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also evaluated. The results showed that with increasing plantation age, SOC and
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Haloxylon Afforestation microbial population also increased significantly in older sites, while the C/N
Soil Microbial Biomass ratio and Microbial Quotient (Qmic) remained statistically unchanged, indicating
(SMB) the maintenance of the functional balance of the microbial community. The

positive correlation of SOC and TN with microbial indices, alongside the
Arid Ecosystems negative correlation of the C/N ratio, bulk density, and CaCO3 content, highlights

the importance of physicochemical properties in determining soil health. These
results indicate that long-term Haloxylon afforestation enhances soil quality,
microbial activity, and the ecological capacity of desert ecosystems, providing a
solid foundation for sustainable soil management and dryland restoration.
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EXTENDED ABSTRACT

Introduction

Desertification, the most severe form of land degradation in arid and semi-arid regions worldwide,
leads to a decline in biodiversity, reduced ecosystem stability, and detrimental alterations in ecosystem
structure and function. Vegetation restoration, particularly using resilient native species such as
Haloxylon persicum, is recognized as a highly effective strategy to combat desertification and restore
local habitats. Soil microbial communities play a critical role in maintaining the stability and functionality
of these arid ecosystems, especially through their key involvement in carbon and nitrogen cycling.
However, comprehensive data on the changes in soil physical, chemical, and microbial properties across
a gradient of Haloxylon plantation ages remain limited. This is particularly true in arid regions of eastern
Iran, such as Birjand, where the long-term influence of native afforestation on soil structure and biological
function has yet to be fully elucidated. The present study was designed to investigate the dynamics of the
soil microbial community at various plantation ages and analyze their relationships with soil
physicochemical properties. Its novelty lies in the integrated, multifaceted assessment of soil properties
and microbial communities throughout different stand ages. This approach facilitates a deeper
understanding of the plant-soil-microbe interactions and helps identify mechanisms influencing long-term
ecosystem restoration. The results are expected to provide practical information for optimizing
afforestation schemes, enhancing the resilience of arid ecosystems, and establishing a robust scientific
basis for sustainable land restoration strategies.

Material and Methods

To investigate the effect of plantation age on the dynamics of the soil microbial community, this study
was conducted in three distinct sites: two plantations aged 34 and 26 years, along with one unplanted
control area, in the Merak region of Birjand city (South Khorasan province). Sampling was carried out in
June 2025 using a systematic random method, with six sampling points selected as replicates at each site.
At each replicate, soil samples were collected from a depth of 0 to 30 cm after removing the surface litter
and transported separately to the laboratory. The physicochemical properties of the soil including Soil
Organic Carbon (SOC), Total Nitrogen (TN), available phosphorus and potassium, pH, Electrical
Conductivity (EC), porosity, bulk density, calcium carbonate content (CaCO3), and Sodium Adsorption
Ratio (SAR) were measured. Soil microbial characteristics were assessed using standard methods,
including catalase enzyme activity, basal and substrate-induced respiration (SIR), Microbial Biomass
Carbon (MBC) and Nitrogen (MBN), and microorganism population (MPN). The Microbial Quotient
(Qmic) was calculated as the ratio of MBC to SOC. After verifying normality and homogeneity of
variances, the data were analyzed using one-way analysis of variance (ANOVA) within a completely
randomized design. Relationships between physicochemical and microbial parameters were examined
using Principal Component Analysis (PCA) and Pearson correlation coefficients in R software.

Results and Discussion

The results of this study showed that long-term Haloxylon afforestation significantly affects the
physicochemical and microbial properties of soil in the arid ecosystems of the Birjand region. Analysis
of variance revealed a significant impact of Haloxylon plantation on indicators such as SOC, TN,
available potassium, pH, EC, CaCO3, SAR, bulk density, and porosity, while available phosphorus
showed no significant change. Increasing the age of the Haloxylon stand was associated with a significant
increase in organic carbon (1.73 to 18.7 g/kg) and more than a fourfold increase in total nitrogen compared
to the control site. This indicates the substantial accumulation of organic matter, development of a robust
root system, and enhancement of soil microbial activity. The decrease in bulk density and corresponding
increase in porosity suggest improvements in soil structure, water permeability, and aeration. Changes in
pH, EC, CaCO3, and SAR reflect adjustments in soil salinity and sodicity over time due to plant presence.
Regarding microbial properties, catalase enzyme activity, basal and SIR, as well as MBC and MBN,
increased significantly with the age of the Haloxylon plantation, indicating enhanced metabolic and
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ecological capacity of the soil. Microbial population and diversity improved in older cultivation sites,
while the C/N ratio and the Microbial Quotient (Qmic) remained relatively stable, suggesting the
maintenance of a functional balance within the microbial community. Positive correlations between SOC
and TN with microbial indices, alongside negative correlations of the C/N ratio, bulk density, and CaCO3
content with microbial activity, underscore the importance of these physicochemical indices in
determining overall soil health and biological performance. These findings emphasize that long-term
Haloxylon afforestation improves soil fertility, promotes microbial activity, and increases the ecological
stability of dry ecosystems, playing a key role in soil stabilization and improving its biological
performance.

Conclusion

The results of this study showed that long-term Haloxylon afforestation in the arid ecosystems of
Birjand has a significant and positive effect on the physical, chemical, and microbial properties of the
soil. With increasing stand age, total SOC and TN increased significantly, indicating the substantial
accumulation of organic matter from litterfall, root activity, and enhanced microbial turnover. The
decrease in bulk density and increase in porosity demonstrate the improvement of soil structure,
permeability, and the creation of suitable habitat conditions for microbial growth. Physicochemical
changes, including the adjustment of soil salinity and sodicity and the reduction of CaCO3 content and
SAR, highlight the positive long-term effects of Haloxylon afforestation on overall soil quality. Microbial
indicators such as catalase enzyme activity, basal and SIR, as well as MBC and MBN also increase with
the age of the Haloxylon plantation, demonstrating enhanced metabolic and ecological capacity of the
soil. The population and diversity of microorganisms in older Haloxylon persicum stands improved, while
the carbon-to-nitrogen ratio and Qmic remained stable, suggesting the maintenance of functional balance
within the microbial community. The positive correlation of SOC and TN with microbial indices and the
negative correlation of C/N ratio, bulk density, and CaCO3 with microbial activity highlights the critical
role of physicochemical properties in soil health. PCA analysis identified the first axis as the main factor
separating the sites, with SOC, TN, and MBC contributing the most to explaining the observed
differences. These findings indicate that long-term Haloxylon afforestation enhances soil quality,
microbial activity, and the ecological capacity of desert ecosystems, providing valuable insights for
sustainable soil management and restoration.
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properties
F Slayw il gol3T 4z S sl el
Mean Squares df Soil parameters
99.25™ 23.38 2 Between Groups oy 5 ¢y Sk JT oS
0.23 8 Within Groups Lesg 5y, Soil organic carbon (g kg')
15.38™ 0.14 2 Between Groups leeg 5 -y IS o595
0.00 8 Within Groups lses 5 5, Total Nitrogen (g kg%
453.12™ 38163.4 2 Between Groups oy 5 ¢y S 53 sl
84.22 8 Within Groups lacg 5 5, Available Potassium (mg kg™)
1.08" 151.8 2 Between Groups kos 5 v O sd 5 i
139.4 8 Within Groups lecs 5 1y, Available Phosphorus (mg kg™)
13.23™ 0.04 2 Between Groups lesg 3y FERRWN
0.003 8 Within Groups less 5 5,0 pH
65.11" 2.02 2 Between Groups leeg S yo oS cglan
0.03 8 Within Groups g5 5,9 EC (dSm')
23.89™ 21.77 2 Between Groups lacs,5 ¢y PUUMLgCATIN 3
0.91 8 Within Groups less 5 3,0 CaCos
32.06™ 1.71 2 Between Groups leeg 5 -y 2 i o
0.05 8 Within Groups ey S 5,0 Sodium Adsorption Ratio
57.57" 0.02 2 Between Groups lacs 5y sl JK>
0.00 8 Within Groups leocg 5 1y, Bulk Density (gecm®)
20.32™ 88.11 2 Between Groups lacg 5 v PEIES;
4.32 8 Within Groups es 5 5,0 Porosity (%)

s pas 5 oo, S izl g o (glo S o 5 4

** s: indicate significance at the 1% probability level and non-significance, respectively.

0 AD gmp Ni o S (slapannsS] 0 S ploond 5 258 ST g 2 §HTEL o 3B il dalllas o
saamsylad yal cnl aS el lidl s lo g b 4 SIS 03955 9 (I 25 polie o6 EL G SaliBI L a8 ols las
Slas Sldlas Conl S g S Codled ial3dl a1 5 alS SLlay g baady ) colled o5 i, 5l 256 JT olse aoses
e a8l il anils SB sloowd 5 Sosd o Fis 5 strsd b il Wil e Saenily o )5 JKiz aS wlosls
5045 W8S 5158 (Zheng et al., 2024) o Kan § S55 (Ui sl 1 Nigd o0 S g5 ol sl g (55508 45 > dgupe
250 & ol Slaclled 5 (09,500 0055 cuns (595 oS 1 008 ol (Jlo Yol G oo b 0 4235 slo JSor
el 5,5 polyz 5l Calom gy S b )L 5 g puilol Sy 8023l el ol 4 el adly il o s ine
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Sl Sl e (5,5 EL a5 el OT}‘ S 55 CAR) i 0l Cad g S Ol ST alS g EC g pH 25158l

9o odnlive lizen YU ;55 5l LU el poss St 3blie 5 40 ax ST ail ansls 156 ST oo 5 5,00
Slo 5o alie Sldlas b ol cpl ail (5,58 wais Las Wl so a5k G S oS Sgage sline 4 Log J EC ial33l
S IS Glyome Gl 4 2o @5 USiz m Gl ez 5 sladdllas o (Jlie sl 05l Slsen Stz bl
e go 6,5 US> o a3l Koo slanllas ) ¢ yaizmen (GUO LAl 2024) wi S xbaw sloasY [ op,S 5YL clalé g
saste SYLI o (slanlllas ol ;o (Yao et al, 2023) wis S cuisS Jilil g SB oliowds 5 (Sojud slo Shg Sone
Yesilonis, ) sl oe S5t Sologie pobar S aleerd 5 (b S SRy (8K G RIB LA ol plas
g 4l 8l S p)S Glgimme (6,5 Kz Lial38l L aS ol sunliwe (Szlavecz, Pouyat, Whigham & Xia, 2016
Ll yo0 0> b ol dalllas zolis b beassl ol (Chen etal., 2025) suws op,S cbilé o YL ol)ls S o sloasy

el lama Jolse (558,515 5 5 ey oy A2 Syl 2 66 5535 53l sz e e

S (g Sheogad p G BEL (o Sl Sl dlie Y Jou
Table 2- Comparison of the Mean Effect of Haloxylon Plantation Age on Soil Physical Properties

G EL sbcoln
The age of Haloxylon plantation sites

SB b gl
Soil parameters

JLv¥ Juyr b -
34 years 26 years 0 years
7.18+0.8° 3.4240.2° 1.730.1° S JT oS
Soil organic carbon (g kg?)
0.58+0.12 0.35+0.06" 0.14+0.02¢ JS oyge s
Total Nitrogen (g kg
358.3+3.05° 355+12.72 161.3+8.9° s 33 ol
Available Potassium (mg kg1)
3.87+0.142 3.8140.14? 2.95+0.15 R
Available Phosphorus (mg kg™?)
8.02+0.072 7.9+0.022 7.79+0.06° e
H
3.64+0.202 3.11+0.14° 2.03+0.17¢ wi;rzll Colas
Ec
8.93+1.27°¢ 11.2+0.95° 14.3+0.452 S LG S
CaCos
2.0+0.30° 2.93+0.15b 3.54+0.2082 PRI CS:
Sodium Adsorption Ratio
1.20+0.01°¢ 1.28+0.02° 1.37+0.022 ol JE
Bulk Density (gcm)
49.3+1.522 45.5+2.082 38.6+2.51P Jxls
Porosity (%)

Different letters in each row indicate a significant difference (p<0.05).
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WSl gl b (eizres Lol S (Sgilie Solad 5 guilannST Cud )b Sgue ;0L a5 2L Gl (a8 LB sk
sla il jo JTolge 525 g b Same slaan] B i Sab gossmsglis g adl Gl 6)ls e b (09,5
bl guge 5l (S a5 il 4295 BB ol 6 BEL o Al L 5 (229,500 0395y (555 5 (1S s S e
Dol (09,Sun whe 9 (29550 0095 ems HJ9y 4 (25 Cemd (blie yo el S0 JTslge ged g s pdiian;
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Table 3- Analysis of Variance of the Effect of Different Haloxylon Plantation Sites on Soil Microbial
Characteristics

E Olype uSile ol3T 4z )0 SB syl
Mean Squares df Soil parameters
163.4™ 48.46 2 Between Groups lees 5 SB35
0.29 8 Within Groups less,5 5,0 Catalase Enzyme
132.0™ 2.17 2 Between Groups laeg,5 -y @l og,Soe iiS
0.01 8 Within Groups lacg 5 :y5,8 Basal Microbial Respiration
65.1" 7.10 2 Between Groups leeg 3 v FLER G W
0.1 8 Within Groups laeg 5 g, Basal respiration
205.5™ 17655.1 2 Between Groups lacs 5 1. @950 03585 S
85.8 8 Within Groups leeg,5 3,0 Microbial Biomass Carbon
365.4™ 289.9 2 Between Groups leeg 5 y. 2955 03955 (395
0.79 8 Within Groups eg,5 3,0 Microbial Biomass Nitrogen
3.32m 3.86 2 Between Groups lees 5 e 519 55n 035545 (955 2 S
1.16 8 Within Groups ey 5 5,0 MBC/ MBN
79 79.0 2 Between Groups lass 5 -y peansilS )l Ko ooz
1.0 8 Within Groups lees,5 3,0 Microorganism Population
4.02™ 117.4 2 Between Groups leeg,5 v JETT U
29.2 8 Within Groups lacg 5 49,0 Microbial Quotient

Sl s pas g a0, S izl s jo (g5l pme i 5 4
** s: indicate significance at the 1% probability level and non-significance, respectively.
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Codlid s Sl a5 (il Ll oI5 sine ysbds ) SEL o ialidl b o 0 Shas 5 guilapnS] Cod b 5l oasls
polie (p piin ol 5 du S e slacole 40 50 4SSl (il g b miiS ol T 0lge a4 325 0 S by 5 SIglie
0385 § ()95 § ()5 it Sy ol yolie 50,5 ¢ ol Sdse LgL:zsa.:,J)é S el 38l eaims oyl g wisle lad |,
3 S lge gez g pdyan Ll sgne Sbles a5 il l Bl 6 pKaita jsb 4 ) EL (pe (131 L s 29,5
O b 50 (99,500 B35 s (35S A (2)S S el (925,500 galsx ) Coles (gl S Cod b noals 5 S
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D5d o Sl ptunwsST 65lk Cogl 5 (9,%e olled Rl (S s s Sl

OBEL e b3l L g Syl S s Se sla Fing el 5 )5 sine Sl 6, SEL a5 oy olis Lol> iagh mls
(Lietal, 2022) o Son 5 J Lass ool ,155 s b boasily ) ol oo Sgete 6 peSaiar psbas S iy sloasls
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Bhee S 29,500 Sl Gl g ) Slapatll dgn carge S bl j3 (LS bgy bl b o) K
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(LS Llay T3l 3 el sl l3El Lo (Tahat et al., 2020) WS o ] S s ,Se coodls L 15 cogee i ]
frgs a5 Sl ] ko g9090 ol (YANG & LV, 2023) ol 0oy o 551 ol jiiw S5 56 crgo (I 0lge gamd g duges Sgupp
55 Sly3 e 00 sl (slbpivcnssST 45 aliie ldlas b b ambly cpl ool 5isme slayl5E6 45 ad Sase slaan] s
A g pwd Glalial 5l o wilgs o eass isls8l(Yang, Zou, Yang & Lin, 2016; Zhou et al., 2020; Cheng et al., 2013)
e BLE sy dnwsi oxly ,o (DU etal, 2021) wil SB LSl Sy s S cusb, bl e WG JT oS
950 Slled 5 0l sl osllas oo 45 0ud (G LR g ady, St 5 oSy iy Gasb 5l I lse 69955 Gl
(Lietal, 2022) &S o pal 3
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S5k gl & oo S5 (saad 2 g 43 45 055 oo salie sl Sl 1o arisussST 15 Ygoro S8 iz (2024
Xloduw

2ol ol &5 sl Bl angi Kotz jobd Siree GlaLEL 50 lapusl )l S Sumex o5 sl plis Laosls Ll
Sllag 5 (0,5 @l Cudgazme (EL adyl Jol e )3 ol (e wlis £555 (Al g (029,500 o) (2 )05 S5 Sl
2SSy 0y gl S ae Lulyd (JT slge ez 5 loy <3S L Lol g e 09,50 Sl (1alS czrge (Ssh,
s (29,500 e 503 S Sl (HE B AL, 2024) W9k oo Sesiie 5 U3 (229,50 @aolsz 5 AL S Lol )l Se
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Table 4- Comparison of the mean effects of Haloxylon plantation age on soil microbial properties

GHEEL sbcols w S sl elyb
The age of Haloxylon plantation sites Soil parameters
Juovs Ju s Ju -
34 years 26 years 0 years
11.7640.552 7.46+0.60° 3.37£0.47¢ VG o 5
Catalase Enzyme (umol KmnO, g~* dry soil)
2.16+0.19° 1.09+0.10° 0.48+0.02¢ Gl 29,0 (uilS
Basal Microbial Respiration (mg CO,-C g soil day™?)
4.38+0.382 2.40+0.41° 1.34+0.07¢ FREN ¢/ BVt
Basal respiration (mg CO,-C g7* soil day™)
226.3+6.422 154.3+11.5° 73.0+9.16° 955w 03555 (2,5
Microbial Biomass Carbon (mg kg)
26.45+1.1° 14.76+1.0° 6.93+0.35°¢ 295w 83555 (339
Microbial Biomass Nitrogen (mg kg)
8.59+0.15° 10.45+0.112 10.59+1.8% 2550 03555 gy 2 )5
MBC/ MBN (mg kg™?)
14.0+0.982 7.0+1.0° 4.0£1.02° L o5 g o Cmo>
Microorganism Population (CFU x107 g~tdry soil)
31.8+4.25° 42.8+2.282 42.4+4.31° 29,590 e

Microbial Quotient (mgCmicg*Corg)
Different letters in each row indicate a significant difference (p<0.05).

S b Shy Koo
(TN) S 039555 5 (SOC) S JT ()5 ougas oS (oleordsSysd slo Sy o5 oo (Lt Sirans Jolos s
wile alaala LTN 5 SOC (o (598 Cudie (Saon (T JS2) 810 (29,00 £33 9 Sudlad 5l (Slaitdy )0 (5)97ee (A5
Oil38 a8 el (T Sl (MBN) (5,500 0355 (539555 5 (MBC) (29,50 03555 ()5 (AK) o yisd 5 rnmsly
b axdly 05 o0 LopoudlS)lg e (Sl silbin Colled 5 (SosalsST b )b Cagit crge S (l3e polie 5 I olge 13
Codled g Comax Al Coge 00l 55kl GlapiunwsST ;0 TN § SOC yil38l wisls ylad aS” o jlo Slgseen oals 138 b
S5 5 SAR) o iz s ((CaCO03) ppundS by )5 ¢ bliw ,o (Lietal, 2022; Zhang et al., 2025) 598 o 029,50
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LCIN a5 Wlools ylid 50 it Sllllas .l Cond (] Gl L (05,80 4300 )5 mals [ Siky a5 wls las e
Ol aST We,S 158 (Bastida et al., 2021) o)) en 5 lawiol cdiges jobo 4y o)l osSae alaly 05 Ko £905 g codlad
Sl b ol addlhae laaidl oed co (09,500 03g5Cams) 9 4355 o)) 5 als coge 0,5 YL slgiow b slass 0 C/N
sob 41, S codlu 5 (25,500 codled Wlgs o0 CIN (oYL o ¢ Fcpus sla lEL o a5 wao oo yLis 5 Sl gunad gl
WS oo iz o ) (29,50 Codlad g S CoaS o Sl Sausey a5 wisls Lz MBC/MBN
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N ‘L;).mUéa ‘;L{> :BD i J.'LS W SAR ‘m“.lf u[.;; :Cacos “_;Ulin Coloa EC caz ol pH ol J;LS Rd AP cod>

U)S)"‘"‘J :MBN LGS}.{A& 0944 ) U")S :MBC n\..:ui:‘f UALJ SIR ‘@3/&?" uﬂ.‘b) :MP ‘)YL,IS p.i).b“— Ca) S Glj)i.uo 9 (J:;J::S

(2955 mtes MQ oeislS )lg oo Comaz BR 29,800 095205 059,58 2 (2,5 CIN (05,500 0355
Fig.2. Pearson correlation heatmap between soil physicochemical properties (SOC: soil organic carbon, TN: total
nitrogen, AK: available potassium, AP: available phosphorus, pH: acidity, EC: electrical conductivity, CaCO3:
calcium carbonate, SAR: sodium adsorption ratio, BD: bulk density, N: porosity) and soil microbial properties (Ca:
catalase enzyme activity, MP: basal microbial respiration, SIR: substrate-induced respiration, MBC: microbial
biomass carbon, MBN: microbial biomass nitrogen, C/N: microbial biomass carbon-to-nitrogen ratio, BR: microbial
population abundance, MQ: microbial quotient).
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Table 5- Results of Principal Component Analysis (PCA) on Soil Properties

ol )lg dao s o9 Wiyl el lade 297
Percent of Variance Eigen Value Axis
82.06 14.77 1
6.87 1.23 2
PCA - Biplot

O—=m=mmmmmmmmmmo oo SageT = o Groups
26y

(4] 24y

control

'
-5.0 -25 25 5.0

Dim1 (35_1%)
(PCA) Lol sloailgs 4y s 10 S sla piie ST, - Y S
Fig.3. Distribution of soil variables in the principal component analysis (PCA)
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