHoBUTH 54,48 1 39,27 %. ArperatiB posmipom 0,25-2 MM Ha
BapianTi CF Oyno HaitOubiie - 53,6 %, 1110 3HaYHO BiJpi3HS€ HOTO BiJl IHIIUX BapiaHTIB.
Ha Bapianti BS50 orpumano Haiimenie 3HaueHHs - 2,03 % arperariB po3mipom 0,053-
0,25 MM, mo He3HauyHO BiApi3HAeTbes Big BS100 (BHeceHHs TinbKH 010Ta30BO1
CycneH3li), aje CyTTEBO BIAPI3HAETHCA BiJ IHIIMX BapiaHTIB. ArperaTiB po3MIpoM
menmre 0,25 mm Ha Bapianti CF e malimenmmm - 1,94 %, ane iCTOTHOI PI3HMIN MIX
ynoOpeHuMH BapiaHTamMu HeMae. TpuBaje 3aCTOCYBaHHS MiHEpPAIbHUX JOOPUB 3HAYHO
3MEHILY€E KUIbKICTh BEJIMKUX arperaTiB 1 30UIbLIY€E KUIbKICTh JPIOHUX, @ 3aCTOCYBAaHHS
610ra30Boi cycneHsii cripusie 301IbIICHHIO arperaTiB OuIbIIe 2 MM.

CTiiiKiCTh TPYHTOBHMX arperaTiB BIAPI3HSAETHCS B PI3HUX IIapax IPYyHTY Ta 3a
pizHOTO ynoOpeHHs. 3aCTOCyBaHHs 010Ta30BOi CyCIEH31l € KOPUCHUM ISl 301TBITICHHS

MWD (cepennbo3BaK€HUN AiaMeTp) MEXaHIYHO CTIMKHX arperaTiB ¥ BOJOCTIHKHX
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arperariB B 0-10 cm, 10-20 cm, 20-40 cm mapax rpyHry, npuduomy Ha BS50 €
HanOubIMM. BeprukansHuil po3noain MWD mexaniuHo cTiiikux arperariB 1 MWD
BOJIOCTIMKMX arperatriB Burisigae takuM duHoM: 0-10 cm >10-20 cm >20-40 cwm, i
o0u/IBa 111 MOKa3HUKU 3MEHIIYIOThCS 3 TIMOnHOI0. KoMOiHOBaHE BHECEHHS XIMIUHMX
n00puB 1 0iora3oBoi cycmnensii 3poounmo MWD MexaHIYHO CTIHKHX 1 BOJOCTIHKHX
arperatiB 3Ha4yHO OUIBIITMMU, HIXK 1HIIN BapiaHTH yA0OpEHHs, MABUIIUBIIH CTaOUIBHICTD
1 armomepaiito IpyHty. Y mapi rpyHty 0-10 cm BS50 mae naiimenmie 3naueHHsi PAD
(BimcOTOK pyiHYBaHHsS arperariB) - 36,52, mo Ha 45,0 % 1 46,74 % Hkue, HIX Ha
Bapiantax CK i1 CF BignoBigno. PAD CF 36inbmuBcs Ha 3,27 % nopiBasiHo 3 CK. YV
mapi rpyHty 10-20 cm 3HauenHs PAD BS50 cranoButs 35,70, mo Ha 46,26 % 147,71 %
Huwxue, HK CK 1 CF BignosigHo. Y mapi rpynty 20-40 cm 3nauenns PAD BS50 y
NO€IHaHHI 3 010ra30BOI0 CYCIEH3IEID Ta XIMIYHUMHU J0OpuUBaMH OYyJI0 HaWHUKYUM
(33,33), 1o 3HawHO Bifpi3Hsuiocs Bin iHmmX BapiantiB. PAD CF OyB miaBurieHwmit
nopiBHsiHO 3 CK. Opnopa3zoBe BHeceHHsi XimiuHuX no0puB CF moripiuiye CTIHKICTb
IPYHTOBHUX arperatiB i 3amoOirae arperaTyBaHHIO, TOJAl $IK CYMICHE BHECEHHS
OpraHiyHUX 1 XIMIYHUX JOOPHB 3MEHIIUTH CTYMiHb TOIIKO/KEHHS arperariB 1
MOJIETIIUTH CTPYKTYPOYTBOPEHHsI. Po3yMHe BHECEHHSI JOOPHUB, 0COOIUBO 3aCTOCYBaHHS
BS50 - 6iora3oBoi cycmeH3sii Ta XIMIYHMX JO0OpHWB, Ma€ ITO3MTHUBHE 3HAYCHHS IS
MIATPUMKHU CTAOUIBHOCTI IPYHTOBUX arperaTiB Ta MOKPAIICHHS SIKOCTI TPYHTY.

pH € BaxyIMBOIO XIMIYHUM TOKA3HUKOM IpPYHTY, SKHH MOXKE BIUIUBATH Ha
PO3YMHHICTH MOXUBHUX E€JIEMEHTIB 1, 3pEIITO0, BIUIMBATH HA HAJIXOKCHHS TTOKUBHUX
peYoBHMH y TpyHT. BHeceHHs Timbku MiHepanbHUX n00puB CF Moxke 3Hm3uTH pH, a
3acTocyBaHHsl 0lora3oBoi cycrneHnsii Moxke miasumutu pH. biorasoBa cymim cama 1o
co0i € JIy)HOI 1 MICTUTh BUCOKHI BMICT KaTiOHIB. 301JIbIIIEHHS OCHOB MOYE MEBHOIO
MIpot0 €(EeKTUBHO TMPUTHIYYBATU TEHJEHLIIO TMIIKUCICHHS TPYHTY, CIPUYUHEHY
TPUBAJIMM 3aCTOCYBaHHAM XIMIYHMX JIOOpHWB, 1 KHCIIOTHO-IIY’)KHE CEPEIOBHUIIE

IPYHTOBOTO PO3YHMHY MOXKE OyTH MOKPAIIEHO.
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3acTocyBaHHs 010ra30BOi CyCIEH31i Ha ClIbCHKOTOCIOAAPCHKUX 3EMJIIX MOXKE
3HAYHO MIJBUIIUTH BMICT a30Ty B IpyHTI. Ha rmubunax rpynty 0-10 cm, 10-20 cm 1 20-
40 cm 3aragpbHUM BMICT a30Ty € HaWBUIUM Ha BapianTi BS50. 3aranbHuii BMICT a30Ty
Ma€ TeH/JIEHIIi10 3 ruouHoI0 3MeHIryBatucs 0-10 cm>10-20>20-40 cwm.

biorazoBa cycmeH3sissi MiCTUTh BEIHKY KUIBKICTh MIKPOOPTaHi3MiB, SIKI MOXYTb
CIIPUSATH PO3MHOXKEHHIO TIPYHTOBHX MIKPOOPTaHi3MiB 1 TIOCHJIIOBAaTH AaKTHUBHICTb
BIJIMOBIAHUX (pepMeHTIB. 3aCTOCYBaHHs 010Ta30BOi CyCHEH31i Ma€ MEBHUU BIUIMB Ha
BMicT pocopy B rpyHTi. Cepen ycix mapiB IpyHTY AOCTymHHE BMICT dochopy s
BS50 6yB naitBuium 1 ctaHoBUB 25,59 mr/kr, 22,50 mr/kr 1 20,48 mr/kr B mapax 0-10,
10-20 1 20-40 cm BinmoBiAHO 1 Oyna BCTaHOBIIEHA 3HAa4YHA pi3HUI MK BS50 Ta iHmIMMU
BapiaHTamMu. BwmicT goctrymHoro ¢ocdopy B IPpyHTI 3MEHIIYBaBCs 31 30UIBIICHHSIM
rMOuHYU 1 MaB Taky TeHjeHmio sk 0-10 cv>10-20 cm>20-40 cwm, 110 BKa3zye Ha Te, 110
noctynHuid gpocop B IpyHTI B OCHOBHOMY 30CEPEKEHUN Yy IMOBEPXHEBOMY IIIapi.
Bwmict pocrynHoro B rpyHTi dochopy OyB pi3HUM y PI3HUX IIapax I'PYHTY Ta Pi3HHUX
yMOBax yJoOpeHHs, 110 BKa3y€e Ha Te, 110 3aCTOCYyBaHHsA 010ra3oBOi CYCNEH31i MOXKe
MOKpAIIUTH PIBEHb 3a0€3MeYeHHs TPYHTY HOCTYNMHUM ¢ochopom, ajne Oulble He
3aBXKJM O3HAYae Kpaile, MJABUIIEHHS 4acTku Oiora3oBoi cycrensii gpo BS75, BS100
IPUBOJNUTH J0 3HIKEHHS BMICTY (Gocdopy. Y CUIBCHKOTOCTOAAPCHKOMY BUPOOHHUIITBI
010ra3oBy CYCIIEH31I0 CJiJ 3aCTOCOBYBAaTH BIAMOBIIHO 1O THUIIy TIPYHTY Ta MOTPeO
pOCIUH, 100 301IBIIKUTH BMICT (OCHOpYy B IPYHTI Ta COPUSITH POCTY BPOXKAIO.

Kamit Mae oueBMAHWN BIUIMB Ha IIJBUINCHHS BPOXXKAMHOCTI Ta SKOCTI
CLIBCBKOTOCTIOIAPChKOI MpoAyKIlii. JlocTynmHuil kamii - 1e eheKTUBHUN Kaii, sSKUii
MOXK€e 0e3MocepelHbO BUKOPUCTOBYBATUCS POCIMHAMH 1 BIAIrpae HE3aMIHHY pOJIb Y
3a0e3Me4YeHH] HOPMaJIbHOTO POCTYy Ta po3BUTKY pociuH. [lopiBHsiHo 3 CK, BMmicT
JOCTYITHOTO Kajlll0 B IPYHTI Ha pI3HUX BapiaHTax 13 3aCTOCYBaHHSM 010ra3oBoOi
cycnens3ii 30UTbIIYETHCSI HEOHAKOBO. Y PI3HUX IIapax IPYHTY BMICT JOCTYITHOTO KaJIifo

y Bapianti BS50 OyB HaiiBumumM, mo cranoBmwio y mapax 0-10 cm - 173,71 mr/kr, 10-
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20 cM - 156,63 mrkr i 20-40 cMm - 144,06 mr/kr, 1 3Ha4HO 30LIBIIKMBCS MOPIBHSHO 3
iHImmMMHu BapianTamu. biorazoBa cycnen3is 301IbIIMIIa BMICT TOCTYITHOTO KaJlil0 B IPYHTI,
IO CIPHSUIIO 3aCBOEHHIO Kalil0 pOCIMHAMM MieHull. Po3yMHe 3actocyBaHHsl JOOpUB 1
010ra3oBOi CycCHeH3ii Mae MO3UTHBHE 3HAYEHHS JJiA 30UIbIICHHS JOCTYIMHOTO BMICTY
KaJIit0 B IPYHTI, 110 CIIPUSIE POCTY KYJIBTYP.

3actocyBaHHs 010ra3oBOi CycrneH31i BIUIMHYJO Ha BMICT OPTaHIYHOI PEYOBHHH B
rpyHTi. Y mapax rpyHTy 0-10 cm, 10-20 cm 1 20-40 cM BMICT OpPraHiuHOi pEYOBHHH B
IpyHTI Mano Taky TeHaeHiio: BS100>BS75>BS50>BS25>CF>CK, a BmicT opraniyHoi
PEYOBHHM B IPYHTI 30UIbIIyBaBCs 31 30UIbLIEHHAM KOHLIEHTpalli cycrneH3ii Oiorasy.
[cHyBasnin 3HayH1 BIAMIHHOCTI MK yciMa BapianTamu yaoopenHs ta CK (p<0,05), a
BMICT OpraHiuHoi pedyoBuHu B IpyHTI BS100 OyB HaitBummm (24,24 r/kr, 20,16 r/kr i
18,32 r/xr BignoigHo). ITopiBusHo 3 CF, opraniuna peuoBuHa 3pocia Ha 32,82 %,
24,44 % 1 17,84 %, BiANOBITHO, 31 3 TIMOMHOIO BMICT OPraHiYHOI PEYOBHHHU IIPHU
pI3HOMY YJIOOpEHH1 3MEHIITUBCS, 1 BMICT OpraHiyHOi pEYOBMHU MaJIO TaKy TEHICHIIIIO SK
0-10>10-20 cm>20-40 cm.

Byno BUBYEHO BIUIMB PI3HUX MPOMOPIIiK Olora3oBoi cycreHsii Ta JOOpUB Ha
aKTUBHICTh TPYHTOBUX (DepMEHTIB. Pe3ynpraTu mokasaiu, 1o 3acToCyBaHHs 010ra3oBoi
CycmeHs3ii miABUIIYBaJI0 aKTUBHICTh IyKPO3W B IPYHTI, a 31 30UIBIICHHSIM y TPOMOPIIii
6iorazoBoi cycnensii 1o BS75 akTuBHICTS 1yKpo3H MiJIBHIIyBajacs, a motiM npu BS100
3HM3WIACS. AKTUBHICTB I[yKpo3u Ha Bapianti BS75 Oyna naiiBumoro B 0-10 cMm, 10-20
cM 1 20-40 cm, sika ctanoBmia 15,28 mr/r, 30,73 mr/r 1 31,28 mr/r BignosigHo. [lykpo3a
3a0e3mneuye €Hepri€l0 OpraHi3aMM B IPYHTI, MHiJABUILY€ IHTEHCUBHICTh HAKOMWYEHHS,
pO3KJIaZaHHsl 1 MEpPETBOPEHHS OPraHIYHOIO BYIJIELIO, MIJBUILYE PIBEHb POJIOYOCTI
TPYHTY.

3acTocyBaHHs CycCIleH3li 0iorazy Ta XIMIYHMX JOOpPUB MOXE MiABUIIUTU
aKTUBHICTh Yypea3u IpyHTY. VYpea3Ha aKTHUBHICTb KOMOIHOBAaHOTO 3aCTOCYBaHHS

6iorazoBoi cycnensii Ta ximiuaux g06pus (BS25, BS50 ta BS75) 6yna Bumoro, Hix CF.
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31 301IbIIEHHAM KOoe(ilieHTY 3aMiHM 010ra30BOi CyCHeH31i aKTUBHICTh Ypea3u CIovYaTKy
3pociaa (mo BS50), a moTiM 31 30UIbIIEHHSIM YaCcTKU 3HU3MWIACS, 110 BKa3ye Ha Te, 110
KOPHUCTh 010Ta30BO1 CYCHEH311 JJIs IPYHTY 3ajekana Bia J03HW, 1 BIATOBIIHA KIJIBKICTh
OyJ1a KOPUCHOIO ISl TIOKPAIICHHs aKTUBHOCTI ypeasu IPYHTY, aje HaaMipHe BHECEHHS
no6puB Oyno He mpoxyktuBHuM. Y 0-10 cm, 10-20 cm, 20-40 cm mapax TpyHTY
aKTUBHICTh ypea3u TIpyHTy Oyna HaiiBumioro Ha Bapianti BS50 (235,33 wmkr/T,
337,79 Mkr/rT 1 351,45 MKT/T BiMOBIAHO) 1 3HAYHO BIAPI3HSIIACS BiJ IHIIUX BapiaHTIB.
KoMmGinoBaHe 3acTocyBaHHs 610Ta30BOi CyCIeH31i Ta XIMIYHUX JOOPUB MOXKe 30araTuTu
IPYHT Ha a30T, NOKpAIIUTH TpaHCHOpPMAIlIO0 a30Ty B IPYHTI, 30UIBIIMTH HOTIMHAHHS
pOCIMHAMU MUIIEHUI[I 03UMOT a30TYy.

Ak OiorazoBa cycmneH3is, Tak 1 XIMIYHE JTOOPHBO, MIABUIIUIN aKTUBHICTh KHCIIOL
docdarazu B rpyHTI. 31 30UIBIIEHHSAM KOHIIEHTpaIlli 010ra30Boi CyCleH31i aKTUBHICTb
kucnoi (ocdarazu migBumiIacs npu 3acrocyBanHi BS50, a motim, 13 301IbIIEHHIM
JaCTKM CYyCIeH31i — 3HIKyBaiacs. BiamoBiiHa KUIBKICTh 010Ta30BOi CYCHEH311 MOXKeE
KaTajnizyBaTu nepeTBopeHHs (Gochopy rpyHTY y ¢Gocdop, SKUH JIETKO MOTIMHAETHCS
opraHi3aMamu, 1 TOKpAIUTH MIBHJKICTh HOTO BHUKOPUCTAHHA. AKTHUBHICTH KHCJIO1
docdaTaszu Ha BapianTi BS50 Oyna HallBUIIIOIO B PI3HUX IIapax IPYHTY.

Tennenmis moO0 aKTUBHOCTI KaTasla3u B rpyHTY Ha rnubunax 0-10 cMm, 10-20 cm 1
20-40 cm Oyna Ttakoro: BS100>BS75>BS50>BS25>CF>CK, # BCTaHOBJIEHO 3HAYHY
PI3HUILIIO MK KOXHUM BapiaHToM ynoopenHs ta CK (P<0,05); BimcyTHs icTOTHa
pizaums mixk CF 1 BS25 (P>0,05), aktuBHicte katanazu BS100 Oyna waiiBuioro, 3
93,19 mmomw/T, 95,11 mmounbs/T 1 97,12 MMomw/T, mo Oyno Ha 12,35 %, 6,21 % 1 5,86 %
Buiie, Hixk CF, BinnmoBigHo. 31 30UIbIIEHHSM YacTKU 010ra3oBOi CyCHeH31i aKTUBHICTb
KaTajas3u 3pOoCTa€, TOOTO CyCHEeH31sd Ma€ 3HAYHUNA CTUMYJIOIOYUIN BIUIMB HA aKTUBHICTh
KaTajia3u IPYHTY, 10 MOXE MPUCKOPUTH BHJAJCHHS MEPEKUCY BOJHIO B OpraHi3max i
IPYHTi, MO0 3amoOIrTM TMONIKOHKCHHIO. AKTHBHICTh TPYHTOBOI KaTajasu MpHU

3actocyBanHi BS100 € HaiO11b111010, @ €PEKT NETOKCHUKAIlll TPYHTY € HaWCHUIIBHIIINM.
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TpuBane BHECEHHs XIMIYHUX JOOpPUB Ma€ 3HAYHUNA TPUTHIYYBAaHUM epeKkT Ha
aKTUBHICTh TIPYHTOBOI KaTajasW, IO MOXE JIETKO MPHU3BECTH A0 HAKOMUYEHHS
KOPEHEBUX EKCYAaTiB, MOCUIIOIYM THM CAMUM TOKCHUYHY [0 MEPOKCHUIY BOJHIO Ha
MOCiBH. 3acTocyBaHHsI 010ra3oBOi CyCIEH31i MOXK€ 3HAYHO IMJABUIIUTH aKTHUBHICTh
IPYHTOBOI KaTaja3y Ta MPUCKOPUTH PO3KIIaITaHHA TOKCUYHUX PEUYOBUH Y IPYHTI.

BeprukanbHuii po3nojii IpyHTOBHX (DEPMEHTIB Ma€ TEBHI 3aKOHOMIPHOCTI 1
3aJIeKUTh BIJ POJIIOUOCTI IpyHTY. biorazoBa cycrieH3is MOX€ MOKPAIIUTH aKTUBHICTh
IpYHTOBUX (DepMEHTIB MIIeHHIN 03uMoi B mapi rpyHty 0-40 cM, a ocobauBO - B mapi
rpyHTy 20-40 cM, IO cOpusie 3aTPUMIN MPOIECY CTAPiHHS KOPEHIB 03UMOi MIIEHUIIl B
Ni3HIA Tepio poCTy, CHPUAIOYM TpaHcpopMalii MOKUBHUX PEUOBUH TIPYHTY,
MOKpAIlylour 3/aTHICTh TPYHTY IOCTAa4aTH TOXKWBHI €JIEMEHTHU ISl POCIMHHU Ta
3aJJOBOJIBHSIOYN TOTPeOy B MOKMBHUX PEYOBHHAX IIiJ] 9aC POCTY Ta PO3BUTKY POCIHH
MIICHUIT], 110, B KIHIIEBOMY PaxyHKY, CIPUATUME MOKPAIICHHIO POJIIOYOCTI IPYHTY Ta
BpPOKAHHOCTI.

Takox OyJ0 BCTAaHOBJIIEHO BIUIMB PI3HHUX MPOMOPIii 010ra3oBoi CycheH3ii Ta
XIMIYHUX J0OpWMB HA pPICT 1 PO3BUTOK POCIMH TMIIEHUIl o3umoi. | cycnensis, i
3aCTOCYBaHHA XIMIYHUX JOOpPUB MIABUIIMIM BpPOXKANHICTH; OYJIO BHUSBJICHO 3HAYHY
PI3HHUINIO y BapiaHTIB 3 YIOOPEHHSM TOPiBHSIHO 3 KOHTpojeM (p<0,05). 3i 30i1bIIeHASIM
yacTKK 010Ta30BOi CycmeH3ii BpoxalHICTh mieHuIll 3pocia 10 BSS50, a motim nouana
3HWKYBATUCA 13 MOJAIBIIMM 30UIBIICHHSIM YaCTKH CYCIEH31i. YpOoXalHICTh MIIEHUI
Ha BapianTi BS50 Oyna naitBumioro nopisusHo 3 CF, BS25, BS75 1 BS100, 306insmeHHs
cranoBwio 30,79 %, 13,61%, 4,31% 1 34,06% BignmoBigHO, 1 MDK HHUMH
crioctepiranucst 1octoBipHi BigMiHHOCTI (p<0,05). BS50 - e ontumanbHa KOMOiIHAIIS
010ra3oBoOi CycIeH3ii Ta XIMIYHOTO J00puBa, SKa MOXE J100pe BIAMOBIIATH MOTpedam
NIICHUIIl O3WMOi B TMOXMBHUX PEYOBHHAX HA PI3HUX CTaisAX POCTYy Ta PO3BUTKY,
3a0e3neuyBaTu Oe3lepepBHE iX HAAXOKEHHS Ta aKyMyJALilo, CIPHUSITH POCTYy Ta

JOCSITaTH HaWKPAIOTO PiBHS BPOXKAMHOCTI MIIIEHUI[I 03UMOI.



19

VYpoxkaliHICTh 1 €Je€MEHTH NPOAYKTHUBHOCTI YpOXaro MIICHHIl O3UMOi TICHO
NOB’si3aHl MK c000r0. BHeceHHd XIMIYHMX JTOOpUMB Ta 010ra3oBOi CYCIEH31i MOXe
3HAYHO 30UIBIIMTH MPOIYKTUBHUN CTEOJIOCTIH, KIIBKICTh 3€peH y KoJioci Ta macy 1000
3epeH (P<0,05). YpoxkaliHICTh CyTTEBO KOpEIOBaa 3 KIIBKICTIO MPOAYKTUBHUX CTEOEN,
KUTBKICTIO 3epeH B kosioci Ta Macoto 1000 3epeH, a KoedillieHTH KOPESIii CTAaHOBUIH
0,964, 0,974 ta 0,870 BignoBigHo. HaiiBuInii 3B’ 130K BCTAHOBIICHO MIXK YPOXKAHWHICTIO
Ta KUIBKICTIO 3€peH Yy Koyioci. Takum 4MHOM, BUCOKUU YpOxKal OCATaBCS 3a PaxyHOK
301IBIIICHHS KUTBKOCTI 3€PeH Y KOJIOCI.

Pi3H1 cniocoOuM mMiKUBIEHHS BIUIMBAIM Ha MOP(OJIOTiYyHI MOKa3HUKH O3UMOIi
nueHuii. BHeceHHss 100puB 30UIBIIMIO BUCOTY POCIUHHM, a OTXKE, 30UTBIINIO
HAJXOHKCHHS MOBITPS Ta CBITJIONPOHUKHICTD 10 HIXKHBOI YaCTUHH, 1110 CIIPHUSIIO POCTY
Ta PO3BUTKY O3MMOI MIIEHUIl Ta (POTOCMHTETUYHIN €(PEeKTHBHOCTI, 10 BIUIMHYJIO Ha
miBUIIEHHST BpoxkaitHocTi. [Ipu 3acTocyBaHHI 010Ta30BOi CycCmeH3li BUCOTAa POCITHHU
Oyna BUIIOIO, HDK NpPH 3aCTOCYBaHHI MiHepalbHUX 100puB. Bucora pocnuHu Ha
Bapiantax BS25, BS50, BS75 ta BS100 cranoBuna 77,47 cm, 79,52 cm, 78,08 cMm Ta
78,02 cM BiamoBigHO. 31 301LIBIIEHHSIM YacTKU 010ra30BOi CYCIIeH31i BHCOTa POCIWHU
36utbiyBasiacs 1o BS50, ne Bona Oyna HaiiBuiiorw - 79,52 cM, 1 jaii 3MeHIIyBaJiacs,
ajie BCe Ie HajeXajaa J0 POCIHH CepeaHboi BHCOTH. Lle Moke He TiIbKH 3amo0irtu
BUJISITAHHIO, ajie ¥ TO3BOJIUTH POCIUHAM MIIEHUIlI O3UMOi OTPUMATH BiAMOBIIHY IIJIOILY
JKUBJICHHS, HAJaTH HEOOXIAHI IJIi POCTYy Ta POCTY MOXHUBHI €JIEMEHTH, 1 Oulblie
cnpusiTumMe GOPMYBaHHIO BUCOKOTO BPOXKAFO.

Bucora pociiMHM BU3HAYA€THCS MIKBY3JISIMHU, SIKi TIOJIOBXKYIOTHCS Ha Pi3HUX
CTaAisIX PO3BUTKY, TOMY BOHM IO-PI3HOMY BIUIMBAIOTh HAa BpOXKaHICTb. JloBkHHA
MEPIIOr0 OCHOBHOTO MIKBY3JISl Ay>K€ BaXKJIMBA JUIsl MIICHUII, a caMme JJIsi CTIHKOCTI JI0
BuysiTaHHsA. OCHOBA TIEPIIOTO MiKBY3JISI 30UTBIITYETHCSI 3 BUKOPUCTAHHSAM J0OPHUB, ajie
MIBUAKICT 301TBIICHHS BiApi3HsAeThCsA ¥ mopiBHsAHO 3 CK, Ha Bapiantax CF, BS25,

BS50, BS75, BS100 Bigmosigno, 30inbmumiaaca Ha 1,81 %, 3,55 %, 0,68 %, 5,96 % 1
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6,19 %, BS100 Mae HailOUIbIITy aMIUTITYTy, 1110 MIJBUIIY€E PU3UK BUIsITaHHS. To0OTO, 11ei
NOKa3HUK Ha BapianTi BS50 maB HaliMeHIIMII NPUPICT, IO HE TUIBKU CHIPHUSIO
30UIBIIICHHIO BUCOTH POCIWHU, ajie ¥ MiBUINYBAJIO CTIUKICTD /10 BUJISTAHHS.

[naexc Bucotu pociud mmeHunl (I) — 1e mpomnopitiiiHe CMiBBIHOIIEHHS MIXK
JIOBKMHOIO BEPXHHOTO 1 HHKHBOT'O BY3JIB CTeONa, 1m0 BigoOpaxkae iHGOpMAIIO PO
POCTOPOBE pO3TalTyBaHHS (DOTOCMHTETHYHOI 30HM W pOOOTY Ta PO3MOJILT CHOIYK.
Buecennss n00puB Moxke €()EKTUBHO MOKPAIIUTU 1HAEKC BHCOTH POCIUMH O3UMOI
nieHu . SAkmo 3HadeHHs | BUCOKe, HUKHIN By30J KOPOTIIWH, IIEHTP Bard HIDKYUH,
HWKHIA BYIIHUA BY30J JOBIIMH, (POTOCMHTETHYHA O0JACTh HAJ JIONATEBUM BY3JIOM
30LIBIIY€EThCA, a CTIMKICTh 10 MaJlHHA Ta (OTOCHHTE3 MOCHIIOKTHCA. 3O01IbIICHHS
1HJIEKCY BHCOTH POCJIHH 3a fonomoror BS50 ¢popmyBano npoaykTuBHi cTebiia 3a yMOB
J0OpOro OCBITIICHHSI, IO CIIPHUSIIO MiABUIIIEHHIO BPOXKaWMHOCTI MIIIEHUIT 03UMOi. [HIeKC
BHUCOTH POCIMH 3HAYHO KOPEIIOBAB 3 MPOAYKTUBHUM CTEOJIOCTOEM, KIJTBKICTIO 3€pEH y
koJjoci, macoro 1000 3epeH, ypokaitHICTIO Ta BUCOTOIO pocivH. Koedirientu kopemsii
MK MikBY3JsiMu Ta macotro 1000 3epen, I1 Ta Bucotor pociunu 6ynu Buiie 0,9, 1o
MOKpaIly€e apXiTEeKTOHIKY POCIMHU Ta ii CTIMKICTh 10 BWISATAHHSA. Y KOPEISALIHHOMY
aHai31 MDK ypOXaWHICTIO Ta 1HJIEKCOM BHCOTHU POCIIMHHU, KOEDIIIEHT KOPEsii Mix
ypOXaWHICTIO Ta By3/1oM KymieHHs OyB HaiBumuMm (0,895), Tomi sk koedirmieHT
KOpEeJAIii Mk BUCOTOIO pocivH Ta [1 Ta By3nmom kymienHs crtanoBuB 0,971 Tta 0,954
BiAMoBiAHO. OTXKe, BYy30J1 KYILIHHS BIJIrpae KIHOYOBY pojib y (popMyBanHi Bpoxkaro. Ha
MPaKTHI MIICHHUITIO 03UMY 3 BIJIHOCHO BUCOKOIO BHCOTOIO pociiiH i 11 ¢ Bubuparu B
MeKax MOMIPHOTO Jlara30Hy BUCOTH.

[linBUILIEHHA BPOXKAaWHOCTI TIPYHTYETbCS HAa HAKOMUYEHHI 1 PO3MOALIL CyXOi
pedyoBuHU. KoMOiHOBaHE BHECEHHS 010Ta30BOi CycleH3ii Ta MiHepaJIbHUX JOOPUB MaJo
3HAYHUN BIUIMB Ha Macy COJIOMH Ta B LIJIOMY HajazeMHy Oiomacy (p<0,05), a HailBuu

3HA4YCHHS OTpuMaHo Ha Bapiantax BS75 ta BS50, omgnak, 31 301IbIICHHSIM YacCTKH
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01orazoBoi cycreHsii, 1 HaBiTh Ha BapianTi BS100, sxuii MOBHICTIO 3aMiHIOE€ MiHEpaJIbHI
no0puBa, 001 1Ba TOKA3HUKU MTOKA3aJIM TEHACHINIO 10 3HUKCHHS.

[nnexc 300py Bpokaro — 1€ BIAHOIIEHHS BPOKal0 3epHa A0 HAA3E€MHOI 3arajibHOi
Macu Cyxoi pedyoBMHHM. BiH BijmoOpakae CIIBBIJHOIICHHS pO3MOAULY MPOJIYKTIB
ACUMUIAIT POCIMH Yy 3€pHI Ta BET€TaTUBHUX OpraHax 1 € BaXKJIUBUM TOKA3HUKOM IS
OITIHKM PIBHS BPOKAMHOCTI Ta €(PEKTUBHOCTI BUPOIIYBAaHHS KyJIbTyp. SAK MiHepabHI
nmmeHutli o3umoi (P<0,05), a inaexc ypokaro Ha Bapianti BS50 OyB HaitBumum (0,48).
30UTbIIEHHSI YacTKU 010ra30BO1 CYCIIEH311 B MEBHOMY Jiana3oHl MOKE MOKPAIIUTH SK
BPOXKaWHICTh, TaK 1 iHAEKC 300py BpoOXKaro. 3acToCyBaHHS BapiaHTy yaoOpeHHs BS50
MOXKE TOKPAIIUTH PICT 1 PO3BUTOK PI3HUX OPraHiB y OUIBIN Mi3HIN MepioJ poCTy,
CKOOpPJIMHYBaTH 30a71aHCOBAHUI PO3MOALT CyXOi PEUYOBHMHHU, TPAHCIOPTYBATH OLIbIIIe
IPOAYKTIB (DOTOCHHTE3Y BiJl JOHOPIB JI0 PEUEHTOPIB, 30UIBIITUTH MOTIK 1 JOCATTH METH
301JIBIIICHHS] BUPOOHUIITBA.

@dakTopH, MO BIUIMBAIOTh HAa BPOXKAWHICTh 3€pHA, Yy ULIJIOMY BpOXKANHICTh
POCIIMHU 1 PO3MOJILT PEYOBHH, TICHO TIOB’s13aH1 3 1HAEKCOM ypoxato. Hamzemua Giomaca
3HaYHO TIO3UTHBHO KOPEITIOBANA 3 MPOAYKTUBHUM CTEOJIOCTOEM Ta KiJIBKICTIO 3€pEH Y
KoJoci, 3 koedirientamu kopesrii 0,935 ta 0,944 BiamoBiAHO, a IHAEKC ypOKAIO TAKOK
3HAYHO TMO3WTHMBHO KOPEIIOBAB 3 MPOJYKTUBHUM CTEOIIOCTOEM Ta KIIBKICTIO 3€peH Yy
KoJoci, 3 Outbmumu koedimieHTamu kopensmii Hik 0,9 (0,911 1 0,901 BiamoBigHO).
Takum uymHOM, MOXHa €()EKTHBHO MOEAHYBAaTH BHCOKY O10JIOTiYHY BpOXKaWHICTH 3
BHCOKHM I1HJCKCOM BpOXKal0, a TaKOXX MOJKJIMBO ITJIBUIIUTH BPOXKAHWHICTh IILITXOM
301IBIIEHHS KUTBKOCTI MPOAYKTUBHUX CTE€0EN Ta KUIBKOCTI 3€pEH Y KOJIOCI.

Knwuoei cnosa: 6iocazosa cycnensis, 000puso, nojiCUGHi peuogunu, poor4icms
IPYHMY, YPOUCAUHICNb, NUEHUYS 03UMA, AKMUBHICMb (hepMenmis, cCmpyKmypa IpyHmy,
winvHicme epyumy, azom, pocgop, kanit, opeaniuni pewosuru, maca 1000 3epen, picm i

PO36UMOK.
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INTRODUCTION

Actuality of theme. Wheat, known as "world grain”, is cultivated and consumed
in almost every country of the world's five continents. The area and yield of wheat in the
world have been the first among cereals for a long time. The yield and quality of wheat
are closely related to the national economy and people's livelihood. Many studies have
shown that wheat quality is not only affected by genetic factors, but also by wheat
growing environment and cultivation factors. Fertilizer has the greatest effect on wheat
yield and quality among many cultivation factors.

In crop cultivation, the utilization rate of chemical fertilizer as fertilizer is low, the
production cost is high, and the soil quality is easy to decline. Biogas slurry is regarded
as a good fertilizer source in agricultural production, containing a variety of nutrients
required for plant growth such as N, P, K, rich organic matter and various growth
hormones, vitamins, etc. It has the advantages of high fertilizer efficiency and easy
absorption by plants, and has positive effects on improving the yield of agricultural
products, reducing production costs and improving soil. Promoting the application of
biogas slurry in agricultural production can not only provide fertilizer for farmland, but
also reduce the environmental pollution of large-scale aquaculture waste, but also realize
agricultural water-saving irrigation, which can effectively promote the organic
combination of agriculture and animal husbandry development, and promote the
promotion and application of efficient circular and low-carbon agricultural technology.

At present, there have been many research reports on the application of biogas
slurry in farmland in China and other countries, but due to the climate environment, soil
conditions, physical and chemical properties of biogas slurry in different regions there
are great differences, the use of biogas slurry is also very different, otherwise it is easy
to cause the decline of fertilizer utilization rate, crop growth inhibition, yield quality

decline and other adverse effects. Therefore, in agricultural production should be
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adapted to local conditions, reasonable and efficient use of biogas slurry. In this study,
winter wheat in Zhoukou lime concretion black soil was used as the research object to
study the effects of different concentrations of biogas slurry on nutrient soil physical and
chemical properties, enzyme activities and winter wheat yield, providing scientific basis
for scientific application of biogas slurry, improving soil texture, increasing wheat
quality and high yield, and realizing sustainable agricultural development.

"Storing grain in the land and storing grain in technology" is a national strategic
measure of China and a guarantee for world food security. To make scientific
fertilization scheme, optimize the use of biogas slurry in agricultural production,
improve agricultural production efficiency and promote the sustainable development of
agriculture is the necessary way to achieve soil health, planting science and improve the
quality and yield of winter wheat.

Connection of work with scientific programs, plans, themes. This work was
supported by the science and technology key project of Henan Province (212102110388)
and by the key scientific research project at Henan Provincial University (20B8210004),
China. The research also was carried out in accordance with the thematic plans of
research works of the department of agrotechnologies and soil science of the Sumy
National Agrarian University and within the framework of the topics “Biologization of
the farming system through a rational combination of methods of soil cultivation and
sideration” 0115u0010055. In 2021 our project “Impact of organic fertilizers from
biogas plants on microbiological, physical and chemical properties of soil and crop
growth” was supported by minigrant due to participating in the project “Interuniversity
cooperation as a tool for enhancement of quality of selected universities in Ukraine”
financed within the Development Cooperation of the Czech Republic (Ministry of

Foreign Affairs).
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The purpose and objectives of the study. The purpose of the research is to
determine the effect and the best amount of biogas slurry to improve the yield and

quality of winter wheat. Set the following 4 tasks according to the goal:

® To determine soil physicochemical indexes, enzyme activities, straw and grain
data at winter wheat harvest period after fertilizer and biogas slurry
application;
® To compare the effects of fertilizer and biogas slurry application on each
index and the correlation;
To evaluate the effect of fertilizer and biogas slurry application;
® To determine the fertilizer type and application amount suitable for Zhoukou
lime concretion black soil.
Object of study —nutritional value of biogas slurry and increasing yield and
improving quality of winter wheat.
Subject of study. The effects of biogas slurry on improving the quality and
efficiency of winter wheat were analyzed from the changes of soil physical and chemical
properties, enzyme activities, straw and grain of winter wheat.

Research methods. The research mainly used the following research methods:

Observational method: select the samples that meet the requirements of research
through observation.

Experimental method: obtains scientific data by controlling conditions, such as
physical and chemical properties, enzyme activity, etc.

Literature method: to understand the research progress of the topic, so as to
determine the appropriate concentration gradient of biogas slurry and the application
amount of chemical fertilizer, methods for determination of physical and chemical
properties and enzyme activity etc., and ensure the accuracy of the experimental results

by reading and collecting the literature.
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Statistical method: the enzyme activity, thousand-grain weight, protein content
were analyzed to understand the influence of biogas slurry on winter wheat.

Induction method: according to the measured data, statistical analysis, etc.,
comprehensive analysis and comparison of fertilizer and biogas slurry application effect.

The scientific novelty:

The practicability of the topic: the research topic closely follows the urgent
problems in the current agricultural development, using the combination of agriculture
and animal husbandry as the research entry point, the return of biogas slurry to the field
not only solves the digestion and effective utilization of biogas slurry, but also increases
the grain yield and quality, which can be said “to kill two birds with one stone”, and in
line with the concept of sustainable development.

The comprehensiveness of the experimental design: the concentration of biogas
slurry was comprehensive (0, 25%, 50 %, 75%, 100 %), the soil layer was
comprehensive  (0-10 cm,10-20 cm, 20-40 cm), the measurement index was
comprehensive (soil and winter wheat), and the change of different concentrations of
biogas slurry in the soil layer and its impact on winter wheat could be fully understood,
ensuring the accuracy of the experimental results.

The benefit of the research results: the research results determined the optimal
concentration of biogas slurry used in Zhoukou lime concretion black soil, and
confirmed the effects of biogas slurry on agricultural production, such as increasing
fertility, stress resistance and production, which can not only achieve the effect of
increasing production and quality, but also reduce the environmental pollution of large-
scale aquaculture waste, so that people realize the value of biogas slurry in economic
benefits, social benefits and environmental protection. In the future, biogas slurry will be
more and more widely used in promoting the organic combination of agriculture and

animal husbandry to achieve low-carbon and efficient agriculture.
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For the first time the effects of application of biogas slurry on soil and winter
wheat in lime concretion black soil in Zhoukou were studied and evaluated
comprehensively. The difference of biogas slurry with concentrations was determined,
and the best biogas slurry application concentration BS50 was determined.

It was improved the application amount of biogas slurry in the combination of
agriculture and animal husbandry, increased the yield and quality of wheat, and provided
a basis for the scientific application of biogas slurry.

The practical significance of the results. Based on this research, the evaluation
system of biogas slurry application effect was obtained, the relationship between soil
and winter wheat measurement indexes was clarified, the soil fertility was improved, the
growth and development of winter wheat was promoted, the yield and quality of winter
wheat was increased. At the same time, the use of chemical fertilizer, the cost of
agricultural production and environmental pollution were reduced, and agriculture and
animal husbandry were closely combined. It is beneficial to the sustainable development
of agriculture, and the research has been recognized by the Department of Education and
the Department of Science and Technology of Henan Province (appendix A). Results of
the experiment are implemented in the educational process of the Sumy National
Academy of Sciences (appendix B).

The personal contribution of the applicant. This research is determined by the
applicant and the scientific supervisor according to the applicant's situation and previous
research work, the applicant has conducted the implementation of research, sampling,
data analysis, review of the topic, and the writing of papers.

Approbation of dissertation results. The main items, research results and
conclusions of the work during 2020 - 2023 were presented and discussed at the
meetings of the Department of Agrotechnologies and Soil Science of Sumy National
Agrarian University, Department of Education and the Department of Science and

Technology of Henan Province, International scientific and practical conference
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dedicated to World Soil Day (Kyiv, NULES. 7.12.2021), International Scientific and
Practical Conference «Honcharivski Chytannya» (Sumy National Agrarian University,
25.05.2021, 25.05.2022), International Scientific Conference «Global and national
trends in life sciences» (Nizhyn, 6.04.2023).

Publications. Based on the results of the research, one article was published in a
journal indexed in the Scopus database (Q1 quartile), 2 articles were published in
professional journals, 1 article — in a journal of EU, 3 articles in scientific professional
publications of China and in the proceedings of 4 conferences.

The structure and scope of the dissertation. The dissertation contains
annotations, a list of abbreviations, introduction, five chapters, conclusions, a list of
references, appendixes. The volume of dissertation is 151 pages of computer text,

includes 13 tables and 32 figures.
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CHAPTER 1
REVIEW OF EFFECTS OF BIOGAS SLURRY ON SOIL AND CROPS

1.1. Effects of biogas slurry on soil physicochemical properties

In recent years, with the development of agricultural production in China, the use
of chemical fertilizer in agricultural production has been increasing, the multiple
cropping index of cultivated land and the yield level of crops have been continuously
improved, and the nutrient status of farmland soil has undergone significant changes.
China’s grain production is closely related to the input of nitrogen fertilizer, phosphate
fertilizer and potassium fertilizer. However, improper application of fertilizer will lead to
soil fertility degradation, which seriously threatens the sustainability of agricultural
production. Long-term single use of inorganic chemical fertilizer leads to the
deterioration of soil structural stability, the reduction of porosity, and the dispersion of
micro-aggregates. As the number increases and the destruction rate of water stability
structure increases, the cultivated layer of soil loses its original physical and chemical
properties, which is not only detrimental to the development of plant roots, but also
changes the water-gas-heat environment and affects the balance of fertilizer - soil - crop
nutrient system (Zhang et al. 2010).

Biogas slurry is rich in N, P, K and other nutrients required by plants, and rich in
humic acid, organic matter, trace elements and other nutrients. It is a kind of quick-
acting and slow-acting organic compound fertilizer, they are found in the soil under the
condition that nitrogen, phosphorus, potassium and other nutrients in the soil are equal,
soil fertility can be significantly improved after application of biogas slurry, and the
contents of nitrogen, phosphorus, potassium and trace elements in the soil can be
increased (Gan et al. 2011), its physical properties are also improved (Wu et al. 2013).
So far, biogas technology has been applied in more than 60 countries.

The results of long-term positioning experiments (Bronick et al. 2005; Kaiser et al.
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2005) show that long-term single application of chemical fertilizer can increase the
proportion of soil solid pores and soil bulk density, and at the same time reduce the field
water capacity. Therefore, the application of chemical fertilizer combined with the
application of organic fertilizer can significantly improve the physical and chemical
properties of soil.

Moreover, many studies have found that the application of biogas slurry can
improve soil pH to varying degrees and effectively prevent soil acidification caused by
long-term application of chemical fertilizers. Zhu Yanli et al. (2012) studied the effects
of biogas slurry application on soil physical and chemical properties and found that
application of biogas slurry effectively improved soil pH and porosity, reduced soil bulk
density, and increased soil total nitrogen, total phosphorus, total potassium and organic
matter contents.

According to the research of Wang Zongshou (2007b), it can be found that the
application of biogas slurry can increase soil pH by 0.23-1.03 units, with an increase rate
of 5.37-24.07 %, soil organic matter increased by 0.14-3.11g/kg, with an increase rate of
0.44-9.80 %. Available phosphorus, available potassium and alkali-hydrolyzed nitrogen
were all increased, and the increase rate was available phosphorus >Quick available
potassium >Total phosphorus >Total nitrogen > Total potassium >Alkali hydrolyzed
nitrogen. Wang Fuquan et al. (2015) took "Chuanmai 58" wheat as experimental
material to study the effect of biogas slurry returning to wheat field on soil improvement.
The results showed that biogas slurry could reduce soil bulk density, increase soil
porosity and pH value, effectively prevent soil acidification, promote the formation of
soil aggregate structure, increase soil water and fertilizer retention ability, and improve
soil physical and chemical properties.

Zhang Li et al. (2015) conducted a 3-year field experiment and concluded that
replacing fertilizer with biogas slurry could significantly improve the structure of newly

reclaimed red soil and increase the contents of soil organic carbon, total nitrogen,
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available nitrogen, available phosphorus, available potassium, and available state
content and micronutrients.

Studies have shown that biogas slurry irrigation can improve the biomass and
metabolic activity of soil microorganisms, increase the activity of microorganisms, and
enhance the ability of soil to fix organophosphorus. Then microorganisms can
decompose and send some fixed phosphorus, which can be absorbed and utilized by
plants, and finally reduce the pollution of leaching on groundwater (Oehl et al. 2004;
Odlare et al. 2008).

Ni Liang et al. (2008b) and Kang Lingyun et al. (2011) also proved that surface soil
nutrient content increased after application of biogas slurry. However, the experimental
results of Kang Lingyun et al. also found that a large amount of phosphorus accumulated
in surface soil and nitrogen leaching loss, a large amount of phosphorus accumulation
will cause water eutrophication, and nitrogen loss will lead to groundwater pollution risk.
It can be seen that the application of biogas slurry can improve the soil aggregate
structure and soil quality, and at the same time may bring about secondary
environmental problems such as water pollution, secondary salt collapse, soil
acidification and compaction, which will become the focus of future research on the
agricultural effect of biogas slurry, and carry out scientific and rational digestion of
biogas slurry in farmland.

The pH of biogas slurry is mostly 7.5-8.0, which is alkaline, which can effectively
improve soil acidification and balance soil pH. At the same time, rich elements such as
nitrogen, phosphorus and potassium, organic matter and humic acid enter the soil system
with the application of biogas slurry, changing the physical and chemical properties and
distribution of soil.

- In the process of agricultural use of biogas slurry containing a large amount of organic

matter, this organic matter is brought into the farmland. The organic matter acts as a

nutrient for microorganisms, increasing the number of microorganisms and thus
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increasing the content of organic matter in the soil. Li Yougiang et al. (2014b) research
results show that that replacing fertilizer with biogas slurry could significantly increase
the contents of N, P, and K in wheat soil, with total nitrogen content increased by 15.3 %,
available phosphorus content increased by 34.5 %, and slow-available potassium content
increased by 6.2 %. After biogas slurry replaces fertilizer, cations in soil can be
adsorbated by organic matter, thereby improving the soil's fertilizer holding capacity and
buffering performance, providing a good environment for the growth of microorganisms
in the soil, and keeping the soil loose.

Biogas slurry is an excellent organic liquid fertilizer, which can completely replace
chemical fertilizer. A large number of experiments show that long-term application of

biogas slurry can improve the physical and chemical properties of soil (Garg et al. 2005).

1.2. Effect of biogas slurry on soil enzyme activity

As one of the important indicators affecting soil biological activity and soil
fertility, soil microbial enzyme activity is mainly derived from plant root exudates and
soil microorganisms. It participates in the decomposition and transformation of soil
organic matter and plays an important role as a catalyst in the biochemical reaction of
soil. The strength of soil nutrient transformation can be reflected by the level of soil
enzyme activity. Soil nutrients, microorganisms and other factors can also affect soil
enzyme activity.

Tang Hua (2011) found in the process of applying biogas slurry to wheat fields that
soil urease activity increased, but soil dehydrogenase activity decreased after
agricultural application of biogas slurry. However, in the process of application of biogas
slurry to paddy fields, it was found that the biogas slurry not only increased the soil
urease activity, but also significantly increased the catalase and invertase activities (Ni et
al. 2008b). Wang Gui fang et al (2009a) showed that the application of biogas slurry as

top-based fertilization in apple orchards could increase the activities of urease and
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invertase in soil. Feng Wei et al. (2013) showed that the 1:3 complex application of
biogas slurry with fertilizer and nitrogen fertilizer could increase the activities of soil
protease and catalase. Wan Haiwen et al. (2017) showed that topdressing of wheat with
biogas slurry application level of 22,500 kg/hm? could significantly increase the
activities of soil catalase, alkaline phosphatase and urease. Enzyme activities can predict
and influence soil fertility and improve soil conditions. Zhang Wudi et al. (2009)
showed that application of biogas slurry can effectively improve soil enzyme activity
and increase the number and diversity index of soil microorganisms.

Soil biological activity plays an important role in changing soil physical and
chemical properties, and its biological activity is indirectly or directly affected by soil
physical properties. Soil enzyme activity was affected by soil structure and mechanical
composition, and the effect was obvious. Studies have confirmed that soil clay adsorbs
soil enzymes or soil enzymes combine with humus molecules and exist in the soil
through inorganic organic complex, which makes the enzyme activity of the same type
of soil light soil lower than that of clay soil. Soil microaggregates and aggregates are an
important index to represent the degree of “soil and fertilizer integration” and the level
of soil fertility (Gao Ziqin et al. 1992). It was found that aggregates with the smallest
particle size had the highest soil enzyme activity, which was consistent with the
distribution of microorganisms (Mendes C et al al.1999), Feng Guiying (1999) tested the
adsorption capacity of eight kinds of soil clay adsorbed by urease and found that soil
clay could adsorb soil enzyme, but the adsorption capacity value was different. The
interaction between soil clay and organic matter in urease adsorption can be shown by
the relationship between the adsorption amount of soil clay and urease and their organic
mass. Wang Jingkuan et al. (2000) tested the activities of multiple enzymes in typical
brown soils with different fertility and their micro-aggregates in different areas of
Liaoning Province and concluded that the activities of polyphenol oxidase, sucrase,

neutral phosphatase and urease in low-fertility brown soils were significantly lower than
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those in high-fertility brown soils. Enzyme activity is also affected by soil porosity. Dick
et al. (1988) believed that the diffusivity of gas and water in soil changed after soil
compaction, which also affected soil biology and biological parameters, and concluded
that soil porosity and water penetration had a great impact on nutrient cycling. Water, air
and heat are affected by soil structure, which in turn affects the level of soil enzyme
activity.

Soil enzyme activity is affected by soil chemical properties, mainly in the
following three aspects: First, the activities of soil microorganisms and plant roots are
affected by soil energy and nutrient status, and then affect enzyme activity; Second, the
composition and characteristics of soil organic mineral complex and the content of soil
organic matter determine the stability of enzymes. The activation and inhibition of soil
enzymes are affected by certain chemicals. Soil total nitrogen content, soil organic
carbon and soil phosphatase, urease, sucrase and protease are closely related (Zantua et
al. 1977; Dick 1984); He Wenxiang (2001) concluded through research that soil samples
in northern Shaanxi had a considerable relationship with pH value, cation substitution
amount, alkali-soluble nitrogen, total nitrogen and organic matter, but it was negatively
correlated with pH. Soil enzymes are directly related to the concentration of hydrogen
ions in soil, the absorption capacity of soil and the total amount of adsorbable cations.
The properties of adsorbed enzymes are determined by the properties of adsorbent
cations. The accumulation of soil enzyme and the manifestation of enzyme activity are
mainly through the clay soil with high base saturation and high humus content. The
composition and physiological characteristics of the enzyme, the amount of production
Is determined by the pH value of the soil, but also determine the degree of preservation
of enzyme activity and the amount of enzyme in the soil, at different pH values, the
enzyme molecules will produce different dissociation, and only a certain form of
dissociation of the enzyme has catalytic activity.

At present, with the continuous expansion of biogas projects at home and abroad,
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the annual output of biogas slurry is also increasing. It can be said that the application

prospect of biogas slurry is very broad and the development potential is huge.

1.3. Effects of biogas slurry replacement of fertilizer on crop yield and quality

The resource utilization of biogas slurry plays an important role in the healthy and
sustainable development of agriculture, which can not only improve soil fertility and
pollution remediation, but also achieve the effect of increasing production and
improving quality (Yu et al. 2010), which has the potential to replace or combine with
fertilizers to produce pollution-free vegetables, thus achieving cost savings (Tiwari et al.
2000).

In farmland ecosystem, biogas slurry is mainly used as base fertilizer, topdressing
fertilizer and foliar spraying to achieve high yield of crops. Wang Zhi et al. (2009b)
significantly increased the corn yield by applying biogas slurry, with an increase rate of
7.64-10.34 %. Wu Huashan et al (2012a) found in the study on biogas slurry irrigation of
corn fields that 50 % biogas slurry combined with chemical fertilizer could increase corn
grain yield more than the replacement of full biogas slurry irrigation (Wu Huashan et al.,
2012). Du Zhenjie (2014) also obtained the same result in the study of biogas slurry
irrigating wheat fields. Huang Hongying et al. (2013a) concluded that the highest yield
was achieved when the concentration of rice biogas slurry replaced fertilizer was 75 %,
and the highest yield was achieved when the concentration of wheat biogas slurry
replaced fertilizer was 50 %. Wang Yongcui et al. (2010b) concluded through research
and comparison that the application of biogas slurry and nitrogen fertilizer in a certain
proportion was conducive to the accumulation of dry matter of silage maize and affected
the yield, and the recommended application amount was 90m?/hm?,

Panicle number per unit area, grain number per panicle, 1000-grain weight and seed
setting rate are the factors of yield. Shao Wenqi et al. (2017) studied the effects of biogas

slurry on rice growth and yield, and the results showed that: 750t/hm? is a watershed of
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biogas slurry application. When the application rate of biogas slurry is lower than this
standard, the increase of biogas slurry replacement ratio can significantly improve the
tillering ability and plant height of rice. Compared with traditional chemical fertilizer
treatment, the total panicle number of rice can be increased by biogas slurry replacement.

He Shunmin et al. (2005) showed that biogas slurry was an organic fertilizer with
relatively slow fertilizer efficiency. During the growth and development of rice, the plant
height and tillering number of rice were higher than that of the control treatment when
biogas slurry was applied in combination with chemical fertilizer, and the growth was
stable in the early stage, while the color transformation was good in the later stage by
applying different concentrations of biogas slurry. Li Yougiang et al. (2014b) took
Yangmail6 as the experimental material and showed that the application of biogas slurry
promoted the tillery ability of wheat and increased the head rate. Due to the application
of biogas slurry, the SPAD of wheat increased, the photosynthetic capacity was
strengthened, and the dry matter accumulation was significantly increased. Therefore,
the wheat yield was significantly higher than that of the control treatment, and the
optimal fertilizer replacement amount of biogas slurry was 60.000-75.000 kg/hm?. Wang
Wenbo et al. (2014) obtained the same result through different concentrations of biogas
slurry irrigation: the rice yield of biogas slurry instead of fertilizer was greater than that
of fertilizer treatment. Wan Haiwen et al (2017) found that due to the application of
biogas slurry in the jointing stage of maize, the leaf green content of leaves increased,
which promoted the progress of maize photosynthesis and the accumulation of dry
matter in the plant, so it can be seen that the application of biogas slurry had a
significant yield increase effect.

It can be seen that biogas slurry replacing fertilizer can improve the yield of rice
and wheat mainly by increasing tillering number, plant height, head rate, thousand grain
weight, etc. Meanwhile, biogas slurry replacing fertilizer can significantly or extremely

significantly increase the yield of other crops, and the application amount of biogas
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slurry has a more suitable application range.

Biogas slurry has been widely used in agricultural production, but biogas
fermentation broth has different effects on increasing production of different crops. In
wheat after watering biogas fermentation liquid, yield 20 kg more than after water and
urea, increase 10 % leaf spraying made wheat grow strong and resistant to lodging. The
combined application of biogas fermentation liquid with nitrogen and phosphorus
fertilizer was 20.5 % higher than that of control, 14.5 % higher than that of nitrogen
fertilizer alone, and 5.6 % higher than that of phosphorus fertilizer (Gupta et al. 2002).

Biogas slurry is a decomposed water-soluble fertilizer. Biogas slurry has been
widely used in crop research, especially in vegetables and food crops. Many studies
have shown that the application of biogas slurry can improve the yield and quality of
crops, reduce the use of fertilizers, and achieve the effect of low investment and high
yield. Wang Fuquan et al. (2015) concluded through the study and analysis of wheat-
rape rotation system that biogas slurry instead of chemical fertilizer treatment could
improve wheat quality to a certain extent compared with whole chemical fertilizer
treatment. Xu Weihong et al. (2005) also mentioned in their published articles that
biogas slurry fertilization had a good yield increase effect on many crops, especially in

the impact on crop quality.

Conclusions to Chapter 1

Therefore, it is necessary to systematically analyze the effects of different
proportions of combined application of biogas slurry and chemical fertilizer on soil
physical and chemical properties and enzyme activities in different soil layers of lime
concretion black soil in Huang-Huai-Hai Plain, as well as the effects on the growth and
development of winter wheat, and determine the appropriate dosage of biogas slurry in
Zhoukou area, so as to provide a scientific basis for soil improvement of lime concretion

black soil.
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CHAPTER 2
CONDITIONS, MATERIALS AND METHODS OF RESEARCH

2.1. The materials

2.1.1 The site

The research area is located in Leizhuang Village(114°36’ E, 33°45' N), Dawu
Township, Shangshui County, Zhoukou City, Henan Province. The area is located in the
southwest of Shangshui County. The overall terrain is relatively flat and low in the east,
with an altitude of 48-54 m. Rich in hydraulic resources, the annual average
precipitation 785.1 mm, mainly concentrated in June to September, the annual frost-free
period of about 200 days, the soil type is lime concretion black soil, suitable for
agricultural production.

"China's wheat in Henan Province, Henan wheat in Zhoukou City", Zhoukou city
Is an important wheat production base in Henan province, the annual total grain
production of more than over 9 billion kilograms, ranking first in the province, can
provide a large number of commercial grain to the country every year, to ensure national
food security has made important contributions. And Shangshui County of Zhoukou city
Is the national super grain production county, wheat grain output is about 560,800
tons/year.

The specific geographical location is shown in Figure 2.1. This precipitation data
Is obtained from the Meteorological Bureau by my tutor in China.

According to long-term observations, the highest temperature in the region
occurred in June, which is also the event of the winter wheat harvest, the highest
temperature in 2020-2022 occurred in June 2022, with an average maximum
temperature of 29°C, and the low temperature weather occurred in January and

December every year, and the lowest average temperature in 2020-2022 was in
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December and January 2022, and January 2020, which is suitable for the growth of

winter wheat (Fig. 2.2, appendix C). Precipitation rate are showed in Appendix D.

the 16th farm of Shangshui Muyuan Agriculture
and Animal Husbandry Co., Ltd.

Leizhuang Village

Fig. 2.1. Location of experimental plots
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Fig. 2.2. Average temperature per month for 2020-2022
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2.1.3. The biogas slurry

The biogas slurry comes from Shangshui Muyuan Agriculture and Animal
Husbandry Co., Ltd., which is mainly engaged in pig breeding and is a national key
leading enterprise in agricultural industrialization. It has realized automatic pig breeding,
and the number of pig farms in 2022 has reached 61,201 million, ranking first in the
world.

Shangshui Muyuan Agriculture and Animal Husbandry Co., Ltd. has 11 farms in
Shangshui Country, and the biogas slurry used in the field is taken from the nearby
biogas slurry storage tank of the 16th farm. The main raw material is the liquid mixture
of pig manure and urine, and also includes the washing water of some pig pens. By
using microbial anaerobic fermentation process, the fermentation temperature is
controlled to 35-40 °C, and the retention time is 7-10 days according to seasonal changes.
Aguaculture water consumption and fecal waste discharge vary with the breeding season
to a certain extent. Since the breeding scale and the quantity of feedings in the farms
remain basically the same during the experimental period, and the feeding method and
fermentation process also adopt a standardized process, the physical and chemical
properties of the biogas slurry produced can be ensured to be relatively stable and
uniform (Fig. 2.3).

e

Fig. 2.3. Biogas slurry fermentation process
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The basic composition of the biogas slurry is shown in Table 2.1
Table 2.1

Basic properties of the selected biogas slurry

Index Content
pH 7.48
Total nitrogen (kg/m?) 1.36
Total phosphorus (kg/m?3) 0.15
Total potassium (kg/m?) 0.57
Organic matter (kg/m?3) 18.64

2.2. Test methods

2.2.1 Sample Site Settings

In this experiment, based on the principle of equal nitrogen content (the total
fertilizer application in wheat growing season was controlled at N 180 kg/ha), a total of
6 treatments were set up, and each treatment was set up with 3 replicates. The random
block arrangement was adopted, and the area of each replicate area was about 66.7 m?,

The treatments were as follows:

(2) Control (CK), that is, no application of biogas slurry and chemical fertilizer;

@ Full fertilizer (CF), all chemical fertilizer nitrogen;

(3 Fertilizer and biogas slurry irrigation (BS25), 25 % nitrogen from biogas
slurry and 75 % nitrogen from fertilizer during winter wheat planting;

@ Fertilizer and biogas slurry irrigation (BS50), 50 % nitrogen from biogas
slurry and 50 % nitrogen from fertilizer during winter wheat planting;

® Fertilizer and biogas slurry irrigation (BS75), 75 % nitrogen from biogas

slurry 25 % nitrogen from chemical fertilizer during winter wheat planting;
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® Biogas slurry irrigation (BS100), only biogas slurry irrigation during winter

wheat planting.

Fertilization inputs in wheat season were N 180 kg/ha, P-Os 90 kg/ha and KO

90 kg/ha. In order to ensure equal phosphorus and potassium nutrients in each biogas

slurry treatment except CK, heavy superphosphate (Ca(H2PO.).-CaHPO.) and

potassium sulfate (K>SO4) were used to supplement the specific fertilizer application

amount, as shown in Table 2.2.

Table 2.2
Nutrient supply conditions of biogas slurry irrigation proportion in wheat
cultivation
Biogas Slurry(BS) Chemical Fertilizer(CF)
Treatments = P20 K20 N P20 K20
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha)

CK 0 0 0 0 0 0
CF 0 0 0 180.00 90.00 75.00
BS25 45.00 5.00 18.75 135.00 85.00 56.25
BS50 90.00 10.00 37.50 90.00 80.00 37.50
BS75 135.00 15.00 56.25 45.00 75.00 18.75
BS100 180.00 20.00 75.00 0 70.00 0

70 % of the biogas slurry needs to be watered 5 days before sowing, fertilizer is

applied at the time of sowing, and the remaining 30 % of the biogas slurry is applied

into the soil by sprinkler irrigation during winter irrigation. When applying fertilizer at

the same time, the water brought in by single biogas slurry irrigation treatment was

taken as the standard, and the water brought in by different proportions of biogas slurry

irrigation was deducted. After seeding, water irrigation was carried out to keep the water

input of all plots equal.
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The winter wheat variety used in the test was Fengde Cunmai 21, a wheat variety
with high yield, high quality and multiple resistance, belonging to the semi-winter high-
quality variety commonly planted in this area. Nitrogen fertilizer was applied according

to different treatments, and other management was consistent with that of local wheat.

2.2.2 Sample collection and processing

2.2.2.1 Soil sample collection

After wheat harvest at the end of May and the beginning of June from 2020 to
2022, three quadrates were randomly selected in each treatment area according to the
"S" shaped sampling method, and soil samples at the upper and lower levels of 0-10 cm
and 10-20, 20-40 cm were respectively taken with soil drill. The soil bulk density was
determined by a ring knife to collect the original soil samples of the corresponding soil
layer (Fig. 2.4). At the same time, parallel samples were randomly taken from pairs

treated without biogas slurry under similar terrain.
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Fig. 2.4. Soil sampling for bulk density definition
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The plant residues, roots and large stones were removed and brought back to the
laboratory. Part of the fresh soil was stored in a refrigerator at 4°C for the determination
of soil enzyme activity, and part of the fresh soil was air-dried through different soil

screens to determine the soil physicochemical properties.

2.2.2.2 Winter wheat sample collection

After physiological maturity of winter wheat each year, 20 representative winter
wheat plants in each plot were randomly selected, and their plant height, base internode
length and subear internode length were measured, and the average value of each index
was calculated. At the same time, a representative 1 m double-row area was randomly
selected to calculate the number of ears per m2, which was converted into the number of
ears per hectare according to the sowing row spacing of wheat. In addition, 20 wheat
ears of uniform size were randomly collected in the selected 1m double-row area to
investigate the number of grains per ear. After the harvest of 1m double-row area wheat
was threshed and dried, 1000 grains were randomly selected, the 1000-grain weight was
measured, and the average value was obtained 5 times. Finally, an area of 1 mx1 m was
randomly selected in each plot for actual yield measurement, and the dried grain weight
and dry matter weight of straw in the ground were weighed to obtain the actual yield
and dry matter accumulation in the ground, and the harvest index was calculated.

Theoretical yield of wheat = the number of ear xgrain number per earxthousand
grain weight, because the units of thousand grain weight is different from other, so the

thousand grain weight is plotted separately.
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2.2.3. Measurement indexes and methods

2.2.3.1 Determination of basic components of biogas slurry

The contents of total nitrogen, total phosphorus and total potassium in biogas
slurry were determined by referring to the Monitoring and Analysis Method of Water

and Wastewater [21], and the specific methods are shown in Table 2.3.

Table 2.3
The basic properties of biogas slurry
Index Method
pH Acidometer method
Total nitrogen Ultraviolet spectrophotometry
Total phosphorus Spectrophotometry
Total potassium Flame photometry
Organic matter Potassium dichromate REDOX titration method

2.2.3.2. Determination of soil physical and chemical properties
The analysis of soil physical and chemical properties was determined by referring
to the methods in the textbook of soil agrochemical analysis. The specific methods are

shown in Table 2.4.

Table 2.4
The determination method of soil physical and chemical properties
Index Method
pH Acidometer method
Bulk density Ring knife series analysis
Aggregate Wet screening
Total nitrogen Semi-micro Kelvin method

Ammonium fluoride hydrochloric acid extraction -

Rapidly available phosphorus molybdenum antimony resistance colorimetric method

Quick available potassium NH4Oac extraction, flame spectrophotometry

Organic matter Potassium dichromate REDOX titration
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2.2.3.3 Calculation of experimental indexes
Soil aggregate
Soil aggregate failure rate (PAD), mean weight diameter of water-stable

aggregates (MWD) were calculated using the following formula:

PAD:(DRo.zs - WRO'ZS)/DRO 25*100%

MWD =37, w; * x;:

Where DR, ,5 and WR 55 are the aggregate content obtained by dry screening
and wet screening methods greater than 0.25mm, respectively. x; is the average diameter
of any adjacent aggregate size (mm), wi is the proportion of aggregate weight of a

certain aggregate size.

Wheat plant height composition index

Wheat plant height composition index refers to a certain proportion between the
length of the upper and lower internode of the stalk, and its value is the ratio of the
length of any internode and the sum of the length of the internode plus the next
internode (In) or the ratio of the sum of the length of the subspike internode and the top
second stem to the plant height (I.). The ratio determines the planting position and
configuration of the leaves on the stem, and is therefore closely related to yield traits.

Set plant height as L, Ln as the NTH internode length, n as the top-down node,
and | as the component index of plant height. I and In between nodes can be obtained
according to the following formula:

lL=(L1+L2)/ L; In=Ln/ (La+Lns1)

In the formula, L is the plant height, and L1, L2, Ln and Ln+1 are the first, second,

n and n+1 internode length from top to bottom.
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The Harvest Index
The Harvest Index (HI), also known as the Coefficient of economy, is the ratio of
Economic yield (grains, fruit, etc.) to the above-ground biomass at the time of harvest.

The formula is as follows: The Harvest Index = yield/biomass x100%.

2.2.3.4 Determination of soil enzyme activity and data analysis

The determination method of soil enzyme activity was referred to the "Soll
Enzymes and Their Research Methods" edited by Guan Songyin and the specific
methods were shown in Table 2.6.

Data analysis and were performed using Excel2019 and Spss25.0.

Table 2.6
The determination method of soil enzyme activity
Index Method Unit
Urease Indophenol blue colorimetry ug-g1(37°C, 24h)
3, 5-dinitrosalicylic acid colorimetric 1 e
Sucrase method mg-g™ (37°C, 24h)

Colorimetric method of disodium 1 (ae
phenyl phosphate mg-g~ (37°C, 24h)
Catalase Ultraviolet spectrophotometry mmol-g?(25°C,24 h)

Acid phosphatase

2.2.3.5 Reagents and instruments
The main reagents and instruments used in the experiment are shown in the

following table 2.7 and 2.8.

Table 2.7
The experimental reagents list
3—5_3 dinitrosalicylic Toluene Sucrose Hydro_gen
acid peroxide
Aluminium : : Sodium -
sulfate Sodium hydroxide hypochlorite Vitriol
Phenol Sodium chloride Boric acid Ethanol
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Table 2.8

Instruments and equipments used in the experiments

Device Name Model Manufacturer
Electronic analytical EA2104 C_:ha}ngzhou lucky electronic equipment
balance limited
Microcoder SpectraMax Plus384 Molecular Devices, America
Ful! temper_ature HZQ-F160 Jintan Hualong experimental instrument
oscillating incubator factory
pH meter Starter 3100 Ohaus
Spectrophotometer | 724 Shanghai Youke Instrument Co., LTD
LhaiLmOStat'C water HS-4 Jintan Hualong experimental instrument
I(E)i?ecr;[rlc blast drying 101-2AB Tianjin Test Instrument Co., LTD
Conductivity meter | Starter 3100c Ohaus
Protein detector HD-97-1 Shanghai Jiapeng Technology Co., LTD

Conclusions to Chapter 2

Zhoukou City is one of the main wheat producing areas in China, the flat terrain

Is very suitable for mechanized operations, and the wheat planting area is very wide.

Zhoukou has a national key leading enterprise of agricultural industrialization whose

scale of intensive pig raising ranks among the top in China, which provides favorable

conditions for the necessity, feasibility and popularization of this study.

The experimental design, sampling quantity, measurement methods, instruments

and equipment, data statistics and analysis methods of this study show that this study

can obtain a sufficient number of field records and ensure the accuracy of the

measurement results. The results obtained by comprehensive analysis will provide a

scientific basis for the application of biogas slurry.
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CHAPTER 3
EFFECTS OF COMBINED APPLICATION OF BIOGAS SLURRY AND
CHEMICAL FERTILIZER ON SOIL PHYSICOCHEMICAL PROPERTIES

Soil is the carrier of plant growth and development, and soil physical and
chemical properties are an important index of soil quality. The physical and chemical
properties of soil can be divided into soil physical properties and soil chemical
properties, including soil bulk density, aggregate and so on. Soil chemical properties
include the content of various elements in the soil, of which the most important and most

commonly used are the three major nutrients N, P and K in the soil.

3.1. Effect of combined application of biogas slurry and chemical fertilizer on
physical properties in soil

3.1.1. Soil bulk density

Soil bulk density is a comprehensive reflection of soil porosity, texture, structure
and other physical properties, and is an indicator to measure soil tightness. Soil tightness
is one of the important physical properties of soil, which directly affects soil fertility and
plant root development. Appropriate bulk density is conducive to the spread of crop
roots and the accumulation of root mass, and can improve crop biological yield and
economic yield (Garcia et al. 1988; Gao 2009).

Fig. 3.1 shows the bulk density of winter wheat with different proportion of
biogas slurry in different soil layers. In 0-10 cm soil layer, there were significant
differences between the treatments and CK (p<0.05), CF decreased by 3.15 % compared
with CK, and there was significant difference between BS and CF (p<0.05), with the
increase of biogas slurry, the bulk density first decreased BS 50 and then increased (to
BS100). The bulk density of BS50 was the smallest with a value of 1.24, which is
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10.17 % and 7.25% lower than CK and CF, respectively. There were significant
differences with all treatments (except BS75) (p<0.05).
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Fig. 3.1. The bulk density of winter wheat with different proportion of biogas slurry in

different soil layers

In the 10-20 cm soil layer, the order of soil bulk density is
BS50<BS75<BS100<BS25<CF<CK, there were significant differences between each
treatment and CK (p<0.05), CF decreased by 1.86 % compared with CK, and there was
significant difference between BS and CF (p<0.05), the bulk density of BS50 was the
lowest (1.28), and compared with CK and CF were decreased by 10.72 % and 9.03 %,
respectively, showing significant differences (p<0.05), BS75 and BS100 had no
significant difference (p>0.05), there was no significant difference between BS100 and
BS25 (p>0.05).
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In the 20-40 cm soil layer, the order of soil bulk density was consistent with that
in the 0-10 cm and 10-20 cm soil layers, and there were significant differences between
each treatment and CK (p<0.05), CF decreased by 2.66 % compared with CK, and there
was significant difference between BS and CF (p<0.05), the bulk density of BS50 was
the lowest (1.29), compared with CK, CF decreased by 17.45% and 15.19 %,
respectively, and there were significant differences among all treatments (p<0.05).

In addition to sandy soil, generally speaking, the bulk density of the soil with the
same texture can generally reflect the soil structure. The smaller the bulk density, the
more loose the soil, the better the structure, on the contrary, indicating that the soil is
compact and the structure is poor. The texture of lime concretion black soil is heavy,
coupled with the lack of organic fertilizer input and agricultural machinery rolling for
many years, the soil bulk density is high, which has become one of the important factors
restricting crop growth. Some studies have reported that the appropriate growth bulk
density of rice, wheat and cotton is 1.2-1.3 gecm™ (Shen et al. 1996; Suuster 2011). In
this study, the addition of biogas slurry significantly reduces the soil bulk density,
especially the soil bulk density of BS50 is the lowest, and in the appropriate range of
wheat bulk density, it is conducive to the growth and development of winter wheat and
the improvement of yield. This is consistent with the research results of Zheng et al. (Li
et al. 2010; Zheng et al. 2020) and Li et al. (Li et al. 2010; Zheng et al. 2020), biogas

slurry can reduce soil bulk density.

3.1.2. Soil aggregares

3.1.2.1. Particle size distribution of soil aggregates

As a basic component of soil structure, particle size composition and quantity of
soil aggregates are important indicators to measure soil physical quality (Hai et al. 2020).
Soil aggregate is closely related to soil water permeability, air permeability, organic

matter storage and mineral nutrient supply capacity, and directly or indirectly affects soil
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fertility. It not only plays an important role in crop growth and development, but also is
closely related to soil erosion resistance (Bosch-Serra et al. 2017; Liu et al. 2018). The
measurement of particle size composition and stability parameters of soil aggregates is
an important part of soil health investigation and soil quality assessment (Lal et al. 2000).
In general, according to the size of the soil aggregate, it can be divided into
macroaggregates and microaggregates, of which >0.25 mm aggregates are called
macroaggregates, and the <0.25 mm aggregate is called a microaggregate (Tisdall et al.
1982). Among them, soil macroaggregates play an important role in protecting soil
active organic carbon from the influence of enzymes and microbial activities, and the
more content of macroaggregates, the more stable soil structure (T. et al. 2016). At the
same time, dry screening and wet screening methods are often used to determine the soil
mechanical stability and water stability of aggregates. Force-stable aggregates are
related to soil resistance to mechanical destructive force, while water-stable aggregates
are closely related to soil water erosion and water disintegration resistance (Wei et al.
2013; Bosch-Serra et al. 2017).

Particle size distribution of mechanically stable aggregates

In the 0-10 cm soil layer, increasing with the proportion of biogas slurry, the mass
composition ratio of soil aggregate with 2 mm particle size mechanically stable
aggregates showed a trend of first increasing (to BS50) and then decreasing (to BS100)
(Fig. 3.2). The composition of soil aggregates with 2 mm of BS50 was the highest
(54.58), which was significantly difference with other treatments (p<0.05).

The soil aggregates with >2 mm have particle size from 39.27 CF to 50.69 BS75.
For soil aggregates with particle size of 0.25-2 mm, the proportion of mass composition
first increased (CF), then decreased (to BS75) and then increased with the increase of

the proportion of biogas slurry (BS100).
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Fig. 3.2. Mass percentage of mechanical-stable soil aggregates (0-10 cm)

Under the condition of single application of CF, the proportion of mass
composition of aggregate was the highest (53.61), and there was a significant difference
with other treatments (p<0.05), increased by 14.94 % and 11.25 % compared with CK
and BS100. For the soil aggregate of 0.053-0.25 mm particle size, CK has the largest
value of 6.32, 22.01 % higher than CF, and there is a significant difference between CF
and other treatments. CF treatment is larger than BS treatment, and BS treatment value
Is between 2.03-4.27, and BS50 and BS100 have no significant difference (P>0.05),
there were significant differences among other treatments (p<0.05). For soil aggregates
with particle size less than 0.053 mm, CF is the largest, which first decreased and then
increased with the increase of biogas slurry proportion.

In the 10-20 cm soil layer and the 20-40 cm soil layer, the mass composition ratio
of the mechanically stable soil aggregate is basically the same as that of the 0-10 cm soil
layer (Fig. 3.3, 3.4).
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Particle size distribution of water-stable aggregates

In 0-10 cm soil layer, the mass composition ratio of water-stable soil aggregates
larger than 2 mm showed that the biogas slurry treatment was larger than CK and CF
(Fig. 3.5).
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Fig. 3.5 Mass percentage of water-stable soil aggregates (0-10 cm)

The mass composition of water-stable soil with 2 mm particle size by BS50 was
the highest (7.69), and there were significant differences between the others (p<0.05),
compared with CK, CF decreased the mass composition of soil aggregates with 2 mm
particle size and is 29.31 % lower than that of CK. For the water-stable soil aggregates
of 0.25-2 mm particle size, the mass composition ratio of water-stable soil aggregates
first increased (to BS50) and then decreased with the increase of biogas slurry
proportion, and the BS50 value was the highest, which was 53.78, and there was a
significant difference between the two treatments (p< 0.05), CF decreased 0.25-2 mm

water-stable soil aggregate mass composition, and there was no significant difference
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between BS100 and BS25 (p<0.05), BS75 and BS25 had no significant difference
(p>0.05).

For the water-stable soil aggregates of 0.053-0.25 mm diameter, there was no
obvious regularity in each treatment, and the mass composition ratio of BS50 soil
aggregates was the smallest (9.87), which decreased by 37.61 % compared with CF, and
there was a significant difference between with others(p<0.05). BS75 was the biggest,
its value was 28.49, compared with CK and CF increased by 30.57 % and 80.09 %,
respectively, and there were significant differences between them (p<0.05).

The water-stable soil aggregates of 0.053 mm particle on the biogas slurry BS75
was the smallest, but there was no significant difference between BS50 and BS75
(p>0.05), CF was the largest, and there were significant differences between treatments
(<0.05).

The change trend of 10-20 cm and 20-40 cm is basically the same as that of 0-10
(Fig. 3.6, 3.7).
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Fig. 3.6. Mass percentage of water-stable soil aggregates (10-20 cm)
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Fig.3.7. Particle size distribution of water-stable soil aggregates
(20-40 cm)

In this study, it was found that different fertilization treatments could significantly
change the particle size distribution and adjust the mass composition of aggregates with
different particle sizes.

Long-term application of chemical fertilizer significantly reduced the number of
large aggregates and increased the number of small aggregates. The reason for this
phenomenon may be that long-term application of chemical fertilizer affects the soil
environment, thus reducing the adhesion of organic matter in the soil. At this time, the
adhesion of soil organic matter is not enough to maintain the existence of soil large
aggregates, so that the small soil aggregates fall off from the original large aggregates.
The application of biogas slurry significantly increased the number of soil
macroaggregates, because the application of biogas slurry reduced the adverse impact of

chemical fertilizer on the soil environment, and the biogas slurry contained organic
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matter, which could reduce the cohesion of soil and inhibit the formation of bad
structures. At the same time, small particle size aggregates promote the formation of
large aggregates through the gumming action of organic matter and microorganisms,

forming soil benign water-stable aggregates.

3.1.2.2. Influence on the stability of soil aggregates

The stability of soil aggregates, like its particle size distribution, is an important
index reflecting soil quality, and is directly related to the adaptability and coordination
of soil to different environments. Soil structural water stability refers to the ability of
soil particles to resist hydraulic dispersion and maintain their original state under the
action of water flow, which is closely related to soil aggregates, especially water-stable
aggregates. Common soil aggregate stability parameters include mean weight diameter
(MWD), aggregate failure rate (PAD), etc.

Mean weight diameter (MWD)

MWD (Mean weight diameter) is a common index reflecting the size distribution
of soil aggregates, and the lower the value, the lower the stability of aggregates.

Mechanically stable aggregate (MWD)

In 0-10 cm, 10-20 cm, 20-40 cm soil layers, the order of MWD of mechanically
stable aggregates was CF<CK<BS100<BS25<BS75<BS50, CF were the smallest, 2.97,
2.90 and 2.81 respectively, which were decreased by 9.31 %, 8.90 % and 5.98 %
compared with corresponding CK, and there were significant differences (p<0.05), the
BS50 increased the MWD of the mechanically stable aggregate, and the BS50 was the
largest, and the soil layers were 3.76, 3.67 and 3.57, respectively, which increased by
26.48 %, 26.52 % and 26.98 % compared with the corresponding CF, and there were
significant differences (p<0.05) (Fig. 3.8).

The vertical order of MWD of the mechanically stable aggregate is 0-10 cm>10-

20 cm>20-40 cm; all of them decreased with the increase of soil depth.
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Water stable aggregate MWD

The MWD water-stable aggregates in 0-10 cm, 10-20 cm and 20-40 cm was
significantly affected by each fertilization treatment (P<0.05) (Fig. 3.9). The MWD of
soil water stability aggregates treated with BS50 was the highest, with the values of 1.09,
1.07 and 1.06 in each soil layer, respectively, and there were significant differences
between BS50 and others (P<0.05). Compared with CK, CF decreased the MWD of
water-stable aggregates by 11.93 %, 9.86 % and 8.99 % in each soil layer, respectively,
and there were significant differences among all treatments (<0.05).

In terms of soil profile, MWD of water-stable aggregates decreased with the
increase of soil depth under different treatments, ranging from 0-10 cm>10-20 cm>20-
40 cm.

The results showed that MWD of dynamic stability and water stability of
aggregates were significantly higher than those of other treatments. MWD can

comprehensively reflect the size distribution and composition ratio of soil aggregates.
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Generally, the larger the MWD, the better the stability and the higher the agglomeration
degree (Kemper et al. 2018; Liu et al. 2020).
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Fig. 3.9. Mean weight diameter of Water-stable soil aggregates

Percentage of aggregate destruction (PAD)

Percentage of aggregate destruction (PADO.25) represents the particle size >0.25
mm after wet and dry screening. The ratio of soil aggregates of 0.25 mm can directly
demonstrate the stability of soil aggregates and explain the degree of dispersion of soil
aggregates caused by hydraulic damage. The greater the ratio, the more drastic the
disintegration of aggregates, the more unstable the soil structure, and the increased
degree of soil degradation.

In the 0-10 cm soil layer, PAD was significantly different among different
treatments. CF increased PAD by 3.27 % compared with CK; BS decreased PAD by
3.27 % compared with CK; BS50 had the smallest PAD (36.52), and CF decreased by
45.00 % and 46.74 % compared with CK (Fig. 3.10). In the 10-20 cm soil layer, the
trend was the same as that in the 0-10 cm soil layer. With the increase of biogas slurry
proportion, PAD was increased (BS75-BS100). The PAD value of BS50 was 35.70, and
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compared with CK and CF, it was decreased by 46.26 % and 47.71 %, respectively, and
had significant differences with other treatments (P< 0.05). The PAD of CF increased by
2.77 % compared to CK, but there was no significant difference between the two
(P>0.05).
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Fig. 3.10. Percentage of aggregate destruction (PAD)

In the 20-40 cm soil layer, PAD changes ranged from 33.33 to 67.64, compared
with CK, CF increased PAD, and BS decreased PAD. Th value of PAD with BS50
applied with biogas slurry and chemical fertilizer was the smallest, with a value of 33.33,
which was significantly different from other treatments (P>0.05). Single application of
chemical fertilizer makes the stability of soil aggregates worse, thus destroying
aggregates. Combined application of organic fertilizer and chemical fertilizer can reduce
the damage degree of aggregates and is conducive to create aggregates.

During the wet screening process, the non-water-stable aggregates continue to
crack due to the physical dispersion caused by the charged colloid biionic layer structure,
the dissolution of adhesive substances during the agglomeration process, the difference

in expansion of clay minerals from different sources, and the pressure difference
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between the internal and external water environment of the aggregates [Bronik & Lal
2005; Fan et al., 2011]. The results of this study showed that compared with CK, the
PAD value of co-application of fertilizer and biogas slurry was the smallest, indicating
that chemical fertilizer combined with biogas slurry was conducive to improving the
stability of large aggregates. This is similar to the research results of Bosch-Serra et al.

(2017) on the effects of porcine biogas slurry irrigation on soil aggregates.

3.2. Effect of combined application of biogas slurry and chemical fertilizer on
chemical properties in soil

3.2.1. Soil pH

Soil pH value is an important chemical property of soil, which determines the pH
of soil (Tang et al. 2013), can affect the solubility of nutrient elements in soil, and
ultimately affect the supply of nutrients in soil. The application of chemical fertilizer
can improve crop yield, but excessive application of chemical fertilizer can lead to or
aggravate the disconnection of H* cycle, which leads to the decrease of soil pH and soil
acidification (Barak et al. 1997; Xu et al. 2002). According to the research (Xu et al.
2016), in the field of lime concretion black soil, because of the large amount application
of chemical fertilizer, the lime concretion black soil has developed from the original
alkaline to the present acidic. In this study, the pH value of soil under different
treatments after wheat harvest is shown in Fig. 3.11. It can be seen from the figure that
the pH value is BS50>BS75>BS100>BS25>CK>CF in 0-10 cm. The pH of CF (5.76) is
the lowest, and there is a significant difference between CF and CK (p<0.05).
Compared with CF and CK, BS significantly increased soil pH, and the pH (6.46) of
BS50 was the highest, and there were significant differences between BS50 and other
treatments (p<0.05). In the 10-20 cm, the pH was still
BS50>BS75>BS100>BS25>CK>CF, the pH (5.84) of CF is the lowest, and there is a
significant difference between CF and CK (p<0.05), the pH (6.59) of BS50 was the
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highest, and the pH of BS50 was 10.58 % and 12.72 % higher than that of CK and CF,
respectively, and there were significant differences between BS50 and other treatments
(p<0.05). In 20 to 40 cm, the pH value was in the same order as 0-10 and 10-20. The pH
value of CF was the lowest (5.92), and there was a significant difference between CF
and CK (p<0.05), the pH of BS50 was the highest (6.69), and the pH of BS50 was
8.32% and 13.01 % higher than that of CK and CF, respectively, and there were
significant differences between BS50 and other treatments (p<0.05).
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Fig. 3.11. Soil pH with different proportion of biogas slurry
in different soil layers

In general, this study confirmed the view that CF reduces the value of pH. Long-
term excessive application of inorganic fertilizer causes a large part of nitrogen to enter
the soil, and the subsequent nitrification of ammonium ions and leaching of nitrate ions
can reduce the value of pH. Application of biogas slurry can increase the value of pH.
Biogas slurry itself is alkaline and contains high cation content. The increase of base
ions can effectively inhibit the soil acidification trend caused by long-term application

of chemical fertilizer to a certain extent, and the acid-base environment of soil solution



70

can be improved. This is consistent with the results of previous studies (Wang 2007a;
Qin 2009; Wei et al. 2017; Yu et al. 2017; Huang et al. 2021). However, previous
studies have also shown that biogas slurry reduces pH value (Lin et al. 2019; Hu et al.
2020) or did not change much (Cai et al. 2014).

Different research results are inconsistent, which may be due to the differences in
soil type, physical and chemical properties, basic nutrient characteristics of biogas
slurry and plant species, resulting in different properties of soil colloid, soil colloid will
adsorb potassium, calcium, magnesium plasma, these ions and the ions in the soil
solution in a state of dynamic equilibrium, when the substitution between them, will
affect the pH of the soil.

pH is a common index for evaluating soil quality or soil fertility, and it is also an
indispensable index for characterizing soil quality. Under the current agricultural
development, soil acidification has become a common process with the long-term
application of chemical fertilizers. In general, the application of biogas slurry or
combined application of biogas slurry and chemical fertilizer is more effective than the
application of chemical fertilizer alone. Their pH values are relatively high, indicating
that they can reduce the effect of chemical fertilizer on soil acidification process. For
different soil improvement purposes, specific types and amounts of biogas slurry should

be allocated.

3.2.2. Total nitrogen in soil

Nitrogen is an essential nutrient element for plants and one of the important
material bases of soil fertility. Soil total nitrogen, including all forms of organic and
inorganic nitrogen, is the source and reservoir of soil total nitrogen and available
nitrogen supply to plants, and comprehensively reflects the nitrogen status of soil
(Zhang et al. 2008b). Nitrogen is one of the most important components of various

proteins, not only for winter wheat, but for all living things.
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In this study, under different treatment conditions (CK, CF, BS25, BS50, BS75,
BS100), the soil total nitrogen content after winter wheat harvest was shown in Fig. 3.12.
As can be seen from Fig. 3.12, in the 0-10 cm soil layer, the order of soil total nitrogen
content is BS50>BS75>BS25>BS100>CF>CK, there were significant differences
between each treatment and CK (p<0.05), fertilizer treatment increased total nitrogen
content, CF increased by 6.20 % compared with CK, and the total nitrogen content first

increased (to BS50) and then decreased (BS75-100) with the increase of biogas slurry
proportion.
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Fig. 3.12. Soil total nitrogen content with different proportion

The total nitrogen content of BS50 was the highest, and its value was 1.16 gekg™,
which increased by 27.37 % and 19.93 % compared with CK and CF, respectively. In
the 10-20cm soil layer, the order of total nitrogen content was
BS50>BS25>BS75>BS100>CF>CK, there were significant differences between each
treatment and CK (p<0.05), CF increased by 5.73 % compared with CK, and there was
significant difference between BS and CF (p<0.05). The total nitrogen content of BS50
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was the highest (1.13 gekg™?), which was increased by 22.38 % compared with CF, and
there were significant differences between treatments (p< 0.05), no significant difference
was found between BS25 and BS75 (p>0.05). Less nitrogen was notices in BS75-100.
The sequence of soil total nitrogen content in 20-40cm soil layer was
BS50>BS75>BS25>BS100>CF>CK, there were significant differences between each
treatment and CK (p<0.05), CF increased by 8.10 % compared with CK. With the
increase of biogas slurry proportion, total nitrogen first increased and then decreased,
but no significant difference was found among BS25, BS75 and BS100 (p>0.05), BS50
had the highest total nitrogen content (1.05 gekg™), which was significantly different
from that of other treatments (p<0.05).

Nitrogen is a nutrient element with high absorption by plants. The total nitrogen
content of soil can be used to measure the total nitrogen storage and nitrogen supply
potential of soil. The nutrients in biogas slurry are mainly available nutrients, which are
easy to be absorbed and utilized by crops after application in soil, and easy to be
decomposed by microorganisms in soil, so as to improve the content of total nitrogen
and available nutrients in soil, so as to improve the physical and chemical properties of
soil to a certain extent.

Numerous studies (Bachmann et al. 2011; Abubaker et al. 2012) showed that the
application of biogas slurry in agricultural planting could significantly increase the
content of soil nitrogen, thus satisfying the nutrient absorption of crops.

In the same soil layer, with the increase of biogas slurry, the soil total nitrogen
content first increased BS25-50 and then decreased BS75-100, and there was a
significant difference with CK, indicating that biogas slurry can improve the growing
environment of winter wheat, increase the soil total nitrogen content, increase the soil
nitrogen supply capacity and fertility level, and the effect of combined application of

biogas slurry and chemical fertilizer is better than that of single application of chemical
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fertilizer. This is consistent with the research results of Li et al. (2014a) and Wang et al.
(2011)

The soil total nitrogen content of BS50 in 0-10 cm, 10-20 cm and 20-40 cm was the
highest, and the total nitrogen content in soil was 0-10 cm>10-20> 20-40 cm, soil total
nitrogen content decreased with the increase of soil depth, which was consistent with the
research results of Cai et al. (2014). Crops absorb nutrients through roots, and the
distribution of roots in soil is usually an important factor affecting their nutrient
absorption. With the advancement of wheat growth process, root activity tends to move
down to deep soil (Wang et al. 2001). In the late growth period of winter wheat, the root
activity in the 20-40 cm soil layer was higher than that in the 0-20 soil layer, and more
root secretions entered the soil, which increased soil urease activity and decreased soil

total nitrogen content.

3.2.3. Content of available phosphorus in soil

Phosphorus is not only an important component of many important organic
compounds in plants, such as phospholipids and nucleoproteins, but also participates in
various metabolic processes in plants in various ways, playing an obvious role in crop
yield and maintaining the good characteristics of varieties (Zeng et al. 2010) . Therefore,
the level of phosphorus content is often used as an evaluation index of soil fertility. Soil
available P is an indicator of the level of phosphorus nutrient supply in soil. The level of
phosphorus content in soil reflects the storage and supply capacity of phosphorus in soil
to a certain extent (Lu 1998).

As can be seen from Fig. 3.13, appendix E, the order of available phosphorus
content in 0-10 cm soil layer was BS50>BS25>BS75>CF>BS100>CK, there were
significant differences between all treatments (p<0.05), CF increased by 15.56 %

compared with CK, and there were significant differences between BS and CK (p<0.05),
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BS50 had the highest available phosphorus content (25.59 mgekg?), which was
increased by 46.56 % and 26.83 % compared with CK and CF, respectively, and had

significant differences with other treatments (p<0.05).

mCK =CF mBS25 =BS50 mBS75 mBSI00

0-10 cm 10-20 cm 20-40 cm

Available phosphorus(mg/kg)

Soil Layer, cm

Fig. 3.13. Soil available phosphorus content with different proportion of biogas slurry in

different soil layers

The soil available phosphorus content in 10-20cm soil layer was
BS50>BS75>BS100>BS25>CF>CK, there were significant differences between each
treatment and CK (p<0.05), CF increased by 10.16 % compared with CK, and there was
no significant difference between CF and BS25 (p>0.05), as the proportion of biogas
slurry increased, the available phosphorus content first increased (BS25-50) and then
decreased (BS75-100), and the available phosphorus content of BS50 was the highest
(22.50 mgekg™), which was significantly different from other biogas slurry treatments
(p<0.05), and increased by 35.60 % and 23.09 % compared with CK and CF,
respectively.

The content of available phosphorus in 20-40cm soil layer was
BS50>BS75>BS25>BS100>CF>CK, there were significant differences between each
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treatment and CK (p<0.05). Compared with CK, CF increased by 11.08 %, and BS50
soil available phosphorus content was the highest (20.48 mgekg?), which was
significantly different from other biogas slurry treatments (p<0.05), and increased by
38.96 % and 25.10 % compared with CK and CF, respectively.

Biogas slurry contains a large number of microorganisms, which can promote the
propagation of soil microorganisms and enhance the activity of related enzymes to a
certain extent (Liu 2007). Application of biogas slurry is conducive to the activation of
soil phosphorus and increase the availability of soil phosphorus (Wang et al. 2017). In
this study, after the harvest of winter wheat, the soil available phosphorus content first
decreased (BS25-BS50) and then increased (BS75-100) with the increase of the content
of biogas slurry, indicating that the application of biogas slurry improved the soil
available phosphorus supply level, but more is not always better.

Among all soil layers, the content of available P in BS50 was the highest, and the
content of available P decreased with the increase of soil layer, and the content of
available P in soil was 0-10 cm>10-20>20-40 cm, which is consistent with the research
results of Hui (2017), in the vertical direction, the soil available phosphorus content is
mainly concentrated in the soil surface, which is significantly higher than the content in

the lower layer of the same sampling point.

3.2.4. Content of available potassium in soil

Potassium is one of the three essential fertilizer elements for plant growth and
development, many plants require a large amount of potassium, and its content in plants
Is second only to nitrogen (Horst 1995). Potassium has an obvious effect on improving
crop yield and improving the quality of agricultural products, and it can also improve the
ability of plants to adapt to the external adverse environment, so it is known as quality

element and resistance element.
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Available potassium is the available potassium that can be directly utilized by
plants, which plays an irreplaceable role in ensuring the normal growth and development
of plants. Compared with CK, the content of available potassium in soil with each
treatment increased to varying degrees, as shown in Fig. 3.14, appendix F. As can be
seen from the figure, in 0-10 cm soil layer, fertilization increased the available
potassium content, and CF increased by 6.53 % compared with CK (P<0.05), the
effective potassium content of BS50 was the highest, which was increased by 25.73 %,
18.02 %, 10.39%, 7.14 % and 12.31 % compared with CK, CF, BS25, BS75and BS100,
respectively, and there were significant differences between them(P<0.05), BS25 and

BS100 had no significant difference (P>0.05).
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Fig. 3.14. Soil available potassium content with different proportion of biogas slurry in

different soil layers

In the 10-20 cm soil layer, the available potassium content first increased and then

decreased with the increase of biogas slurry proportion, and the available potassium



77

content of BS50 was the highest, with a value of 156.63 mgekg™?, which was increased
by 15.30 % compared with CF, and there was a significant difference between the
treatments (P<0.05), there was no significant difference between CF and BS100
(P>0.05), no significant difference was found between BS25 and BS75 (P>0.05).

In 20-40cm soil layer, the order of available potassium content was
BS50>BS75>BS25>BS100>CF>CK, CF increased by 4.13% compared with
CK(P<0.05), there was no significant difference between BS100 and BS25 (P>0.05),
and the available potassium content of BS50 was the highest, which was increased by
26.54 %, 21.52 %, 12.64 %, 4.62 % and 15.20 %, respectively, compared with CK, CF,
BS25, BS75 and BS100, showing significant differences (P<0.05).

Biogas slurry increased the content of available potassium in soil, which was
conducive to the absorption of potassium by winter wheat, which was consistent with
previous research results (Dong et al. 2021; Xu et al. 2021).

Biogas slurry contains potassium (Barog et al. 2020). The application of biogas
slurry may change the symbiotic relationship between plants and microorganisms, and
improve the turnover rate of soil potassium through the transformation and activation of
microorganisms, thus increasing the content of available potassium.

With the increase of soil layer from 0 to 40 cm, the available K content decreased,
and the order of available K content was 0-10 cm>10-20 cm>20-40 cm, consistent with
the results of Wu et al. (Wu et al. 2014).

3.2.5. Organic matter in soil

Soil organic matter content is an important index of soil fertility and one of the
main sources of plant nutrition. Soil organic matter not only improves the physical
properties of soil by maintaining soil fertility and buffering, but also plays an important

role in soil formation and fertility evolution as the main source of enzymatic substrates
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in soil. At the same time, soil organic matter is also an important C source and N source
for the growth and metabolism of soil microorganisms, which is closely related to soil
nutrient content (Zhang et al. 2008a).

The effects of different treatments (CK, CF, BS25, BS50, BS75, BS100) on soil
organic matter content are shown in Fig. 3.15. As can be seen from the figure, the order
of soil organic matter content in 0-10 cm, 10-20 cm and 20-40 cm soil layers is
BS100>BS75>BS50>BS25>CF>CK, soil organic matter content increased with the
increase of biogas slurry proportion after winter wheat harvest, which was consistent
with the research results of Guo et al. (Guo et al. 2022).
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Figure 3.15. Soil organic matter content with different proportion

of biogas slurry in different soil layers

There were significant differences between all treatments and CK (p< 0.05), the
soil organic matter content of BS100 was the highest, which was 24.24g°kg™,
20.16g°kg™ and 18.32 gekg?, respectively, and increased by 32.82 %, 24.44 % and
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17.84 % compared with CF, respectively. Fan et al. studied the effect of application of
biogas slurry on soil nutrients and believed that application of biogas slurry could
increase the content of organic matter in soil, and application of biogas slurry could
increase the content of organic matter in soil more than application of chemical fertilizer
(Fan et al. 2011), this may be mainly because in the process of biogas fermentation,
most of the easily degradable substances are hydrolyzed, acidified and degraded under
the action of microorganisms, but they are not completely degraded. Secondly, the
biogas slurry contains a large number of organic substances such as cellulose,
hemicellulose and lignin that are difficult to degrade. After being applied to the soil, it
slowly decomposes under the action of multiple microorganisms over a certain period of
time. Finally, it will be transformed into soil organic matter, thus greatly increasing the
content of soil organic matter treated by biogas slurry. Relevant studies have shown that
the application of organic matter to soil can not only promote the decomposition of
organic matter, but also increase the content of soil organic matter, improve the quality
of humus, and thus improve the fertilizer supply capacity of soil (Huang 2000; Li et al.
2009).

With the increase of soil layer, the content of organic matter in different
treatments decreased, and the content of organic matter was 0-10 cm> 10-20 cm>20-

40 cm, which is consistent with the results of Wang et al. (2019).

Conclusions to Chapter 3

In this study, there were significant differences between different soil layers, and
between each treatment and CK. After adding biogas slurry, the soil bulk density was
significantly reduced, especially BS50 soil bulk density was the lowest, and it was
within the suitable bulk density range for winter wheat, which was conducive to the

growth and development of winter wheat and the increase in yield. It was found that
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different fertilization treatments could significantly change the particle size distribution
and adjust the mass composition of aggregates with different particle sizes.

The stability of soil aggregates varies in different soil layers and under different
treatment conditions. Biogas slurry treatment is beneficial to increase the MWD of 0-
10 cm, 10-20 cm, 20-40 cm force-stable aggregates and water-stable aggregates, with
BS50 being the largest.

CF treatment can reduce pH, and application of biogas slurry can increase pH.

The application of biogas slurry in agricultural planting can significantly increase
the nitrogen content of the soil, thereby satisfying the absorption of nutrients by crops.
In 0-10 cm, 10-20 cm, and 20-40 cm, the total nitrogen content is highest by the BS50
treatment.

The content of soil available phosphorus was different in different soil layers and
different treatment conditions, which indicated that the application of biogas slurry
could improve the supply level of soil available phosphorus, but more is not always
better.

Biogas slurry increased the content of available potassium in soil, which was
beneficial to the absorption of potassium by winter wheat.

The soil organic matter content increased with the increase of biogas slurry

concentration. The soil organic matter content of BS100 was the highest.
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CHAPTER 4
EFFECT OF COMBINED APPLICATION OF BIOGAS SLURRY AND
CHEMICAL FERTILIZER ON SOIL ENZYME ACTIVITY

4.1. Effect of different proportions of biogas slurry on enzyme activity in the
same soil layer

4.1.1. Sucrase

Sucrase in soil, also known as invertase, is involved in the conversion of
carbohydrates to hydrolyze sucrose into glucose and fructose, which can be converted
into nutrients that can be utilized by plants and microorganisms. The activity of sucrase
can reflect the degree of soil maturation and fertility (Wang et al. 2006). The activity of
sucrase in soil is affected by many factors, such as the content of organic matter, the
number of microorganisms and the intensity of soil respiration (Ni et al. 2008a).

The effects of different treatments (CK, C, BS25, BS50, BS75, BS100) on soil
sucrase activity are shown in Fig. 4.1. As can be seen from the figure, the sucrase

activity of different treatments was higher than that of CK (p<0.05. The order of

sucrase activity in 0-10 cm was BS75>BS100>CF> BS50> BS25>CK. The sucrase
activity of BS75 and BS100 was higher than CF, and the sucrase activity of BS75 was
the highest (15.28 mg/(g*d)), and there were significant differences between BS75 and
other treatments (p<0.05). The order of sucrase activity in 10-20cm was
BS75>BS50>CF>BS100>BS25>CK, and the sucrase activity of BS75 was the highest
(30.73mg/(g*d)), and there were significant differences between BS75 and other
treatments (p<0.05). The order of sucrase activity in 20-40cm was
BS75>BS50>BS25>BS100>CF>CK, and there were significant differences among
different treatments (p<0.05). The highest sucrase activity of BS75 was 31.28 mg/(g*d).
In this study, the soil sucrase activity applied by biogas slurry was greater than CK,

indicating that biogas slurry increased soil sucrase activity, which provided energy for
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organisms in soil, increased the accumulation of soil organic carbon and the intensity of
decomposition and transformation, and increased soil fertility. Soil sucrase activity in
BS75 was the highest and soil biological activity was the strongest. With increasing of

biogas slurry to BS100 soil sucrase activity decreased.
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Figure 4.1. Soil Sucrase activity and distribution in different soil depth with different

fertilization

Biogas slurry can increase the activity of sucrase, possibly because the conversion
ability of soil carbon is closely related to the content of soil organic matter. Biogas slurry
increases the content of organic carbon, provides more enzymatic substrate for sucrase,
and improves the activity of sucrase to the greatest extent, which is similar to the

research results of Hu et al. (2021).

4.1.2. Urease
Urease is an obligate amidase that can catalyze the hydrolysis of peptide bonds in

organic molecules, catalyze the hydrolysis of urea into CO2 and NHs, and provide
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nitrogen source for the growth of plants and microorganisms (Li et al. 2008b). As an
important participant in biochemical reactions, urease plays a key role in the energy flow
and material circulation of ecosystems (Cao et al. 2016). So soil quality can be assessed
by urease activity (Dindar et al. 2015).

Studies have found that co-application of biogas slurry with other fertilizers can
help improve soil environment and enzyme activity, promote nutrient conversion and
crop utilization (Wei et al. 2011), in addition, the application proportion affects the
physical, chemical and biological properties of soil (Chai et al. 2023; Wei et al. 2023).

Under different treatment conditions (CK, CF, BS25, BS50, BS75, BS100), the
content of soil urease activity is shown in Fig. 4.2.

As can be seen from Fig. 4.2, in the 0-10 cm soil layer, the sequence of soil urease
activity is as follows: BS50>BS75>BS25>CF>BS100>CK, there were significant
differences between each treatment and CK (P<0.05). The urease activity of BS50 was
the highest (235.33ug/g), which was 16.37 %,10.47 %, 9.95 % and 43.56 % higher than
that of CF, BS25, BS75 and BS100, respectively. There were significant differences
between BS75 and CF and BS100 (P<0.05), no significant difference was found
between BS25 and BS75(P>0.05).

In the 10-20cm soil layer, the sequence of soil urease activity was
BS50>BS75>BS25>CF>BS100>CK, there were significant differences between each
treatment and CK(P<0.05). The urease activity of BS50 was the highest (337.79 ug/qg),
which was significantly different from that of other treatments (P<0.05), compared with
CF, BS100 increased. In the 20-40 cm soil layer, the sequence of soil urease activity was
BS50>BS25>BS75>BS100>CF>CK, there were significant differences between each
treatment and CK (P<0.05), sucrase activity CF increased by 17.38 % compared with
CK, the sucrase activity of BS treatment was higher than CF, and there was no
significant difference between BS100 and CF (P>0.05), BS50, BS25, BS75 were
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significantly different from CF (P<0.05). The urease activity of BS50 was the highest
(351.45 ug/g), which was significantly different from that of other treatments (P<0.05).
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Fig. 4.2. Soil urease activity and distribution

in different soil depth with different fertilization

In summary, the urease activity of BS and CF was higher than that of CK,
indicating that biogas slurry or chemical fertilizer could improve the urease activity of
soil. The urease activity of biogas slurry (BS25, BS50, BS75) was higher than that of CF,
and the combined application of biogas slurry and chemical fertilizer had a significant
activation effect on the urease activity. It is beneficial to increase soil urease activity and
soil nitrogen pool, improve soil nitrogen conversion status, increase plant nitrogen
sources, and increase soil nitrogen conversion rate.

With the increase of biogas slurry proportion, the urease activity increased first
and then decreased, indicating that the benefit of biogas slurry on soil was dose-
dependent. This is consistent with previous studies (Huang et al. 2016). Appropriate co-
application of biogas slurry with chemical fertilizer can improve soil urease activity, but

excessive fertilization is counterproductive.
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In the 0-10 cm,10-20 cm and 20-40 cm, the urease activity of BS50 was the
highest and the utilization rate of biogas slurry was the highest. Co-application of biogas
slurry with chemical fertilizer can improve soil urease activity, on the one hand, because
biogas slurry is rich in easily decomposed nitrogen compounds and biological organisms,
which can promote urease activity. At the same time, biogas slurry is a good substrate
for soil enzymes, which can introduce urease into the soil (Zafar-Ul-Hye et al. 2022). On
the other hand, co-application of biogas slurry with chemical fertilizer can effectively
improve soil structure, significantly increase soil fertility, promote soil microbial

reproduction, and thus fix and release more soil urease (Liu et al. 2022).

4.1.3 Phosphatase

Phosphatase can catalyze the hydrolysis of organophosphorus compounds to
produce phosphoric acid and other substances, and its activity can characterize soil
fertility, especially soil phosphorus content (Trasar-Cepeda et al. 2008).

Phosphatase is an adaptive enzyme, and the activity of phosphatase is enhanced
when the content of soil available phosphorus is low.

Figure 4.3, appendix G show that the activity sequence of soil acid phosphatase in
0-10 cm soil layer is as follows: BS50>BS75>BS100>BS25>CF>CK and the acid
phosphatase activity of BS50 was the highest (4.10 nmol/g*d), which was significantly
different from that of other treatments (P<0.05), increased by 33.80 %, 21.04 % and
14.94 % compared with CK, CF and BS100, respectively.

The activity sequence of acid phosphatase in 10-20 cm soil layer was
BS50>BS25>CF>BS75>BS100>CK, and there were significant differences between
each treatment and CK (P<0.05), the acid phosphatase activity of BS50 was the highest
(3.21 nmol/g*d), which was 13.55 % higher than CF.

The activity sequence of acid phosphatase in 20-40 cm soil layer was
BS50>BS25>CF>BS75>BS100>CK, there were significant differences between each
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treatment and CK (P<0.05), the acid phosphatase activity of BS50 was the highest
(2.60 nmol/g*d), which was increased by 12.57 % compared with CF.
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Fig. 4.3. Soil acid phosphatase activity and distribution

in different soil depth with different fertilization

As described above, the acid phosphatase activity of BS and CF was greater than
that of CK, and both biogas slurry and chemical fertilizer increased soil acid
phosphatase activity. As the proportion of biogas slurry increased, acid phosphatase in
soil first increased and then decreased, indicating that an appropriate amount of biogas
slurry can catalyze the conversion of phosphorus in soil into phosphorus easily absorbed
by organisms, and improve its utilization rate. Biogas slurry can promote enzyme
activity by stimulating microbial activity. Hao Xianjun et al. (2011) showed that the
application of biogas slurry significantly improved the phosphatase activity of cabbage

continuous cropping soil.
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4.1.4 Catalase

Catalase belongs to the class of REDOX reductases, which can catalyze the
decomposition of hydrogen peroxide into water and oxygen (H20>—H>0+0) to prevent
the accumulation of hydrogen peroxide from causing harm to organisms (Wan et al.
2017). Its activity is related to soil respiration intensity and microbial activity, which
reflects the intensity of soil microbial life activity to a certain extent, and can be used as
an indicator of the activity intensity of soil organic matter (Zhou et al. 2022).

The effects of different treatments (CK, CF, BS2, BS50, BS75, BS100) on soil
catalase activity are shown in Fig. 4.4. As can be seen from Fig. 4.4, the order of
catalase activity in 0-10cm, 10-20cm, and 20-40cm is as follows:
BS100 >BS75>BS50>BS25>CF>CK, there were significant differences between each
treatment and CK (P<0.05), there was no significant difference between CF and BS25
(P>0.05), BS100 had the highest catalase activity, which was 93.19 mmoleg?,
95.11 mmoleg?, 97.12 mmoleg?, and increased by 12.35%, 6.21 % and 5.86 %
compared with CF, respectively.

The activity of catalase reflects the process of organic oxidation in soil. In this
study, with the increase of the ratio of biogas slurry, the activity of catalase increases,
indicating that the application of biogas slurry has a significant promotion effect on
catalase activity, which can accelerate the removal of hydrogen peroxide from organisms
and soil, so as to protect it from damage. The activity of catalase is the highest when
BS100 is applied, which shows the strongest detoxification effect. The activity of
catalase with CF was lower than that of BS, indicating that long-term application of
chemical fertilizer had a significant inhibitory effect on soil catalase activity, which was
easy to lead to the accumulation of root secretions, thus aggravating the toxic effect of

hydrogen peroxide on crops.
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significant differences compared with CK, CF and BS25(P<0.05), but there was no
significant difference between BS50, BS75 and BS100, indicating that biogas slurry can
improve catalase activity, but with the increase proportion of biogas slurry, the
improvement of catalase activity was limited. The BS50 could improve the oxidation
resistance of winter wheat and reduce the formation and release of peroxide in winter
wheat. The accumulation of peroxides in living cells in soil was reduced, and the
relatively stable REDOX balance of soil was maintained. Application of biogas slurry
can significantly increase the activity of catalase in soil, which may be due to the rich
ions and active substances in biogas slurry, which stimulate the activity of catalase and

accelerate the decomposition of toxic substances in soil.
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4.2. Vertical changes of enzyme activity in different soil layers with the same
concentration

Soil enzyme system is an important part of the physiological and biochemical
characteristics of soil. It actively participates in the material cycle and energy
transformation in the ecosystem, and is one of the important components of soil.
Affected by the soil fertility and productivity level in each soil layer, the vertical
distribution of soil enzymes has obvious regularity.

Liu's study showed that the activities of sucrase, alkaline phosphatase and urease
decreased from top to bottom at 0-60 cm, while the activity of catalase was the highest
in the subsoil layer of 20-40 cm (Liu 2021).Guo et al. (2012) measured soil enzyme
activities on the meadow grassland and found that urease activities increased with the
increase of soil layer at 0-40 cm, invertase and catalase activities decreased with the
increase of soil layer, and there was an obvious surface accumulation in 0-20 cm. Zhao
and Wang (1995) showed that the catalase activity increased with the deepening of soil
layer, and the activities of urease, invertase and alkaline phosphatase in the vertical
distribution showed that the upper layer was higher than the lower layer. According to
Yang's study, soil urease activity decreased in 0-30 cm, while catalase activity did not
change regularly (Yang et al. 2012).

Soil enzyme activity is affected by many factors, due to the different conditions of
the study area, the research object and the research time, the same soil enzyme activity
shows different changes in the vertical distribution (Zhao et al. 1995; Li et al. 2012;
Yang et al. 2012).

After winter wheat harvest, the effects of the same fertilization treatment on
enzyme activity in different soil layers as summary were shown in Figure 4.5. As can be
seen from Figure, under the same fertilization condition, the sequence of enzyme
activity was 20-40 cm>10-20 cm>0-10 cm (except acid phosphatase), all of them

increased with the increase of soil layer, which was consistent with the research results
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of Guo et al. (Guo et al. 2012).

Sucrasee Urease
o0 35.00 o 0.40
= 30,00 E
= 2500 g 030
£ 2000 £ 020
T 1500 g
§ 10.00 I % 0.10
V% ot il all 1l
g =)
BS25 BS50 BS75 BSI00 BS23 BS50 BS75 BSI100
Different Treatment Different Treatment
m(0-10 m10-20 m20-40 m0-10 m10-20 m20-40
& Acid phosphatase Catalase
2 5.00 % 120.00
§ 4.00 = 100.00
El S 80.00
£ 3.00 E
Z *g 60.00
= 2.00
= 40.00
I 11 RE
=} - s R
= 000 I S 000
g BS25 BS50 BS75  BSI100 BS25 BS50 BS75 BSI100
Different Treatment Different Treatment
®0-10 m10-20 m20-40 m0-10 m10-20 m20-40

Fig. 4.5. The vertical variation of enzyme activity

in different treatments

This may be related to factors such as enhanced deep root activity and gradual
increase of root secretions in late stage of winter wheat (Xiong Mingbiao et al., 2003).
Soil enzymes are mainly derived from the secretory activities of soil microorganisms
and crop roots (Tadano et al. 1993). The research of Wang et al. (2001) showed that
with the advancement of wheat growth process, root activity tended to move down to
deep soil. In the late growth period of winter wheat, the root activity in 20-40 cm soil
layer was higher than that in 0-20 soil layer, and more root secretions entered the soil,
which increased enzyme activity. At the same time, root exudates also provide sufficient
carbon source for the activity and growth of microorganisms, improve the activity and
reproduction rate of soil microorganisms, and increase soil enzyme activity.

In addition, with the deepening of the soil layer, the soil compactness increases
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and the permeability is poor, which promotes the catalase activity to increase,
decomposes the root-harmful hydrogen peroxide in the soil into water and oxygen, and
reduces and directly eliminates the harm caused by hydrogen peroxide in the soil
environment. The release of catalase can protect the root system.

Moreover, the surface root system is greatly affected by air temperature, dry and
wet soil and other factors, and the living environment conditions are unstable, which
also accelerates the senescence of the upper root and reduces the enzyme activity of the
soil (Wang et al. 2001).

The vertical distribution of urease activity in winter wheat soil was beneficial to
increase the yield of winter wheat.

Acid phosphatase activity decreased from top to bottom in 0-40 cm, that is,
phosphatase activity in 0-20 cm was higher than that in 20-40 cm, which was consistent
with the research results of Li et al. (2007).This may be caused by two reasons, on the
one hand, the application of biogas slurry prepared a rich source of nutrients for soil
microorganisms, high content of organic matter, phosphorus and microbial content is
also high, and winter wheat roots belong to the beard root system, mainly concentrated
in the 0-20 cm, where ventilation condition is better, soil microbial respiration intensity
increases and metabolism is active, therefore, the phosphatase activity in 0-20 cm was
higher. On the other hand, in the 20-40 cm, winter wheat roots are less, soil
hydrothermal conditions and air permeability become worse, and soil porosity becomes
smaller, which restricts the normal metabolic activities of soil, while the content of
organic matter decreases, and the enzyme production ability of soil microorganisms is
restricted (Wang et al. 2016). Therefore, the combination of these factors led to the
hierarchical distribution of soil acid phosphatase at the depth of 0-40 cm.

The four soil enzyme activities measured in this study were sensitive to the
application of fertilizer and biogas slurry. Biogas slurry returning to field could improve

the enzyme activities of soil in the 0-40 cm, especially in the 20-40 cm, which was
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beneficial to delay the aging process of winter wheat root system in the later growth
period and slow down the decline of the activity value of the upper root system. In
addition, the overall root system can maintain a larger root activity value (Wang 2017),
which is conducive to maintaining a higher biological activity of soil, promoting the
transformation of soil nutrients, improving the fertilizer supply capacity of soil to crops,
and meeting the nutrient demand during the growth and development of crops. This will
play a favorable role in improving soil fertility and increasing the yield of winter wheat.

As a biocatalyst for the intensity of some processes in soil, soil enzymes are the
metabolic power of soil that plays an executing role in some cycles of soil, which is
closely related to fertilization, tillage, soil structure and type and other agricultural
management measures. Generally, the performance of soil enzyme activities in soil
reflects the state of soil at that time. Moreover, soil enzymes are sensitive to the changes
of external environmental factors to a certain extent, and when soil ecological
environment deteriorates, changes in their activities can be used to provide early
warning (Badiane et al. 2001). Soil enzyme activity is a comprehensive method to
reflect soil quality changes (soil fertility and evolution process, etc.), and it is of great
significance to explore the changes of soil structure and function and the sustainable use

of land resources.

Conclusions to Chapter 4

The application of biogas slurry increased the activity of sucrase in soil, and with
the increase of biogas slurry application, the activity of sucrase first increased and then
decreased. The activity of sucrase with BS75 was the highest in 0-10 cm, 10-20 cm and
20-40 cm, which was 15.28mgeg?, 30.73 mgeg-1 and 31.28 mgeg™?, respectively.
Sucrase provides energy for organisms in soil, increases the intensity of organic carbon

accumulation, decomposition and transformation, and increases soil fertility level.
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Application of biogas slurry and chemical fertilizer can increase soil urease
activity. The urease activity of combined application of biogas slurry and chemical
fertilizer (BS25, BS50 and BS75) was higher than that of CF, and the combined
application of biogas slurry and chemical fertilizer significantly activated the urease
activity in soil, which was beneficial to the improvement of soil urease activity. With the
increase of biogas slurry replacement ratio, the urease activity increased first and then
decreased, indicating that the benefit of biogas slurry on soil was dose-dependent, and
appropriate biogas slurry was beneficial to the improvement of soil urease activity, but
excessive fertilization was counterproductive. In 0-10 cm, 10-20 cm, 20-40 cm, soil
urease activity was the highest in BS50 treatment (235.33ug g%, 337.79 ug g and
351.45 ug g%, respectively), and was significantly different from that in other treatments.
Combined application of biogas slurry and chemical fertilizer can enrich soil nitrogen
pool, improve soil nitrogen transformation, increase the nitrogen source absorbed by
winter wheat, and increase the rate of soil nitrogen transformation.

Both biogas slurry and chemical fertilizer increased soil acid phosphatase activity.
With the increase of biogas slurry concentration, soil acid phosphatase first increased
and then decreased. An appropriate amount of biogas slurry could catalyze the
conversion of soil phosphorus into phosphorus easily absorbed by organisms, and
improve its utilization rate. The activity of acid phosphatase with BS50 was the highest
in different soil layers.

The order of catalase activities in 0-10 cm, 10-20 cm, and 20-40 cm soil was as
follows: BS100>BS75>BS50>BS25>CF>CK, and there was a significant difference
between each treatment and CK (P<0.05), and there was no significant difference
between CF and BS25 (P>0.05), BS100 catalase activity was the highest, with
93.19 mmoleg?, 95.11 mmoleg™? and 97.12 mmoleg™?, which were 12.35 %, 6.21 % and
5.86 % higher than CF, respectively. The activity of soil catalase reflects the process of

soil organic oxidation, with the increase of the proportion of biogas slurry, the catalase
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activity increases, and the biogas slurry has a significant promoting effect on soil
catalase activity, which can accelerate the removal of hydrogen peroxide in organisms
and soil to prevent damage, and the soil catalase activity of BS100 treatment is the
largest, and the soil detoxification effect is the strongest. Long-term application of
chemical fertilizers has a significant inhibitory effect on soil catalase activity, which can
easily lead to the accumulation of root exudates, thereby aggravating the toxic effect of
hydrogen peroxide on crops. Biogas slurry application can significantly increase soil
catalase activity and accelerate the decomposition of toxic substances in soil.

Under the influence of soil fertility and productivity, the vertical distribution of
soil enzymes has obvious regularity. Biogas slurry can improve the soil enzyme activity
of winter wheat in 0-40 cm soil layer, especially in 20-40 cm soil layer, which is
conducive to delaying the aging process of winter wheat root in the late growth period,
promoting the transformation of soil nutrients, improving the ability of soil to supply
fertilizer to winter wheat, and meeting the demand for nutrients during the growth and
development of winter wheat, which is beneficial to the improvement of soil fertility and

crop yields of winter wheat.
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CHAPTER 5
THE EFFECT OF CO-APPLICATION OF BIOGAS AND CHEMICAL
FERTILIZER ON THE GROWTH AND DEVELOPMENT OF WINTER
WHEAT

5.1. Winter wheat yield

Crops are the mainstay of agricultural production, and crop yield is an important
indicator of agricultural productivity. Winter wheat is one of the most important food
crops globally, and its increased yield has a significant impact on global food and
nutritional security. Biogas contains a large amount of fast-acting nutrients, especially
ammonium nitrogen which accounts for more than 70 % of the total nitrogen (Jin et al.
2011). At the same time, its high content of water-soluble organic matter can be utilized
by soil microorganisms as an energy source to facilitate their decomposition of organic
nitrogen in the substrate (Feng et al. 2011a). Therefore, both fast and slow nutrient
supply can be achieved. Biogas fertilizer also contains amino acids, vitamins, sugars,
antibiotics, physiologically active substances, etc., as fertilizer application can
effectively promote crop growth (Matsi et al. 2003; Garg et al. 2005; Chen et al. 2011a;
Gericke et al. 2012; Sun et al. 2012).

Li Yougiang (2014c) studied the effect of biogas application on wheat yield, and the
results showed that the application of biogas treatments were all extremely significant
yield increase compared with the control, and the highest wheat yield of 6525.00 kgehm?
was achieved in the treatment of basal fertilizer 60,000 kgehm of biogas + 150 kgehm?
of urea. Evens and Smitht (1977) used biogas slurry and biogas residue produced by
fermentation of pig and cow dung as raw materials to grow corn, and the results showed
that biogas slurry could not only promote the growth of corn but also increase the yield

of corn.
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In this study, the effects of different treatments on the yield of winter wheat were
shown in Fig. 5.1. Both biogas slurry and chemical fertilizer application increased the
yield of winter wheat, with significant differences compared with CK (p<0.05), CF
increased by 7.52 t/ha (27.30 %) compared with CK. There were significant differences
between biogas slurry treatment and CF (p<0.05) with the increase of biogas slurry,
winter wheat yield first increased until 9.83 t/ha BS50 and then decreased to BS100,
which was consistent with previous research results (Shangguan et al. 2000; Matsi et al.
2003; Garg et al. 2005; Liu et al. 2009; Olesen et al. 2009) .
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Fig. 5.1. Effects of different treatment on winter wheat yield

Compared with CF, BS25, BS75 and BS100, the increase BS50 was 30.79 %,
13.61 %, 4.31 % and 34.06 %, respectively, and there were significant differences
between BS50 and other treatments(p<0.05).

The yield of winter wheat combined with biogas slurry and chemical fertilizer is
higher than that of chemical fertilizer, because the filling period is the last period of

wheat growth and development, and it is also the most critical period for the formation
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of wheat yield. If nutrients can be absorbed more fully in this period, the volume and
weight of grains can also increase rapidly, thereby improving the yield and quality of
wheat. Combined application of biogas slurry and chemical fertilizer can give full play
to their respective advantages, and inorganic nitrogen in chemical fertilizer is conducive
to the reasonable construction of plant type and optimization of wheat canopy structure
during the vegetative growth period (Li et al. 2008a). Biogas slurry is rich in nutrients,
vitamins, auxin and other bioactive substances (Liu et al. 2009; Li et al. 2010; Li 2011;
Shang et al. 2011), which can improve the growth environment of wheat roots, enable
the root growth point to develop rapidly, enhance root vitality (Kong et al. 2008), and
help maintain a high level of nitrogen supply in soil during the reproductive growth
period of wheat (Zhang et al. 2011), improve the photosynthetic characteristics of wheat
leaves and increase wheat yield (Xie et al. 2010; Feng et al. 2011b).

At present, many studies have focused on the effects of different ratios of biogas
slurry and inorganic fertilizer on crop yield. Most researchers believe that more biogas
slurry is not always better, the best ratio may exist (Feng et al. 2011a). In this study, the
highest yield of winter wheat was found in BS50 treatment, with biogas slurry and
fertilizer N accounting for 50 % each, and too much or too little biogas slurry was not
conducive to crop yield increase, and this result was also found in other crops (Xu et al.
2005; Liu et al. 2007).

BS50 is the optimal combination of biogas slurry and chemical fertilizer, which can
well match the nutrient demand of winter wheat at different growth and development
stages, ensure the continuous supply of nutrients, promote wheat nutrient growth and
nutrient accumulation, and achieve the best level of wheat yield increase. Winter wheat
yield reached the maximum in BS50, and decreased with the increase of biogas slurry
proportion, which may be due to the large application amount of biogas slurry, strong

nutritional growth, and late wheat ripening, and the yield decreased.
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The yield of BS100 was lower than that of CF, and there was significant difference
between them (p<0.05), indicating that BS100 will reduce the yield, which is consistent
with the experimental results of Wu Huashan et al. (2012b) in corn, but there are studies
on Chinese cabbage, cabbage, rice, corn and other crops that show that the BS100 will
not reduce crop yield (Sun 2006; Tang et al. 2010; Cela et al. 2011). This may be related
to climatic environment, crop species, soil fertility, biogas concentration, application

times and periods, etc.

5.2. Composition of wheat yield

In the early 20th century, Engledow and Wadham (1923), in order to reveal the
mechanism of controlling yield formation, decomposed the yield of cereal crops into
panicle number, grain number per panicle and grain weight, and put forward the yield
composition theory of quantitative yield analysis. Through this theory, we can not only
intuitively understand the composition factors of yield, but also understand the
formation law of yield from the changes of these factors, and play an important guiding
role in the research and application of wheat and other crops high yield (China 2008),
genetic breeding, cultivation physiology, demonstration and popularization. The three
yield components of wheat have an ideal balance in each ecological environment, which
depends on the local sunshine length and light and heat resources, and is affected by
water and fertilizer supply (Hussain et al. 1998; Xu et al. 2008; Anderson 2010). The

balance of yield factors is ecologically stable.

5.2.1. The number of ear, grain number per ear

The effective number of ear and grain number per ear of different treatments were
BS50>BS75>BS25>CF>BS100>CK (Fig. 5.2). Biogas slurry and fertilizer application
increased the number of ear and grain number per ear of winter wheat, and there were

significant differences with CK (P<0.05). The number of ear and grains per ear applied
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with biogas slurry and chemical fertilizer were higher than those of CF, and there were
significant differences between them (P<0.05), with the increase of biogas slurry, the
number of ear and grains per ear increased first to BS50 and then decreased to BS100,
and the number of ears and grains per ears of BS50 were the highest, which were
634*10* pcs /haand 36.2 grains per ear, respectively, which were 8.01 % and 17.03 %
higher than CF, respectively.
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Fig. 5.2. The number of ear, grain number per ear

In the early stage, fertilizer supply of CF is sufficient, and higher fertilizer is used
in the vegetative growth of winter wheat, resulting in too many ineffective tillers that
are difficult to control. In the maturity stage, the photosynthetic capacity of leaves is
poor due to insufficient nutrients, which affects the nutrient supply to seeds in the later
stage, resulting in lower seed setting rate and ultimately lower yield. The nutrient
release of pure biogas slurry was slow and the fertilizer utilization rate was relatively
low, which caused nitrogen deficiency in the early stage of winter wheat, affected
tillering and panicle differentiation, and led to the decrease of effective panicle number

and grain number per ear. The combined application of biogas slurry and chemical
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fertilizer can give full play to their respective advantages, promote wheat growth,
improve the early tillering ability and tillering rate of wheat, and increase the effective
number of ear and grains number per unit area.

Biogas slurry is a kind of fertilizer with comprehensive nutrient content and rapid
efficiency. Nitrogen nutrients, especially available nitrogen nutrients, are higher, and the
application of biogas slurry on wheat shows rapid greening and more tillering, which

can significantly improve the growth of wheat (Kong et al. 2008; Feng et al. 2010).

5.2.2. Grain weight

The long-term accumulation of wheat breeding knowledge shows that in order to
increase Yyield, it is necessary to improve not only the "source” (the number of ear and
grains per ear, etc.), but also the "reservoir" (Grain weight, etc.). 1000-grain weight of

winter wheat is shown in Figure 5.3.
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Fig. 5.3 The 1000-grain weight

Both fertilizer and biogas slurry increased the 1000-grain weight of winter wheat,

and there were significant differences between them and CK (P<0.05), compared with
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CF, biogas slurry increased the 1000-particle weight, and there was significant
difference between the BS and CF (P<0.05), the 1000-grain weight of BS50 was the
highest (45.4 g), which was increased by 5.17 %, 3.89 %, 2.79 % and 3.10 % compared
with CF, BS25, BS75 and BS100, respectively.

Wheat filling period is a period that requires more nutrients, in this period, the
more nutrients transported by the plant to the grain, the heavier the 1000-grain weight of
wheat, the yield and quality of wheat are related to the number of photosynthetic
products produced by wheat leaves in this period, protect the wheat leaves in this period,
make the wheat leaves as long as possible and maintain a good function of
manufacturing photosynthetic capacity. Thereby increasing the 1000-grain weight of
wheat. Combined application of biogas slurry and chemical fertilizer can improve leaf
photosynthetic performance, coordinate vegetative growth and reproductive growth,
delay leaf senescence and increase 1000-grain weight.

Compared with CK and CF, the 1000-grain weight of BS100 was also
significantly increased (P < 0.05), increasing by 5.43 % and 2.01 %, respectively. The
reason may be that in the grain formation stage, the effective panicle number of BS100
was less, which made the population light transmission wind effect better, and was
conducive to the photosynthesis and dry matter accumulation of wheat. At the same
time, the number of grains as the bank organ was relatively small. It is also beneficial to
increase grain weight.

Liu Fengling et al. (2009) sprayed biogas slurry at the regreening stage, jointing
stage, heading stage and filling stage of winter wheat respectively, and compared with
the control group sprayed with water, the 1000-grain weight of wheat increased by 2 g.
Yang et al. (2005) also showed in their study on the effect of biogas slurry application in
wheat fields that the 1000-grain weight of biogas slurry application at jointing stage and
filling stage increased by 1.7 g compared with urea treatment, which was similar to the

results in this study.
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5.3. Correlation analysis of yield and yield composition

The yield and yield composition of different treatments were analyzed. The results
showed that compared with CK, chemical fertilizer or biogas slurry could significantly
increase the panicle number, grains per panicle and 1000-grain weight (P<0.05), thus
having the effect of increasing production. Winter wheat yield from high to low order
was BS50>BS75>BS25>CF>BS100>CK. The correlation analysis (Tab. 5.1) showed
that the yield was significantly correlated with the number of ears and grains per ear and
1000-grain weight, and the correlation coefficients were 0.964, 0.974 and 0.870,
respectively, among which the correlation between yield and grains per ear was the
highest.

The yield, the effective number of ear and grain number of winter wheat treated
with BS100 were lower than those of the combined application of biogas slurry and
chemical fertilizer, mainly because the biogas slurry led to the vigorous vegetative
growth of crops, and the late maturity of green and late maturity in the later stage
seriously affected the number of ears and grains, and the yield was significantly
correlated with the number of effective number of ears and grains per ears, resulting in a

decrease in yield.

Table 5.1
Correlation analysis of yield and yield composition
Correlation
Number of ear 1000-grain Grain yield
(x10*hm?) | Grains perear | weight (g) (10° kgehm?®)
Number of ears . . e
(<104 hm?) 1 0.928 0.873 0.964
Grains per ear 0.928™ 1 0.782™ 0.974™
1000-grain 0.873" 0.782" 1 0.870"
weight (g)
Grain yield . . e
(10° kgehm?) 0.964 0.974 0.870 1
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Compared with CK, the percentage increase of yield and yield composition is
shown in Table 5.2. As can be seen from the table, among the three factors of yield
composition, the increase of number of ear is the largest in general, which is 9.31 %,
19.79 %, 27.92 %, 23.56 % and 4.48 %, respectively, compared with CK, CF, BS25,
BS50, BS75 and BS100. The main reason that fertilization can significantly increase
yield is that the number of grains per ear is significantly increased, and the high yield
can be achieved by increasing the number of grains per ear, which is consistent with the
research results of Huang Hongying et al. (Huang et al. 2013Db).

It can be seen that the high yield of winter wheat is not only determined by one
factor, but is the result of the common influence and control of all factors.
Understanding the relationship between yield and yield components is of great
significance for improving the composition factors of winter wheat yield and increasing
the yield of winter wheat. Therefore, we should take management and control measures
such as nutrients, water and fertilizer, pay particular attention to increasing the
accumulation of grain number per ear, take into account the effective number of ear and
thousand grain weight, coordinate the relationship between yield components, and give
full play to the potential of plant yield increase. The formation process of winter wheat
yield is the process of dry matter production, distribution and transport.

Table 5.2

Percentage increase in yield and yield composition compared to CK

Number of ear Grains per ear 1000-grain Grain yield

(x10* hm?) P weight (q) (10% kgehm?)
CK 0 0 0 0
CF 8.50% 9.31% 3.35% 27.30%
BS25 9.52% 19.79% 4.63% 46.55%
BS50 17.19% 27.92% 8.70% 66.50%
BS75 14.33% 23.56% 5.75% 59.63%
BS100 5.85% 4.48% 5.43% 24.20%
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5.4. Morphological indices of winter wheat

5.4.1 Plant height of winter wheat

It was concluded that plant height was an important factor affecting the lodging
resistance of wheat. The higher the plant height, the weaker the lodging resistance, and
shorter plant height significantly enhanced the lodging resistance of plants (Pinthus
1974; Berry et al. 2003)

Plant height is closely related to plant lodging, and plant height affects winter
wheat yield indirectly. The plant height of combined application of biogas slurry and
chemical fertilizer is shown in Figure 5.4. It can be seen from the figure that the average
plant height of winter wheat under different treatments is 75-80 cm, which belongs to
the medium plant height, which can not only prevent lodging, but also provide enough
biological yield for high yield.
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Fig. 5.4. Effect of Co-application of Biogas Slurry with

Chemical Fertilizer on winter wheat height

Compared with CK, the plant height of CF, BS25, BS50, BS75 and BS100
increased by 1.88 %, 2.41 %, 5.22 %, 3.31 % and 3.22 %, respectively. Fertilization
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increased the plant height of winter wheat, increased the ventilation and light
transmittance of plant bottom, and increased the growth and development of wheat and
the photosynthetic efficiency of leaves. Thereby increasing the yield of winter wheat.
The plant height of BS25, BS50, BS75 and BS100 was 77.47 cm, 79.52 cm, 78.08 cm
and 78.02 cm, respectively. With the increase of biogas slurry proportion, the plant
height increased first and then decreased, and the plant height of BS50 was the highest.
Variety dwarfing reduces the risk of wheat lodging, but the high yield of wheat requires
plant height to be kept within a certain range (about 70-100 cm) (Richards 1992;
Flintham et al. 1997; Miralles et al. 2010).

Reasonable fertilization can promote the vegetative growth of winter wheat,
coordinate the relationship between vegetative growth and reproductive growth of
winter wheat, and suitable plant height is the premise of obtaining high yield of winter
wheat. BS50 treatment can obtain suitable spatial distribution and size of winter wheat
nutrients, meet the needs of wheat growth and growth, and is more conducive to the

high yield of winter wheat.

5.4.2. Effects of combined application of biogas slurry and chemical fertilizer
on first internode traits of wheat base

Plant height is determined by the length of several internodes, which extend at
different stages of development, so they have different effects on yield traits. Wheat
stem has the functions of supporting plants, transporting nutrients, producing and
storing nutrients. However, due to variety, fertility, weather, pests and other reasons will
lead to plant lodging. Lodging, the deviation of stems from natural vertical growth due
to internal and external factors (Pinthus 1974) is an important limiting factor affecting
the high and stable yield of wheat (Fischer et al. 1987; Berry et al. 2003).

Stalk lodging is mainly used in wheat production (Neenan et al. 1975), so stalk

lodging is mainly used in the study of wheat resistance to lodging. Stalk lodging is a
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common occurrence in wheat growing areas in China, especially in Huang-Huai-hai
growing areas, so it is an important research to improve stalk lodging resistance (Tian et
al. 2005). In production, wheat lodging often occurs at the base of the stalk, so the
quality of the stalk internode at the base of the stalk and the bending resistance
determine the strength of wheat lodging resistance (Tian et al. 2005; Chen et al. 2011b) .

The length of the first basal node of wheat is very important for lodging
resistance of wheat plants. The results of the first basal node characteristics under

different treatments are shown in Fig. 5.5.
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Fig. 5.5. Effect of Co-application of Biogas Slurry
with Chemical Fertilizer on winter wheat basal first internode characteristic

As can be seen from the figure, the first internode of the base increased with
fertilizer application, but the increase rate was different. Compared with CK, CF, BS25,
BS50, BS75 and BS100, the increase rate was 1.81 %, 3.55 %, 0.68 %, 5.96 % and
6.19 %, respectively. BS100 had the largest range and increased lodging risk. BS50 has
the lowest increase, which is beneficial to increase plant height, but has better lodging

resistance.



107

Lodging is an important factor limiting grain yield, and studies have shown that
lodging can result in 10-80 % grain yield reduction (Pendleton 1954; Wang et al. 1990;
Jedel et al. 1991; Easson et al. 1993; Wei et al. 2008). There were significant differences
between the first node of the base of different fertilization treatments, indicating that
plant height and the traits of the first node of the base can be changed by adjusting the
ratio of biogas slurry application, so as to improve the stress resistance of winter wheat

and reduce the occurrence of lodging.

5.4.3. Winter wheat plant height composition index

The stem is the pillar of the ground part of the plant, and the structure of the stem
directly affects the lodging resistance. The stem is also an important vegetative organ,
and the node on the stem is the part of the vegetative leaves, so the morphological
structure of the stem is closely related to the yield traits. Winter wheat plant height
composition index is the proportional relationship between the length of the upper and
lower nodes of the stem, reflecting the spatial arrangement of photosynthetic area and
the information of the distribution of assimilates (Liu et al. 2003). In recent years, the
research on plant height composition index mainly focused on wheat.

Previous studies (Duan et al. 2006; Zhu et al. 2009; Lu et al. 2014) pointed out
that plant height, internode length, stalk thickness and fullness are important plant type
indicators of wheat high yield and good quality, which determine dry matter storage
capacity and lodging resistance of winter wheat plants, and thus affect wheat grain
quality. Under normal conditions, the morphological indexes of different types of
populations were different, among which the first internode length at the base was
superior population>superior high-yielding population and superior high-yielding
population, while the subspike internode and plant height were superior high-yielding
population> superior high-yielding population and superior high-yielding population.

The first basal internode was shortened, while the ratio of subspike internode to basal
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internode was increased, which could partly reflect the improvement of lodging
resistance of wheat (Yao et al. 2013).

The effects of different treatments on internode and plant height composition
index of winter wheat are shown in Figure 5.6 and Table 5.3. Variance analysis shows
that there are significant differences between different treatments and CK (p<0.05), the
longest subspike internode of BS50 was 30.81cm, and there were significant differences
between BS50 and others (p< 0.05). There was no significant difference between CF
and CK (p>0.05), there were significant differences between biogas slurry and CF, CK
(p<0.05), in which BS50 had the longest internode (18.36 cm).
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Fig. 5.6. Effect of Co-application of Biogas Slurry with

Chemical Fertilizer on winter wheat subspike internode and top second stem

Compared with CK, the IL CF, BS25, BS50, BS75 and BS100 increased by
1.43 %, 2.51 %, 2.73 %, 1.64 % and 1.19 %, respectively. The IL value of BS50 was
0.618, which was consistent with the golden ratio. There were significant differences
between 11 and CK in different treatments of winter wheat (p<0.05), the 11 value of
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BS50 was the largest (0.627), and there were significant differences between BS50 and

others (p<0.05). The higher the I value, the more beneficial it is to plant resistance and

rational utilization of light source (Zhu et al. 2006).

Table 5.3

Effect of Co-application of Biogas Slurry with Chemical Fertilizer on winter

wheat plant height composition index

I 1
CK 0.602 0.608
CF 0.610 0.617
BS25 0.617 0.618
BS50 0.618 0.627
BS75 0.612 0.617
BS100 0.609 0.616

The plant height component index of winter wheat could be effectively increased

by fertilization. When | value was high, the lower internode was shorter, the center of

gravity was lower, the subear internode was longer, the photosynthetic area above the

sword leaf node was increased, and the resistance to falling and photosynthesis were

enhanced. The increase of plant height composition index of BS50 makes spike under

good light condition, which is beneficial to increase yield.

5.5. Correlation between yield traits and plant height composition index

The | value not only reflects the spatial location of the photocompound area, but

also reflects the information of the operation and distribution of the compounds, and

comprehensively expresses the relationship between plant height, internode length and

internode, so it is closely related to the population yield.
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Wei Xiezhong et al. (1983) and Chen Weiwei et al. (1986) pointed out that wheat
plant height composition index had a very significant positive correlation with yield.

The research results of Liu Zhaoye et al. (2003) show that each | value has a
positive correlation with population yield, and the positive correlation between 11 and
yield reaches a very significant level, which can be used as an important screening
index for high-yield breeding. Xie Linggin et al. (1996) studied the correlation between
plant height component index and yield traits under different density conditions, and
found that I value had little relationship with plant height, but was closely related to
grain weight per ear, grain number per ear, ear length and 1000-grain weight, and
pointed out that the combination with higher | value was conducive to selecting high-
yield types.

Lei Zhensheng et al. (1996) pointed out that in the breeding of ultra-high yield
wheat, the type with plant height of 75-85cm and plant height component index of IL >
0.62 should be selected under the condition of sparse sowing. Zhu Xinkai et al. (2009)
concluded that IL and | 1 were significantly positively correlated with the number of
grains per panicle and panicle weight.

In this study, the plant height component index of winter wheat was significantly
correlated with number of ear, grain number per ear, 1000-grain weight, yield and plant
height (Table 5.4). Plant height was significantly correlated with panicle number, grain
number per spike, 1000-grain weight, yield, IL, 11, subspike internode and top second
stem, with correlation coefficients of 0.842, 0.734, 0.911, 0.826, 0.710, 0.887, 0.954 and
0.905, respectively. The results showed that the effect of subspike internode and top
second stem on plant height was relatively large, and the effect of the first basal
internode on plant height was relatively small. Increasing the length of subspike
internode and top second stem was conducive to increasing plant height, making ear in
good light condition, increasing the number of ear, grain number per ear, 1000-grain

weight of winter wheat, thus increasing the yield.
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Table 5.4

Correlation analysis between yield traits and plant height composition index

First .
Lol | s | Sl | Top e
Of Base
Number of o o F'rSt o -
ear 0.826 0.898 internode of | 0.178 0.910 0.738
base
Grain
Number Per | 0.832"™ 0.799™ 0.734™ 0.102 0.832™ 0.707"
Ear
1000-Grain |, 76 0.908™ 0.911™ 0.253 0.928" 0.786™
Weight
Yield 0.850™ 0.851™ 0.826™ 0.246 0.895™ 0.793™
I 1 0.866™" 0.710™ 0.103 0.877" 0.724™
11 1 0.887™ 0.052 0.971™ 0.713™
Plant Height 1 0.375 0.954™ 0.905™
First
Internode of 1 0.223 0.592™
Base
Subspike 1 0.858™
Internode
Top Second 1
Stem

** At level 0.01 (two-tailed), the correlation was significant

The correlation coefficients between subspike internode and number of ear, grain
number per ear, 1000-grain weight, yield, IL, and 11 were 0.910, 0.832, 0.928, 0.895,

0.877, and 0.971, respectively. The correlation coefficients between IL and effective

number of ear, grain number per ear, 1000-grain weight, yield and 11 were 0.826, 0.832,

0.763, 0.850 and 0.866, respectively. 11 was positively correlated with effective number

per ear, grain number per ear, 1000-grain weight and yield, and the correlation

coefficients were 0.898, 0.799, 0.908 and 0.851, respectively. There was no significant

correlation between the first internode and number per ear, grain number per ear, 1000-

grain weight, yield, IL and 11.
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Comprehensive analysis showed that in the correlation analysis between plant
height component index and yield traits, the correlation coefficients between subspike
internode and number of ear, 1000-grain weight, 11 and plant height were all above 0.9,
accounting for a relatively high proportion; while in the correlation analysis between
yield and plant height component index, the correlation coefficient between yield and
subspike internode was the highest, which was 0.895. The plant height index with high
correlation coefficient with subspike internode was plant height and 11, and the
correlation coefficient was 0.971 and 0.954, respectively. Therefore, subspike internode
played a key role in the formation of winter wheat yield. In practical work, winter wheat
with relatively high plant height and 11 should be selected within a moderate height

range.

5.6. Above-ground dry matter accumulation of winter wheat

The increase of crop yield is based on the accumulation and distribution of dry
matter. Winter wheat straw is a part of plant photosynthesis products, the quantity and
quality of straw reflects the growth and development of plants, and is closely related to
the yield of winter wheat. The biological yield of winter wheat is the weight of all dry
matter harvested per unit area of land, including the dry weight of winter wheat stalks
and grains. Biological yield is the result of continuous transportation, storage and
accumulation of photosynthetic products of stems and leaves, which reflects the total
productivity of winter wheat under certain cultivation conditions, is one of the important
parameters reflecting the growth of winter wheat, and is also the key factor affecting the
yield and income of winter wheat. Therefore, dry matter, as a photosynthetic product, is
closely related to the yield, and it is helpful to understand the accumulation and
transport rule of dry matter to implement reasonable control measures (Song et al. 2003).

The effects of different fertilization treatments on above-ground dry matter

accumulation of winter wheat were shown in Fig. 5.7.
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Figure 5.7. Accumulation of above-ground dry matter

under different treatments

With different biogas slurry, the biomass of winter wheat straw was BS75>
BS50>BS25>BS100>CF>CK, the aboveground biomass was
BS50>BS75>BS25>BS100>CF>CK, there were significant differences between
fertilizer treatment and CK (p<0.05), compared with CF, combined application of
biogas slurry and fertilizer had a significant effect on straw biomass and aboveground
biomass (p<0.05), the straw biomass and aboveground biomass were the largest in BS75
and BS50, and their values were 10.66 tshm™ and 20.37 tshm™, respectively, but both

showed a decreasing trend with the continuous increase of the proportion of biogas
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slurry replacing chemical fertilizer, even after the biogas slurry completely replacing
chemical fertilizer. Wang Yongcui et al. (2010a) found that the dry matter accumulation
of corn silage was significantly increased after applying biogas slurry to the corn field,
which was consistent with the results of this study. The straw biomass and above-
ground biomass of BS100 were significantly lower than that of CF (P < 0.05), indicating
that total application of biogas slurry was not beneficial to above-ground dry matter
accumulation of winter wheat compared with combined application of biogas slurry
fertilizer.

Harvest index is the ratio of grain yield to aboveground total dry matter weight,
and it is a parameter to measure the coordination relationship between economic yield
and biological yield. It reflects the distribution ratio of crop assimilation products in
grains and vegetative organs, and is an important index to evaluate crop yield level and
cultivation effectiveness. Studies have shown that biogas slurry treatment can increase
the transport and distribution of dry matter from stem to grain (Zhang et al. 2017).

Both CF and fertilizer combined with biogas slurry increased the harvest index of
winter wheat (P < 0.05), and the harvest index of BS50 was the highest (0.48),
indicating that increasing biogas slurry in a certain range could improve both economic
yield and harvest index. BS50 can improve the growth and development of various
organs in the later period of growth, coordinate the balanced distribution of dry matter,
transport more photosynthetic products from source organs to reservoir organs, increase
the flow and achieve the purpose of increasing production. There was no significant
difference between BS100 and CF (P>0.05), which may be due to the slow aging and
high accumulation of dry matter in the late stage of BS100, but the poor transport of
nutrient organs to seeds led to a decrease in harvest index.

In general, combined application of biogas slurry and chemical fertilizer can
improve the harvest index of winter wheat and increase the yield of winter wheat,

especially BS50 can further achieve high quality and high yield of winter wheat.
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5.7. Correlation coefficient between harvest index and growth and
development traits of winter wheat
Different traits have different effects on the yield index. As can be seen from
Table 5.5, the yield index is positively correlated with grain yield, with a comparison
coefficient of 0.887, and is also related to material production, distribution and organ
development and construction.
Table 5.5

Correlation coefficient between harvest index and growth and development traits of
winter wheat

Index _Straw Aboyegrou Harvest index
biomass | nd biomass

Yield 0.939™ 0.988™ 0.887"
Straw biomass 1.0 0.980** 0.685™
Aboveground biomass 0.980™ 1 0.811™
Plant height 0.814™ 0.833™ 0.675™
The number of ear 0.864™ 0.935™ 0.911™
Grain number per ear 0.873™ 0.944™ 0.901™
1000-seed weight 0.871™ 0.883™ 0.705™
First base internode 0.456 0.342 0.006
Subear internode 0.847™ 0.887™ 0.774™
Top second stem 0.842™ 0.826™ 0.589"
IL 0.790™ 0.837" 0.769™
11 0.766™ 0.826™ 0.786™

By improving the harvest index, grain yield can be further improved. The high
yield of winter wheat by increasing the harvest index should be based on a certain
biological yield, and only when the biological yield reaches above medium, the high
harvest index can achieve a higher yield. In this study, the harvest index was
significantly positively correlated with effective number per ear, number of grain per ear
and 1000-grain weight. Therefore, reducing stem dry matter allocation, increasing grain

dry matter allocation, improving the transport ability of stalk integrates to grain,
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improving grain fruiting ability and increasing "reservoir" capacity during development
were all beneficial to improving the harvest index of winter wheat.

The harvest index was positively correlated with plant height, IL, 11, subspike
internode and top second stem, and the correlation coefficients were 0.675, 0.769, 0.786,
0.774 and 0.589, respectively, indicating that it was feasible to increase the yield index
by increasing the plant height component index. The lower stem segment was shortened,
the growing part of the leaves was reduced, the center of gravity was lowered, and the
lodging resistance was enhanced. At the same time, increasing the length of subspike
internode and top second stem can make the spacing of leaves in the upper canopy
relatively sparse, which is conducive to the entry of light into the canopy and the
interception of leakage light, so as to strengthen the apex advantage, improve the
utilization rate of light energy, increase the plant height composition index, and then
increase the harvest index and population yield.

Through the above analysis, it was found that the factors affecting grain yield,
biological yield and substance distribution were closely related to the harvest index. The
results of this study showed that above-ground biomass was positively correlated with
effective panicle number and panicle number, and the correlation coefficients were
0.935 and 0.944, respectively, and the harvest index was also positively correlated with
effective number of ear ear and grains per ear, and the correlation coefficients were also
greater than 0.9, which were 0.911 and 0.901, respectively. Therefore, the effective
combination of high biological yield and high harvest index was possible. It is feasible
to increase the yield by increasing the effective number of ear and grain number per ear.
This is consistent with the research results of Mcewan and Cross et al.(Henne et al.
1999; Courtois et al. 2003), that is, the selection of high-yield varieties takes both
harvest index and biomass as selection indicators.

Crop vyield is jointly determined by total dry matter quality and harvest index.

Theoretically, improving total dry matter quality or harvest index can improve yield,
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while more studies believe that it is more important to further improve yield by
improving total dry matter quality (Ying et al. 1998). High yield breeding must improve
biological yield, and the focus of wheat breeding should be on the breakthrough of
biological yield (Entcheva et al. 2001).

Conclusions to Chapter 5

Both biogas slurry and chemical fertilizer application increased the yield of
winter wheat, and there was a significant difference compared with CK (p<0.05). BS50
is the optimal combination of biogas slurry and chemical fertilizer.

Chemical fertilizer and biogas slurry treatment can significantly increase the
effective number of ear, grain number per ear and 1000-grain weight of winter wheat
(P<0.05), so as to increase production.

In the fertilization treatment, the plant height of BS treatment was higher than that
of chemical fertilizer. The plant height with the BS50 was the highest of 79.52.

The base of the first internode increases with fertilizer use, but the increase rate is
different, compared with CK, CF, BS25, BS50, BS75, BS100 respectively increased by
1.81 %, 3.55 %, 0.68 %, 5.96 % and 6.19 %, BS100 has the greatest amplitude.

The increase of plant height component index with BS50 made the ear under
good light condition, which was conducive to increasing the yield of winter wheat.

The combined application of biogas slurry and chemical fertilizer had a
significant effect on straw biomass and aboveground biomass (p<0.05), and the highest
values of straw biomass and aboveground biomass were BS75 and BS50. With the
increase of biogas slurry proportion, even the biogas slurry completely replacing
chemical fertilizer, both showed a downward trend.

Both fertilizer and combined biogas slurry increased the harvest index of winter
wheat (P<0.05), and the harvest index of BS50 was the highest (0.48). BS50 treatment

can improve the growth and development of various organs in the later period of growth.
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Above ground biomass was significantly positively correlated with effective number of
ears and grain number per ear, and the harvest index was also significantly positively

correlated with effective panicle number and grain number per panicle, with correlation

coefficients greater than 0.9.
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CONCLUSIONS

1. There were significant differences between different soil layers in soil bulk
density between each treatment and CK. After adding biogas slurry, the soil bulk density
was significantly reduced, especially after applying BS50, that is very good for winter
wheat growth.

2. Different fertilization treatments could significantly change the particle size
distribution and adjust the mass composition of aggregates with different particle sizes.

3. Long-term application of chemical fertilizer significantly decreased the
number of large aggregates and increased the number of small aggregates, and
application of biogas slurry was beneficial to increase the composition of large
aggregates.

4. The stability of soil aggregates varies in different soil layers and under
different treatment conditions. Biogas slurry treatment is beneficial to increase the
MWD of 0-10cm, 10-20cm, 20-40 cm force-stable aggregates and water-stable
aggregates, with BS50 being the largest. The combined application of chemical
fertilizers and biogas slurry made the MWD of force-stable and water-stable aggregates
significantly higher than those of other treatments, increasing the stability and
agglomeration of the soil. Reasonable fertilizer application, especially the BS50
treatment of biogas slurry and chemical fertilizers, has positive significance in
maintaining the stability of soil aggregates and improving soil quality.

5. Mineral fertilizers can reduce pH, and application of biogas slurry can increase
pH. Biogas slurry itself is alkaline and contains high cation content, the increase of base
ions can effectively inhibit the soil acidification trend caused by long-term application of
chemical fertilizer to a certain extent, and the acid-base environment of soil solution can

be improved.
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6. The application of biogas slurry in agricultural planting can significantly
increase the nitrogen content of the soil, thereby satisfying the absorption of nutrients by

crops. In 0-10 cm, 10-20 cm, and 20-40 cm, the total nitrogen content is highest by the
BS50 treatment.

7. Application of biogas slurry has a certain impact on the soil available
phosphorus content. Among all soil layers, the available phosphorus content of BS50
was the highest. The application of biogas slurry could improve the supply level of soil
available phosphorus, but more is not always better.

8. The content of available potassium in soil of each treatment increases to
varying degrees compared with control. In different soil layers, the available potassium
content of BS50 treatment combined with biogas slurry and chemical fertilizer was the
highest, which was 173.71 mgekg™, 156.63mgekg™ and 144.06 mgekg?, in 0-10, 10-20,
20-40 cm respectively.

9. Application of biogas slurry had an effect on soil organic matter content. In 0-
10 cm, 10-20cm and 20-40 cm soil layers, the soil organic matter content was
BS100>BS75>BS50>BS25>CF>CK, and the soil organic matter content increased with
the increase of biogas slurry concentration.

10. The application of biogas slurry increased the activity of sucrase in soil to
BS75 and decreased B100. The activity of sucrase with BS75 was the highest in 0-10 cm,
10-20 cm and 20-40 cm, which was 15.28mgeg™?, 30.73 mgeg? and 31.28 mgeg?,
respectively.

11. The urease activity of combined application of biogas slurry and chemical
fertilizer (BS25, BS50 and BS75) was higher than only mineral fertilizer application.
The combined application of biogas slurry and chemical fertilizer significantly activated
the urease activity in soil, which was beneficial to the improvement of soil urease

activity. In 0-10 cm, 10-20 cm, 20-40 cm, soil urease activity was the highest in BS50
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treatment (235.33 ugeg?, 337.79ugeg and 351.45ugeg?, respectively), and was
significantly different from that in other treatments.

12. Both biogas slurry and chemical fertilizer increased soil acid phosphatase
activity, but the activity of acid phosphatase with BS50 was the highest in different soil
layers.

13. The order of catalase activities in 0-10 cm, 10-20 cm, and 20-40 cm soil was
as follows: BS100 >BS75> BS50>BS25>CF>CK, and there was a significant difference
between each treatment and CK. BS100 catalase activity was the highest.

14. With the increase of the proportion of biogas slurry, the catalase activity
increases. The soil catalase activity of BS100 treatment is the largest, and the soil
detoxification effect is the strongest. Long-term application of chemical fertilizers has a
significant inhibitory effect on soil catalase activity, which can easily lead to the
accumulation of root exudates, thereby aggravating the toxic effect of hydrogen
peroxide on crops. Biogas slurry application can significantly increase soil catalase
activity and accelerate the decomposition of toxic substances in soil.

15. Biogas slurry can improve the soil enzyme activity of winter wheat in 0-
40 cm soil layer, especially in 20-40 cm.

16. Both biogas slurry and chemical fertilizer application increased the yield of
winter wheat. With the increase of biogas slurry proportion, the yield of winter wheat
increased B25-B50 and then decreased B75-B100, and the yield of winter wheat with
BS50 treatment was the highest (9,8 t/ha), compared with CF, BS25, BS75 and BS100,
the increases were 30.79%,13.61%, 4.31% and 34.06%.

17. Chemical fertilizer and biogas slurry treatment can significantly increase the
effective number of ears, grain number per ear and 1000-grain weight of winter wheat
(P<0.05), so as to increase production. Yield was significantly correlated with the
effective number of ear, grain number per ear and 1000-grain weight, and the correlation

coefficients were 0.964,0.974 and 0.870, respectively.
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18. Different fertilization treatments had effects on the morphological indexes of
winter wheat. In the fertilization treatment, the plant height of BS treatment was higher
than that of chemical fertilizer, The plant height treated with BS25, BS50, BS75 and
BS100 was 77.47 cm, 79.52 cm, 78.08cm and 78.02cm, respectively.

19. The base of the first internode increases with fertilizer use, but the increase
rate is different, compared with CK, CF, BS25, BS50, BS75, BS100 respectively
increased by 1.81 %, 3.55 %, 0.68 %, 5.96 % and 6.19 %, BS100 has the greatest
amplitude, increasing the risk of lodging. BS50 had the lowest increase, which was not
only conducive to increasing plant height, but also had better lodging resistance.

20. Fertilization can effectively improve the plant height component index of
winter wheat. The increase of plant height component index with BS50 made the ear
under good light condition, which was conducive to increasing the yield of winter wheat.
Plant height component index was significantly correlated with the effective number of
ear, grain number per ear,1000-grain weight, yield and plant height.

21. The combined application of biogas slurry and chemical fertilizer had a
significant effect on straw biomass and aboveground biomass (p<0.05), and the highest
values of straw biomass and aboveground biomass were BS75 and BS50, however, with
the increase of biogas slurry proportion, even the biogas slurry completely replacing
chemical fertilizer, both showed a downward trend.

22. Both fertilizer and combined biogas slurry increased the harvest index of
winter wheat (P<0.05), and the harvest index of BS50 was the highest (0.48). Increasing
biogas slurry within a certain range could improve both economic yield and harvest
index. BS50 treatment can improve the growth and development of various organs in the
later period of growth.

23. The factors affecting grain yield, biological yield and substance distribution
were closely related to harvest index. Above ground biomass was significantly

positively correlated with effective ear number and grain number per ear, with
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correlation coefficients of 0.935 and 0.944, respectively, and the harvest index was also
significantly positively correlated with effective panicle number and grain number per

panicle, with correlation coefficients greater than 0.9 (0.911 and 0.901, respectively).

PROPOSALS
Fertilization had effects on soil physicochemical properties, enzyme activities and
growth of winter wheat, the effect of combined application of biogas slurry and
chemical fertilizer is greater than that of single application of chemical fertilizer or
biogas slurry. According to the situation of Zhoukou area and environmental protection,
BS50 treatment of biogas slurry and chemical fertilizer is recommended, which is
conducive to improving lime concretion black soil, improving soil fertility and

increasing winter wheat yield.
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Apendix C
Average temperature per month for 2020-2022, °C

2020 2021 2022
January 2.5 3 2.5
February 6.5 8 4
March 11 10 115
April 14.5 13.5 17
May 22.5 20 21
June 26 27 29
July 24.5 27.5 27.5
August 27.5 25.5 28
September 22.5 23.5 23
October 15.5 15.5 15.5
November 10 10 11
December 3 4.5 2.5
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Appendix D
Average precipitation per month for 2020-2022
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Months
Month 2020 2021 2022
January 63.8 2.5 23.1
February 20.1 36.2 1.8
March 14.4 74.6 21.6
April 12.5 36.5 9.9
May 30.1 156.7 7.9
June 227.4 35.3 159.9
July 317.1 307.8 127.8
August 59.7 109.2 77.6
September 21.3 149.6 0
October 35.5 20.4 139.6
November 73.1 11.9 18.5
December 8.4 0.8 0.3
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Appendix E

149

Soil available phosphorus content with different proportion of biogas slurry in different

soil layers
Soil depth CK CF BS25 BS50 BS75 BS100
0-10 cm 17.46 20.18 22.26 25.59 21.43 19.36
10-20 cm 16.59 18.28 18.40 22.50 19.64 19.15
20-40 cm 14.74 16.37 17.47 20.48 18.28 16.53
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Appendix F

Soil available potassium content with different proportion of biogas slurry in

different soil layers

Soil depth CK CF BS25 BS50 BS75 BS100
0-10 cm 138.16 147.18 157.35 173.71 162.12 154.67
10-20cm | 124.75 135.84 141.97 156.63 143.33 136.89
20-40cm | 113.85 118.55 127.89 144.06 137.70 125.06




Appendix G
Soil acid phosphatase activity and distribution

in different soil depth with different fertilization

Soil depth CK CF BS25 BS50 BS75 BS100
0-10 cm 3.07 3.39 3.43 4.10 3.61 3.57
10-20 cm 1.62 2.83 2.90 3.21 2.68 2.67
20-40 cm 0.76 2.31 241 2.60 1.34 1.31
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