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Introduction

The Hyrcanian region, one of the richest forest ecosystems in Iran, is characterized by dense and diverse
vegetation that plays a fundamental role in environmental sustainability, regulation of biogeochemical cycles, and
support of biodiversity. However, in recent years, increasing human pressures and unsustainable land-use practices
have led to the degradation of parts of the Caspian forest ecosystems and a substantial reduction in vegetation
cover in some areas. In this context, fine roots, due to their crucial role in nutrient cycling and high sensitivity to
land-use changes, together with coarse roots because of their structural functions, and soil enzymes as sensitive
indicators of land management, are considered effective tools for assessing the impacts of land-use change on
ecosystem functioning. Therefore, this study aimed to investigate the effects of vegetation degradation and
restoration on root characteristics and soil enzyme activities in the Caspian region.

Materials and Methods

The study area is located in Kelarabad district, western Mazandaran Province, Iran. Seven different land-use
types were selected in the study area, including (1) natural forest, (2) degraded forest, (3) afforestation with Alnus
subcordata C. A. Mey., (4) afforestation with Acer insigne Boiss, (5) mixed afforestation with Alnus subcordata
C. A. Mey.— Acer insigne Boiss., (6) afforestation with the non-native coniferous species Sequoia sempervirens
(D. Don) Endl., and (7) prairie. For each vegetation type, three one-hectare sample plots (100 x 100 m) were
established. Within each plot, soil samples were collected from the four corners at three depths (0-10, 10-20, and
20-30 cm) using a 30 x 30 cm sampling frame. Consequently, a total of 36 soil samples were collected from each
habitat. Simultaneously, root samples were collected from the 0-30 cm depth within the same sampling units,
resulting in 12 root samples per habitat, which were then transported to the laboratory. After transfer to the
laboratory, root traits and soil properties were determined using standard analytical methods. All statistical
analyses were performed using SPSS software (version 22). In addition, principal component analysis (PCA) was
conducted using PC-ORD software to examine the relationships among vegetation cover, root characteristics, and
soil enzyme activities across different soil depths.

Results and Discussion

The results of the assessment of root and soil ecochemical characteristics across the studied habitats indicated
that the highest fine-root biomass and coarse root biomass occurred in the natural forest habitat. Specifically,
coarse root biomass (482.38 kg ha™ 1) and the concentrations of carbon (40.72%), nitrogen (0.51%), phosphorus
(2.64%), potassium (1.56%), calcium (0.77%), and magnesium (0.42%) in fine roots were higher in the natural
forest than in the other habitats. In contrast, the highest carbon-to-nitrogen ratios of both coarse roots (91.92) and
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fine roots (89.27) were observed in the degraded forest habitat. Regarding soil enzyme activities, the highest
activities of acid phosphatase (420.58 pg PNP g~ 1 h™ 1), arylsulfatase (310.58 ug PNP g~ t h™ 1), and invertase
(198.08 ug glucose g~ 1 3 h™ 1) were recorded in the natural forest habitat at the 0—10 cm soil depth. The highest
urease activity (33.84 ug NH, * -N g~ 12 h™ 1) was observed in the Alnus subcordata-restored habitat. Across all
studied habitats, enzyme activities decreased with increasing soil depth, reaching their lowest values in the deeper
soil layers.

Conclusion

The available evidence suggests that land degradation and land-use change, through reductions in vegetation
quantity and diversity, can alter soil biological processes and lead to changes in root characteristics and soil enzyme
activities. Because these biological indicators play a crucial role in regulating nutrient cycling and maintaining soil
quality, understanding their responses to forest degradation and restoration is particularly important, especially in
temperate ecosystems. The results of this study demonstrated that natural forest and restored forest habitats,
characterized by higher soil enzyme activities, greater root biomass, and more favorable soil ecochemical
conditions, exhibited superior biological performance compared with degraded and prairie habitats. Overall, the
findings indicate that soil biological indicators—particularly root traits and soil enzyme activities—are sensitive
and effective tools for evaluating the success of vegetation restoration and detecting the impacts of degradation in
forest ecosystems of the Hyrcanian region. Therefore, the application of these indicators can provide a robust
scientific basis for soil quality monitoring and the development of sustainable restoration and management
programs in this region.
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Altitude (m) Slope (%) Aspect
b [ Carpinus betulus L. (143 n/ha) 105-111 14 Jles
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Table 4- The effect of different habitat on root characteristics

bmg) °‘§"&.’.9)
ads,y S ady ) o5 Habitat ady)y SHg ) &y Habitat
Root properties  Roottype oo 1z & s3 5= Root properties Roottype F ,lade (5,5 dxo
’ P value Ftest P value
05 16.905 0.000 LB 19516 0.000
Fine root Fine root
2555 adyyCadyd 40873 0.000 s “0=S® 5319 0.000
Biomass Coarse root Phosphorus Coarse root
i) S5 49,567 0.000 “00  a3049 0,000
Total root Total root
05 34.378 0.000 LR 10658 0.000
Fine root Fine root
o gy 26.460 0.000 - SOmS 1947 0084
Carbon Coarse root Potassium Coarse root
adyy JS 49.507 0.000 “od 9575 0,000
Total root Total root
3 16593 0.000 SR 3939 0,002
Fine root Fine root
03975 A 7.711 0.000 el M2 9855 0.000
Nitrogen Coarse root Calcium Coarse root
adoy JS 22.549 0.000 “d JS 4.310 0.001
Total root Total root
k) 22320 0947 w6523 0.000
Fine root Fine root
97 & S S Ayl 3.030 0.193 rie 0S92 3706 0.003
C:N ratio Coarse root Magnesium Coarse root
iy 5 13.142 0.742 “05 10505 0,000
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Total root
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Figure 2. Mean (£ standard error) root properties (0-30 cm) different land uses

tjete 9 menlS (lie (2508 9 Oyl S I3 Glne Al )5 )
S92 yljcdle g mnb JSix olSdug) 4 (3late ady) o) g Ayl
(Y S5 9 ¥ Jgae)

S i oS! slacullad
Sk’ G“)j L;meJLa S92 Lg,o.c 9 aliseo dl‘a"’&‘ﬁiﬁ) )_.]
3y50 Bos dw ;o 1 jloygl Bl Cullad i oy iy g Hd Gixe
M (1S (53 ne ©pgots w3l cpl Cllid e o 55 s
pel el lie nide yele Ve B jho Ges 3 38
YY/AFUGNHL N g22h? jlade b Sy olingy 4 slato jlo gl
Eyo o YooV g Ve=V+ as o M);I o Olise Cpicren g
9 Y\”/QVHQNH4+-N g_12h>11-.‘ ).3‘).3 w).’c\: K.wy QKJL.:?) 2
[Evow} Oliwﬁia) w)Dé' S5 odalie V\/'\CHQNH4+-N g_12h_1
& LlaeS 4w SBjblawdal M}JT Olise 3 Jb Gxe LialS

olBling) 4 bgryo il ) fay g o yud)d 039555 polhe oy yiii

Ao yCudyd g ddy ) 039585 Ol o (2 yieS g ML oo (anb S
oldugy 50 Ay )cudyd g aduyiy (05 Glgome e (e
2 edalie Loy YY/FY 5 0oy ¥ /WY o pay (b K
e Yl Koy —cdy ollidyg) 5 (b Ko o) 9o
Aoy Cud)d 39y Glime cp i Lol A5 eamliie a3 (5950
G S G lime cpsieS Dg b K oy, 4 sl
S e ogp Kug —cdy oy, 4 slaie adu)in) 059y
SR olRiing) 50 Aty )oudyd (5958 4 ()8 e (e (0 YL
les,;kwuwwlsx%,mmomw%pu
9 20> YIFY i ja ad j)oudyd g oy yawd pdlie op YL

b S5 o8l g) )0 ada ) iy Hle oy s 390 o )d VAR



Vo) ()35 mimnST 10 SB sloms 5T (2big g 4y braaseivo p (o) 63201 st 13U (@s5 9 500>

59 YAM <A pgGlucose gt 3h?g ¥V« /oA ugPNP gt h? jlais
(VS8 50 Jgi2)

2092 9 ) sladuadiio b asdllas v ) 9o slaolSidn g ) bl
S slaas sl

Ay cldaseie Solize o Sy PCA I Lol cboasly

4 ) 4T diliee glaollyg) o 1) S lampl by

Sl SRy 2 zeog @ (LS Gidy gyl ) Gl Sk
A Sate SB o5l g dii ) Calise

2 Y /OAPGPNP g e b o 51 ol cllad (e e
e b el ool b i e g b S oSy,
Vo b yho Ges p ljaale olSivg, ,» 0+/2) ugPNP gt ht
oges )3 w3l ol cled i )y 2 osnlio (6520l
SB o Gae > ol cpl Cllad line ot Sl iliee
Callsd l5e 58 oAb (Rl Ll gyie e Ve B jho
Syt w3 pe oL ) (22 ) )50l 5 Wlilse o)l 51
4 byye 3l cnl plive il (s )90 Gos 4w 2 5
5 dig e oBllng) & Blaie Glise (n S g (b SR> ol
Oyt gyl S gyt Sl Vo U jao Goe .l s ljale
b et b S olSitagy ) jUyg0l g Sldlgw o)l polie

SB oo 3 Shaasuio » Gos g bt sLoluiyg, 1 -0 Jgua
Table 5- The effect of different habitats and depth on soil enzyme characteristics

Dms) S (Gos ng) X (Gos
SB o 3T srdasiio Habitat Depth HabitatxDepth
Enzyme characteristics F ;lade (g b dae F jlae b dae F o laie (5,5 do
F test P value F test P value F test P value
3oy 71275 0000 30209 0000 1715  0.065
Urease
. Sl 32.764 0.000 76.302 0.000 3.414 0.000
Acidphosphatase
}waJﬁ)"
42.000 0.000 68.597 0.000 5.869 0.000
Arylsulfatase
39! 38.540 0.000 56.389 0.000 7.653 0.000
Invertase
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Figure 3. Mean (+ standard error) soil ecochemical activitie sunder different land uses
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Table 6- Correlation of soil enzyme and root properties with PCA components

Ay y g SB sraasin D80 Jol jom 09 yeoe Ay y g SB shraasuin L) Jol yex0 293 y5w
Soil and root properties  Abbreviation Axisl Axis2 Soil and root properties Abbreviation Axisl Axis 2
ol sand 0.396™  -0.122 D) CRP -0.556™ -0.079
Sand Coarse root phosphorus
“‘l““ Silt 0.003 -0.041 A Wt’*z CRK -0.403™ -0.248"
Silt Coarse root potassium
o Clay -0.427" 0.177 b )3 ol i CRCa -0.688™ 0.074
Clay Coarse root calcium
s Moist -0.188 0.018 LSy e CRMg -0.495™ 0.096
Moisure Coarse root magnesium
pH 0.497%  0.024 ) o ol MeanCR -0.827" 0.255"
pH Root carbon
SE sl e EC 0335 0.302" ) 039 el MeanNR -0.810™  -0.400™
EC Root nitrogen
Se s C 0533% 0472 WO esfeedoSle yeanenR 0158 0.901"*
C Root C.N ratio
039 N 0.765%  -0.086 ) b e MeanPR 0.816™ -0.023
N Root phosphorus
D397 & 00 Connd CIN 0407  0.216" a2y peeliy Ol MeanKR -0.721" -0.029
CIN Root potassium
S of FRC -0.725" 0143 k) el 05k MeanCaR  -0.530™ 0.241"
Fine root Carbon Root calcium
A Odsr FRN -0.717 -0.199 ) e O e MeanMgR -0.732™ 0.228"
Fine root Nitrogen Root magnesium
AR 0395 & O S FRCIN 0168  0.422" R 0095 FRB -0.669™ 0.031
Fine root C.N ratio Fine root biomass
MR FRP 0.780%  0.056 e 355 CRB -0.452™ 0.037
Fine root phosphorus Coarse root biomass
|k el FRK -0.679"  0.094 S 25 TRB -0.625™ 0.042
Fine root potassium Tootal root biomass
i el FRCa -0.484™  0.268" losgl g5 Urea -0.669™ 0.067
Fine root calcium Urease enzyme
o MR FRMg 0.610"  0.236" el 5 Acidph -0.860" -0.041
Fine root magnesium Acidphosphatase enzyme
Ay o CRC 0.736" 0274 gl 51 Aryl -0.833" 0.0390
Coarse root Carbon Arylsulfatase enzyme
et Ole CRN 0641 -0.539" gl ! Invert -0.780" -0.150
Coarse root Nitrogen Invertase enzyme
At UJsi @ 0F S cpoyy 0112 0812

Coarse root C:N ratio

ns: non-significance, *: significance at the 5% probability level, **: significance at the 1% probability level

() isize pas) NS (P <o/+N) s (P <+/-0) %
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Figure 4. The relationship between different habitats with soil, root and biocemical in principal component analysis (PCA).
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