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Effects of Organic Amendments Combined with Microbial Agents
on Soil Fertility and Microbial Communities in Olive Groves
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Abstract: To investigate the effects of combined organic amendments and microbial agents on soil fertility and microbial
communities in olive groves, this study conducts pot experiments using an untreated control (CK) and systematically sets up
different treatment combinations: single application of organic amendments, single application of microbial agent (J), biochar +
organic fertilizer + microbial agent (BC+OF+]), biochar + humic acid + microbial agent (BC+HA+J), organic fertilizer +
humic acid + microbial agent (OF+HA+J), biochar + humic acid + organic fertilizer (BC+HA+OF), and biochar + organic
fertilizer + microbial agent + humic acid (BC+OF+J+HA). Compared with CK, all combination treatments significantly
increase the contents of soil organic carbon (SOC), available nitrogen (AN), available phosphorus (AP), and available
potassium (AK). The BC+OF+]J treatment is the most effective, increasing SOC and AN by 2.69 and 1.81 times, respectively,
compared to CK. The OF+HA+J treatment has the highest AK content (778.50 mg-kg™'), while the BC+HA+OF treatment most
effectively enhances AP content (662.27 mg-kg™). Except for the BC+HA+J treatment, all other combination treatments
significantly increase the activities of alkaline phosphatase (ALP), urease (UE), and sucrase (SC). Among them, the BC+OF+J
treatment achieves the greatest increase in ALP activity (14 385.1 U/g), whereas the OF+HA+J treatment has the highest
activities of both UE (438.23 U/g) and SC (23.36 U/g). Principal coordinate analysis (PCoA) and analysis of similarities
(ANOSIM) indicate that the treatments significantly alter the soil microbial community structure, with more pronounced
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shifts observed in bacterial than in fungal communities. The bacterial communities are dominated by the phyla
Proteobacteria, Firmicutes, Actinobacteriota, Chloroflexi, and Acidobacteriota, while the fungal community is
overwhelmingly dominated by Ascomycota. The combination treatments significantly increase the relative abundances of
Firmicutes and Ascomycota. Redundancy analysis (RDA) and Mantel tests reveal that Proteobacteria, Firmicutes, and
Ascomycota are positively correlated with soil enzyme activities (UE, ALP, SC) and nutrient availability. Soil bacterial
communities show highly significant positive correlations with SOC, AN, AP, AK, ALP, UE, and SC (P<0.01), while the
fungal communities exhibit highly significant positive correlations with SOC, AN, AP, AK, ALP, and UE (P<0.01), and also
significant positive correlations with SC (P<0.05). In conclusion, this study demonstrates that the combined application of

organic amendments and microbial agents synergistically regulates soil fertility, enzyme activities, and microbial community

structure in olive groves, providing a theoretical basis and data support for its application in olives and other crops.
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Table 1 Experimental design

4k P/ (gkg™) AP/ (gkg™) JEEFEmR/ (g kg™) ERITHR (kg™
Treatment Biochar Organic fertilizer Humic acid Microbial agents

CK — — — —

BC 20 — — —

OF — 50 — —

HA — — 1.5 —

J — — — 10
BC+OF+J 20 50 — 10
BC+HA+J 20 — 1.5 10
OF+HA+] — 50 1.5 10

BC+HA+OF 20 50 1.5 —
BC+OF+J+HA 20 50 1.5 10
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Table 2 Effects of different treatments on soil chemical properties in olive groves

%A/ (mg-kg™)
Alkali-hydrolyzable nitrogen  Available phosphorus  Available potassium

B (mg-kg™) B (mgkg™)

AbFR AR/ (gkg™)
Treatment pH Organic carbon
CK 8.03+0.08a 19.83+1.58f
BC 7.91+0.14ab 39.08+2.51de
HA 8.0140.17a 38.96+2.60b
J 7.85+0.18ab 35.86+0.60¢
OF 7.84+0.13ab 40.46+1.21d
BC+HA+J 7.84+0.07ab 41.15+0.72d
BC+OF+] 7.89+0.35ab 53.27+1.86a
OF+HA+] 7.87+0.01ab 45.17+3.52¢
BC+HA+OF 7.99+0.19a 37.58+2.09ab
BC+OF+J+HA 7.62+0.06b 51.03+1.66ab

7.05+0.10e 30.41+25.63F 51.14£19.04h
8.944+0.21d 88.80+11.76ef 117.08+24.69¢g
10.17+0.24¢ 125.52+57.98de 209.15+15.04¢
9.43+0.31d 103.86+13.93def 158.48+19.19f
11.48+0.25b 177.31+19.84cd 543.35+18.81¢c
11.81£0.15b 203.67+5.65¢ 320.77+5.10d

12.77+0.92a 528.53+£73.44b 677.13+25.74b
10.78+0.64c 512.52+75.24b 778.5049.11a

9.14+0.25d 662.27+44.15a 693.38+32.87b
11.61+0.15b 520.06+21.33b 741.08+2.07a

W BEYIAN /NG RS A BRI E (P<0.05) K ZE R i 2 . T 1A

Note: Different lowercase letters above the bars indicate significant differences among treatments at P<0.05. The same as below.

Horf OF+HA+T Ab B ) SC i 14 B¢ =1 (23.36 Ulg) o
5 bR =R g A Ak B I, BT A AL BRI AR
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VR £ 2 AT S O iRy 524 ALPVUE AT SC %
P2 WALEBE , 1T CAT 375 1 I it 52 240
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Table 3 Effects of different treatments on soil enzyme activities in olive groves Ulg
Jb3 JOR T TR R T A S Bl P PR T I 11
Treatment Urease activity Sucrase activity Catalase activity Alkaline phosphatase activity
CK 100.84+28.09cd 12.73+0.15¢ 137.72+0.33a 4519.02+1 039.82d
BC 63.54+7.99d 12.62+0.13¢ 135.25+2.64ab 3 683.40+820.21de
HA 34.62+8.08d 13.20+0.78de 134.73+1.14ab 2 619.88+174.06e
J 149.04+15.52¢ 14.03+1.14cde 134.15+0.60ab 6 066.83+281.05¢
OF 353.57+41.38b 15.33+1.20cd 135.10+1.57ab 11 631£199.41b
BC+HA+J 159.10+67.99¢ 13.31+0.49de 130.69+2.95b 6361.20+438.56¢
BC+OF+J 283.58+71.97b 15.80+1.57¢ 131.47+7.37b 14 385.1+872.16a
OF+HA+J 438.23+62.54a 23.36+0.94a 135.59+1.60ab 13 777.37+1 291.81a
BC+HA+OF 271.844+70.24b 18.20+2.59b 133.77+1.32ab 12 172.594350.06b
BC+OF+J+HA 334.71+14.17b 22.58+1.40a 134.59+0.53ab 13 634.94+1 126.00a

23 ARICIEEXT HEH TR E B E S E %
EEed=0pA
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X o
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Hr 7 ACE.Chaol . Simpson 1 Shannon fi5 %% , Jf:

F H Coverage ¥& £UK: 38 W /37 9K BE . W1 3E 4 B
7~ T H FEAR B Coverage 18 503 & T 97%., i
B 7 5 VA B, B S WA [ A B T 3%
I T AN L B R VR B SR O 7 4 B REVE T
i, 55 CKAHLE , X BC A1 HA &b HE 2 5 1 415 11
Chaol #i %, H BC 4b 2 i 52 7+ 1 Hl &2 3% (P<
0.05) , 7 B LTt AR ) ¢ i S 3 S8 N4 v 1) = 8
FE o A Ak BE N AN [F) R RE PRI T 4H B
Chaol #5 % . [FIW, Fr A Ab 38 58 CK K T
4 TR 1) Shannon $i5 4 , MUK H M #F 5 11 2
FEMES Ol R F . fELBEAETE 71, 5 CKARLL,
B J A OF Hjils Ab B Ah , A AL BRI $2 5 T B E
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Table 4 Effects of different treatments on soil bacterial and fungal a-diversity indices in olive groves

ZHEPERR L Qb3 Simpson %1 Chaol 484 ACE 5%k Shannon{§%%  Coverage 1§44
Diversity index Treatment Simpson index Chaol index ACE index Shannon index  Coverage index
il CK 0.003+0.00b 4420.97+175.49b 4 480.65+165.87b 7.003 3£0.03a 0.98
Bacteria BC 0.004+0.00b 4 871.734407.01a 4974.77+411.39a 6.859 6+0.14a 0.97
HA 0.005 3+0.00b 4 489.154+265.76b 4 563.26+266.70b 6.8440.09a 0.97
J 0.027 6+0.00a 3771.03£146.11cd 4 563.26+266.70b 5.822 4+0.06b 0.98
OF 0.036 4+0.02a 3 778.94+96.97cd 3 862.44+134.98cd 5.675+0.28bc 0.98
BC+HA+J 0.033 1£0.00a 3 883.74+139.24¢ 3950.66+135.41cd  5.823 4+0.05b 0.98
BC+OF+J 0.027 1£0.00a 3 464.62+46.04d 3 589.20+49.99d 5.693+0.09bc 0.98
OF+HA+J 0.028 3£0.00a 3 571.30£157.66cd 3 669.78+168.61cd 5.643+0.01bc 0.98
BC+HA+OF 0.040 1£0.02a 3598.30+139.88cd 3 756.65+142.36cd  5.448 440.34¢ 0.98
BC+OF+J+HA  0.022 5+0.01a 3 868.86+108.87¢ 3998.23+76.18¢ 5.897 6+0.37b 0.97
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Fig. 2 Relative abundance composition of soil microbial phyla under different treatments in olive groves
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Fig. 3 Relative abundance composition of soil microbial genera at genus level under different treatments in olive groves
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