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Introduction

Soil is a fundamental natural resource that underpins ecosystem functioning, agricultural productivity, water
regulation, and biogeochemical cycling. Vertical heterogeneity of soil properties along the profile reflects the
combined influence of biological inputs, pedogenic processes, and land management. Soil depth strongly controls
the distribution of organic matter, nutrients, soluble salts, and textural components, thereby affecting root
development, nutrient uptake, and crop resilience under environmental stresses such as drought.

Most previous studies relied primarily on classical statistical tests and comparisons of mean values between
layers. While useful for detecting statistically significant differences, these approaches provide limited information
on the magnitude, direction, and functional relevance of depth-related changes. In highly variable and non-
normally distributed soil systems, reliance on p-values alone can lead to overinterpretation of minor differences or
underestimation of ecologically important gradients.

Recent advances emphasize effect size metrics and uncertainty estimation to quantify soil variability more
robustly. Non-parametric indices, such as the rank-biserial effect size, allow depth-driven changes to be quantified
independent of sample size and distributional assumptions. This study focuses on providing a comprehensive
depth-oriented assessment of soil physicochemical properties using effect size—based approaches and classification
into depth stability and management-relevant categories.

Materials and Methods

Soil samples were collected from agricultural fields of Razavi Khorasan Province of Iran at two depths: 0-30
cm (surface) and 30-60 cm (subsurface), using a paired design to minimize spatial heterogeneity. A wide range of
physicochemical properties was analyzed, including organic carbon, available P and K, exchangeable cations, EC,
pH, carbonate parameters, and selected micronutrients.

Paired non-parametric tests were applied for each variable, and the rank-biserial effect size (r_rb) was
calculated to quantify the magnitude and direction of depth-related changes. Bootstrap resampling was used to
estimate 95% confidence intervals. Based on effect size magnitude and confidence intervals, variables were
classified into stable, quasi-stable, and depth-sensitive categories, which were further translated into practical
management-oriented classes.

Results and Discussion

Depth-sensitive properties included organic carbon, available phosphorus, potassium, and manganese, all
exhibiting large effect sizes and pronounced accumulation in the surface layer. The enrichment of organic carbon
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reflects concentrated biological inputs, crop residue return, and intensified microbial activity in the topsoil,
whereas its sharp decline with depth indicates restricted vertical transfer and limited subsoil biological functioning.
Phosphorus accumulation in the surface layer is consistent with its low mobility and strong fixation in calcareous
soils, underscoring the importance of depth-aware phosphorus management strategies to enhance root access in
deeper horizons. The marked differences in potassium likely result from the combined effects of crop uptake,
mineral weathering, and partial leaching, highlighting the necessity for root-zone—oriented monitoring and
fertilization practices. Among micronutrients, manganese showed the greatest depth sensitivity, reflecting its
responsiveness to redox dynamics and pH variations, and indicating potential risks of localized deficiency or
toxicity within the soil profile.

Copper and bicarbonate demonstrated moderate effect sizes, suggesting measurable but less pronounced depth-
related variation. In contrast, clay, silt, pH, TNV, Zn, and Ca exhibited small effect sizes, indicating relative
structural stability across depths. Sodium and chloride remained largely unchanged, implying that salinity
distribution is relatively uniform within the studied profile and not strongly stratified under current conditions.

The classification of variables into depth-stability and management-priority categories provides a practical
framework for translating statistical outputs into agronomic decision-making. Overall, the findings reveal that
reliance on surface soil analysis alone can lead to incomplete or potentially misleading interpretations of nutrient
status. Depth-aware management, including precision placement technologies and fertilizer banding systems, can
improve nutrient use efficiency, enhance subsoil fertility, and reduce environmental losses, thereby contributing
to more resilient soil-plant systems under semi-arid conditions.

Conclusion

By integrating paired depth-wise comparisons, PERMANOVA, and nonparametric effect size metrics, this
study provides a robust framework for assessing vertical soil heterogeneity beyond conventional p-value-based
approaches. The results showed pronounced and practically meaningful depth-related differences for key chemical
properties, particularly soil organic carbon, available phosphorus, potassium, and manganese, while physical
properties and basic indicators such as pH, clay, silt, and calcium carbonate exhibited limited variation. These
patterns reflect the concentration of biological activity and management inputs in surface layers and the relative
chemical depletion of deeper horizons, which constrains root development, nutrient uptake, and drought resilience
in agricultural systems of Razavi Khorasan Province. Overall, the findings highlight that soil fertility assessments
based solely on surface sampling can be misleading and underscore the need for targeted, depth-oriented soil
management to improve nutrient use efficiency and enhance the sustainability of soil-plant systems, particularly
under water-limited conditions.
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Table 1- Descriptive statistics of soil properties at 0-30 and 30-60 cm depths

S b yo il +=Ye i Goc o ol Yo—Te 1Ges
Soil variables Depth: 0-30 cm Depth: 30-60 cm
Mean + SD Median Min—Max Mean + SD Median Min—Max
U“;* 8.0+0.17 8.0 75-85 8.0+0.16 8.1 76-8.8
p
o . 40+20 3.6 0.2-252 39+3.0 3.65 0.2-48.3
Fe (mgkg™ %)
) el @ 48+20 45 1.0-15.0 44+1.7 4.1 1.0-115
Bicarbonate (meq L™ 1)
il JE el ) 2546 +122.6 2346 53.9-1059.0 227.1+1189 2125 53.9-992.4
Available K (mg kg™ 1)
o gl j‘”” 34.8 +6.87 34.4 15.2 - 54.7 35.0 +7.49 34.4 17.0-62.5
SP(gg™Y)
N i 17.8+5.18 17.0 3.0-39.7 18.2 +5.66 17.3 5.1-42.2
TNV (%)
o) 2 176 +7.6 16.8 3.3-520 18.2 £8.2 172 00-580
Clay content (%)
e dop 41241249 430  00-650  400+1253 423  0.0-656
Silt content (%)
O Loy 405 +16.22 38.8 0.0-877 41.1 +17.45 38.0 0.0-93.0
Sand content (%)
w 1.2+2.37 0.5 0.1-16.6 1.4 +3.17 0.4 0.0-26.0
Zn (mg kg™ %)
ok 39.2+88.9 11.2 0.2-807.4 37.3+94.3 120  0.1-1052.2
Na (meq L™ %)
o JB jaud 9.0+7.4 7.2 0.1-512 6.5+59 48 0.0-436
Available P (mg kg™ %)
» . 320+77.3 6.3 0.2-662.5 25.5+54.8 7.5 0.5-620.0
Cl(meqL™ 1)
el . 11.5+16.5 5.6 0.6-136.8 10.0+12.1 48 0.4-128.0
Ca(megL™ Y
o ole 0.4+0.32 0.4 0.0-3.9 0.3+0.23 0.3 00-1.6
OC (%)
e 3 el Ego2ne 21.4+304 10.9 0.8—254.0 18.1+19.9 9.9 0.8-135.0
Ca+ Mg (meqL™ 1Y)
e 6.5+28 6.1 1.6 -29.0 53+25 4.8 1.2-26.0
Mn (mg kg™ %)
o2y 9.8+175 5.2 0.0-213.0 81+99 46 0.0 -100.0
Mg (meq L™ %)
"’*J‘“;AJ*R“*“‘ 9.3+13.83 52 01-1042 101+1800 56  0.1-219.4
Fsll el 6.1+11.7 23 0.3-90.4 55+10.6 22 03-1121
EC (dSm™ 1Y)
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Figure 1- Boxplot comparison of soil properties showing statistically significant differences between the 0-30 and 30-60 cm
soil depths
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Table 2- Depth-wise comparison of soil variables with p-values, effect size, and effect magnitude

. p_adj Cl_low Cl_high PD Effect
Variables p_vaIEJe D lade .r_rb Aol ol s alold YU s Coa magnitude
) Pyl ay . Alesl i ) .. 3§
PR IRPS, & Usob! O lsobs! AP Pl
e Large
e ~ 1.32E30 2.78E29 0.74 0.67 0.79 0.81 _ g
Mn (mg kg~ 2) Syp
e BB pelty Large
- 22 21 g
Available K 2.08E 1.46E 0.67 0.59 0.73 0.69 5
(mg kg™ ?) '
Clo LB jaus Large
. 23 22 g
Available P 4.08E 4.28E 0.66 0.58 0.72 0.70 5
(mg kg™ 1)
T o Large
o osle 9.46E19 4.97E18 0.59 0.50 0.66 0.70 ,9
ocC (%) )3
Medium
o 3.46E13 1.45E12 0.48 0.38 0.57 0.65 .
Cu(mgkg™ %) bwgie
ol & . N Medium
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Clay content (%) SesS
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Silt content (%) Sess
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et 1.64E03  2.46E® -0.26 -0.37 -0.14 0.35 PA
pH 9;
- Sma
Sal 1o, 1.33E%  281E% -0.26 -0.37 -0.14 0.54
TNV (%) Sas
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< 1.11E-%  281E™ 0.26 0.14 0.37 0.59
Zn (mg kg™ %) o8
o 3o 5 oaaadlS Small
-04 -04
Ca+ Mg 1.34E 2.81E 0.25 0.13 0.37 0.58 Sogs
(meq L™ %) |
s Sma
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Ca (meq L™ %) Sas8
e ) ) Small
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SP (%) SosS
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EC (dSm™ Y SesS
. Small
o 2 7.26E92  8.03E® -0.12 0.24 0.00 0.52
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SAR ' ' ' ' ' ' Soe8
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» ~ 1.28E 1.34 0.10 -0.02 0.22 0.48 s
Cl (meq L™ 9 255
W Negligible

T 9.32 9.32% 0.01 -0.12 0.13 0.47 Rt
Na (meq L™ 1) b
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Figure 2- Depth-wise effect sizes of soil properties expressed as rank-biserial effect size (r_rb) with 95% confidence intervals
(Vertical dashed and dotted lines indicate reference thresholds for effect interpretation, while the points represent the actual effect

size for each variable. Shapes (circle, diamond, triangle, square) indicate effect magnitude: circle = large, diamond = medium,
triangle = small, square = negligible.)
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Table 3- PERMANOVA results based on Bray—Curtis distances evaluating the effect of soil depth on multivariate soil
property patterns
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Figure 4- Depth stability and management classes of soil variables

(Shapes indicate management class: circle = accumulating at deeper layer, triangle = low priority for depth-specific management,

square = stable across depths, diamond = surface-controlled property).
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