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Abstract⸺Soil bioremediation offers a sustainable approach for reducing polycyclic aromatic 8 

hydrocarbons (PAHs), yet the effects of raw leaf litter and environmental conditions on co-9 

metabolic degradation remain insufficiently characterized. This study evaluated the influence 10 

of mixed pine (Pinus sylvestris) and poplar (Populus nigra) leaf amendments on the degradation 11 

of phenanthrene (Phe) and pyrene (Pyr) and on microbial functional responses in silt-loam soil. 12 

Soil classified as a Spolic Technosol was spiked with 150 mg/kg Phe/Pyr and amended with 10, 13 

30, and 70% leaf litter (w/w). PAH concentrations were monitored over 56 days, and decay 14 

constants (k) and half-lives (t₁/₂) were estimated using a one-phase exponential decay model. 15 

Soil pH, moisture, and temperature were recorded throughout incubation. Microbial functioning 16 

was examined using substrate-induced respiration (SIR) and nitrification assays. After 17 

incubation, microbial consortia were cultured in minimal salts medium (MSM) containing 18 

Phe/Pyr as the sole carbon source, and growth kinetics were determined from OD₆₀₀. The soil 19 

exhibited favourable physicochemical properties, though a high C:N ratio indicated nitrogen 20 

limitation. The 10% amendment showed the highest overall removal (95.90% ± 4.13%), with k 21 

= 0.054 and t₁/₂ = 12.87 days. Higher amendment levels accelerated early losses but slowed 22 

later degradation. Variation in the decay constant (k) reflected treatment-level differences in 23 

soil moisture, temperature, and pH. SIR showed reduced biomass under PAH contamination, 24 

and nitrification remained low. PAH-adapted consortia from amended soils grew in PAH-only 25 

MSM, with the 10% inoculum reaching OD₆₀₀ = 0.073 ± 0.004 and µ = 0.639 ± 0.127 d⁻¹. 26 

Moderate leaf amendment (10%) optimally enhanced microbial activity, supported co-27 

metabolic PAH degradation, and promoted PAH-adapted microbial consortia, indicating the 28 

suitability of raw leaf litter as a low-cost amendment for PAH-contaminated soils. 29 

Keywords: leaf litter amendment, soil bioremediation, phenanthrene, pyrene, soil microbial 30 

functioning, organic matter dynamics 31 
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INTRODUCTION 34 

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants 35 

of global concern due to their toxicity, mutagenicity, and pronounced resistance 36 

to natural attenuation in soils [44]. Their hydrophobicity and low aqueous 37 

This is a peer-reviewed, accepted manuscript of the following paper: Akinseye, O. R., & Knapp, C.  
(2026). Organic amendment–driven microbial adaptation and environmental controls on co-metabolic PAH 

 degradation in soil. Eurasian Soil Science, 59, Article 81. https://doi.org/10.1134/S1064229325605074



 2 

solubility restrict bioavailability, while nutrient imbalances and sub-optimal 38 

environmental conditions further constrain microbial degradation pathways [21]. 39 

Because soils are dynamic ecological systems shaped by interacting soil-forming 40 

factors—organic matter inputs, climate, parent material, biota, and time—41 

effective and sustainable remediation requires strategies that enhance both 42 

microbial functioning and soil ecological processes. 43 

Microorganisms constitute the biological engine of soil systems, driving 44 

carbon cycling, organic matter turnover, and pollutant transformation. PAH-45 

degrading microbes rely on monooxygenases and dioxygenases to initiate 46 

oxidative breakdown of aromatic rings, ultimately mineralizing PAHs to CO₂, 47 

water, and microbial biomass [4, 22]. However, the efficiency of these enzymatic 48 

pathways is tightly regulated by soil physicochemical conditions (pH, moisture, 49 

temperature), the availability of auxiliary carbon sources, and the structure of soil 50 

microbial communities. 51 

Bio-stimulation using organic amendments has therefore gained attention as 52 

a means of enhancing microbial activity and co-metabolic PAH degradation [26]. 53 

Among organic inputs, leaf litter represents the dominant natural source of soil 54 

organic matter (SOM) in terrestrial ecosystems, contributing approximately 35 55 

billion tonnes of material annually and more than 44 Pg C year⁻¹ to global carbon 56 

cycling [52, 66]. As a major soil-forming factor, leaf litter drives humus 57 

accumulation, nutrient release, and microbial habitat formation, while influencing 58 

soil aeration, water retention, and aggregate stability. 59 

Importantly, leaf litter introduces not only carbon but also phyllosphere 60 

microbial assemblages, including bacteria and fungi with inherent hydrocarbon-61 

degrading capabilities [2, 52]. During decomposition, leaves release lignin 62 

derivatives, cellulose, hemicellulose, and phenolic compounds that may serve as 63 

co-metabolic substrates or enzyme inducers, potentially enhancing PAH 64 

bioavailability and stimulating dioxygenase expression. Differences in leaf 65 

chemistry—such as nitrogen-rich deciduous leaves (e.g., Populus spp.) versus 66 
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lignin-rich conifer needles (e.g., Pinus spp.)—may further influence microbial 67 

recruitment, soil carbon dynamics, and PAH turnover rates [14, 25, 42, 53, 54]. 68 

Despite increasing recognition of leaf litter’s bio-stimulatory potential, the 69 

mechanistic interactions between leaf-derived organic substrates, phyllosphere 70 

inocula, and environmental drivers (moisture, pH, temperature) remain 71 

insufficiently resolved. This limits the development of soil-ecology-informed 72 

strategies for field-scale PAH bioremediation. 73 

This study addresses these gaps by evaluating how mixed pine and poplar 74 

leaf amendments, together with environmental factors, regulate microbial 75 

adaptation and co-metabolic degradation of phenanthrene (Phe) and pyrene (Pyr) 76 

in contaminated soils. Through an integrated assessment of degradation kinetics, 77 

soil ecological parameters, microbial functional assays, and growth of PAH-78 

adapted consortia, we provide new insights into how leaf litter—an abundant and 79 

renewable soil organic resource—can drive microbial processes that enhance 80 

PAH removal and strengthen soil bioremediation frameworks. 81 

OBJECTS AND METHODS 82 

Representative PAH. Phenanthrene (Phe) and Pyrene (Pyr) were selected 83 

as representative polycyclic aromatic hydrocarbons (PAHs) (Table 1). Standards 84 

(≥98% purity) were obtained from Thermo Fisher Scientific. Analytical-grade 85 

acetone and hexane (≥98% purity) were used as solvents. All experiments and 86 

sample analyses were conducted in the Analytical, Environmental, and 87 

Microbiology Laboratories, Department of Civil and Environmental Engineering, 88 

University of Strathclyde, Glasgow, UK. 89 

Collection and Preparation of soil and leaf samples. Soil was collected 90 

from the topsoil (0–20 cm) of a residential garden situated on a reclaimed former 91 

mine site in South Lanarkshire, Glasgow, UK. Based on its texture, site history, 92 

and diagnostic features, the material corresponds to a Spolic Technosol according 93 

to the WRB classification system [32]. The site is characterized by mixed 94 
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technogenic and natural soil inputs typical of post-industrial regeneration areas. 95 

Samples were air-dried, manually cleaned of stones, root debris, and annelids, 96 

sieved to 2 mm, and stored at room temperature prior to analysis. 97 

Leaf litter from Pinus sylvestris and Populus nigra was collected in mid-98 

August 2024 from park and roadside stands in the Royston district of North 99 

Glasgow (≈55.872°N, 4.229°W). Only naturally senesced, recently fallen material 100 

was sampled under dry weather conditions to prevent moisture-related 101 

decomposition. The litter was transported to the laboratory within 1 hour, air-102 

dried, oven-dried at 40–50°C, and ground to a homogeneous powder. Pine and 103 

poplar litter were then mixed in a 1:1 ratio and stored at room temperature prior 104 

to use as an organic amendment. 105 

Soil Spiking and Experimental Setup. The air-dried and sieved soil was 106 

rewetted to 15% moisture (dry weight basis) and pre-incubated at 30 °C for five 107 

days to stabilize microbial activity before contamination. PAH spiking followed 108 

the partial-treatment protocol described by Brinch et al. [64]. A phenanthrene–109 

pyrene mixture (1 : 1 ratio) was prepared at a final concentration of 150 mg/kg 110 

using a hexane: acetone solvent system (1 : 1 v/v). For partial spiking, 7.5 mL of 111 

the solvent mixture (corresponding to a 1 : 10 solvent-to-soil ratio) containing the 112 

PAHs was added to 75 g of soil (25% of the total soil mass). The flask was sealed 113 

for five minutes to ensure solvent dispersion, after which the solvent was allowed 114 

to evaporate for 16 hours under a fume hood. The treated subsample was then 115 

thoroughly homogenized with the remaining 425 g of unspiked soil to obtain a 116 

uniform contaminated matrix. 117 

Leaf amendments were incorporated by thoroughly mixing powdered pine–118 

poplar leaf material into the contaminated soil at amendment levels of 10, 30, and 119 

70% (w/w). Treatments were assembled in triplicate 1-L amber glass bottles, each 120 

containing 500 g of soil. A PAH-contaminated sand treatment amended with 30% 121 

leaves was included to assess amendment performance under low-nutrient, 122 

coarse-textured conditions. The full experimental design consisted of: (i) 123 
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uncontaminated control (ii) contaminated + 10% amendment (10% amended), 124 

(iii) contaminated + 30% amendment (30% amended), (iv) contaminated + 70% 125 

amendment (70% amended), and (v) contaminated sand + 30% amendment 126 

(Sand_30% amended). 127 

Bottle openings were covered with perforated aluminum foil to permit 128 

aeration, and all bottles were manually agitated daily to maintain uniformity and 129 

oxygen supply. Incubation was carried out for 56 days. Triplicate samples were 130 

collected on Days 0, 7, 14, 28, and 56. Throughout the experiment, soil moisture 131 

(20–35%), pH (5.5–7.5), and temperature (15–21 °C) were monitored and 132 

adjusted as required. 133 

Soil Physicochemical Characterization. Baseline physicochemical 134 

characterization of the soil included measurements of pH, electrical conductivity 135 

(EC), organic carbon (OC), organic matter (OM), total nitrogen (TN), chemical 136 

oxygen demand (COD), phosphorus, and exchangeable cations (Na, K, Ca, Mg), 137 

following standard analytical protocols. 138 

Soil pH and EC were determined using a multiparameter pH meter. Organic 139 

carbon and total nitrogen were quantified using a CNH Elemental Analyzer, and 140 

organic matter content was calculated using the conventional conversion factor 141 

(OM = OC × 1.729). Particle size distribution was assessed using the hydrometer 142 

method with sodium hexametaphosphate as the dispersing agent. 143 

Leaf Chemical Analysis. Total phenolics were extracted from powdered leaf 144 

samples using 70% ethanol (2 h shaking at 200 rpm; 10 min centrifugation at 5000 145 

rpm). Supernatants were analyzed using a HACH phenol kit and DR6000 146 

spectrophotometer at 476 nm. 147 

COD and Mineral Element Analysis. Soil COD was determined using the 148 

LCI 400 COD kit (150°C, 2 h digestion), with absorbance read at 605 nm. Mineral 149 

elements were quantified following microwave-assisted digestion (Mars6, 3 : 1 150 

HNO₃: HCl) and analyzed via ICP-OES (iCAP 6000 series). 151 
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Substrate-Induced Respiration (SIR). Microbial biomass was estimated 152 

using the SIR procedure described by Anderson & Domsch and Swain et al. [7, 153 

17, 36], with modifications. SIR measurements were performed only for the 154 

uncontaminated control soil and the PAH-contaminated soil without leaf 155 

amendment. Leaf-amended treatments were excluded because the addition of 156 

fresh organic material can generate amendment-derived CO₂ and abiotic 157 

oxidation, leading to overestimation of microbial biomass. Five grams of the soil 158 

(60% WHC) were amended with glucose solution to stimulate microbial 159 

respiration. CO₂ was trapped in 0.1 M NaOH, precipitated with CaCl₂, and titrated 160 

with 0.1 M HCl. Treatments were optimized for glucose concentrations between 161 

10–70 mg/g. Soil microbial biomass C was calculated from the maximum initial 162 

respiratory response according to regression equation proposed by Martens 163 

(1995), where -SMB- C.  164 

SMB-C (mg C per 100 g soil) = 40.04 × SIR (mL CO2 per 100 g soil per hr.) + 0.37.         (1) 165 

Nitrification Activity. Nitrate formation was measured following OECD 166 

216 and Sweeney et al. [11], with modifications for organic nitrogen content. Soil 167 

was extracted with KCl, centrifuged (Eppendorf 5804R), frozen at −20°C, and 168 

analyzed using ion chromatography (Metrohm IC 850). 169 

Estimation of Microbial Growth via Turbidity (OD₆₀₀). Microbial growth 170 

potential was assessed using an optical density (OD₆₀₀)–based turbidity assay. 171 

From each 56-day aged soil treatment (Uncontaminated Control 172 

[CTRL(MSM+NS)], 10% amended, 30% amended, 70% amended, and 173 

Sand_30% amended), 1 g of soil was aseptically transferred into 9 mL of freshly 174 

prepared Minimal Salt Medium (MSM) and homogenized. The suspension was 175 

serially diluted to 10⁻⁵, and 5 mL of the diluted inoculum was added to 100 mL 176 

of sterile MSM supplemented with 50 mg/kg phenanthrene–pyrene (1 : 1) as the 177 

sole carbon source in 250-mL Erlenmeyer flasks. Negative control 178 

[CTRL(MSM+PAH)], lacking microbial inoculum, was included to demonstrate 179 

that PAHs alone do not support growth. 180 
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All flasks were incubated at 27–30°C on an orbital shaker at 150 rpm for 7 181 

days to promote microbial enrichment. Aliquots were withdrawn on days 1, 3, 5, 182 

and 7, and microbial growth was quantified by measuring turbidity at 600 nm 183 

(OD₆₀₀) using a UV–Vis spectrophotometer. Increased OD₆₀₀ values were 184 

interpreted as indicative of microbial growth and PAH utilization potential under 185 

each treatment condition. 186 

Turbidity (optical density, OD₆₀₀) is proportional to cell concentration over 187 

a limited linear range. The exponential growth equation  includes: 188 

             𝑁(𝑡) = 𝑁0𝑒
𝜇𝑡 ⟹ ln(OD(𝑡)) = ln(OD0) + μ𝑡,  (2) 189 

where μ is the specific growth rate (time⁻¹).  Doubling time: 𝑡𝑑 =
ln 2

𝜇
. 190 

PAH Extraction and Quantification. A Dionex Accelerated Solvent 191 

Extractor (ASE 350) was used for PAH extraction at 100°C, 1500 psi, and 5 min 192 

static cycles using diatomaceous earth as dispersant. Extracts were concentrated 193 

to 1.5 mL. Quantification was performed using a Finnigan Focus GC-FID (20 psi 194 

carrier gas). The oven was programmed: 50°C (initial), ramp to 250°C at 195 

10°C/min, held for 10 min. Calibration curves were used for quantification. 196 

Half-life (t₁/₂) was calculated from the decay constant (k) using equation: 197 

𝑡1/2 =
ln⁡(2)

𝑘
⁡⁡⁡,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3) 198 

Environmental Monitoring. Soil environmental conditions were monitored 199 

throughout the 56-day incubation. Temperature at 3 cm depth was measured using 200 

a handheld digital soil thermometer (±0.1°C), recorded daily at a fixed time. 201 

Moisture content was determined every 3–4 days using a Sartorius Moisture 202 

Analyzer by drying 5–7 g soil at 105°C to constant weight and adjusted to 203 

maintain 20–35% moisture. Soil pH was periodically measured with a calibrated 204 

Seven-Excellence meter using a 1 : 2.5 soil : water suspension. All environmental 205 

data were logged and later used to evaluate their influence on PAH degradation. 206 

 207 
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RESULTS  208 

Physical and chemical parameters of soil sample. The physical and 209 

chemical properties of the silt-loam soil used in this study are presented in Table 210 

2. The soil exhibited a slightly alkaline reaction (pH 7.24 ± 0.18), an electrical 211 

conductivity of 2500 ± 315 µS cm⁻¹, and a high water-holding capacity of 73.2 ± 212 

0.84%. Particle size analysis confirmed a silt-loam texture, composed of 45% 213 

sand, 54.2% silt, and 0.8% clay. Chemical characterization indicated a chemical 214 

oxygen demand of 1636 ± 0.05 mg L⁻¹ and a corrected organic carbon content of 215 

2.9 ± 0.31%, consistent with mineral silt-loam soils. Total nitrogen was 0.12 ± 216 

0.08%, yielding a calculated C/N ratio of 43.3 ± 0.55, indicative of moderate 217 

nitrogen limitation typical of reclaimed soils. The soil also contained substantial 218 

available phosphorus (1745 ± 116 mg kg⁻¹) and high concentrations of 219 

exchangeable cations, including potassium (2270 ± 501 mg kg⁻¹), sodium (360 ± 220 

15 mg kg⁻¹), calcium (11455 ± 502 mg kg⁻¹), and magnesium (5532 ± 450 mg 221 

kg⁻¹), reflecting its mineral-rich composition. The pine–poplar leaf amendment 222 

was characterized by high organic carbon content (51.36 ± 0.17%) and total 223 

phenols (26.71 ± 0.34 mg L⁻¹), providing a substantial input of lignocellulosic 224 

material and potential enzyme-inducing compounds. 225 

One-phase decay model. Degradation of phenanthrene and pyrene showed 226 

clear treatment-related differences (Fig. 1). In the control soil, concentrations 227 

decreased from 11.71 ± 5.35 mg/kg at the start of incubation to 0.52 ± 0.14 mg/kg 228 

by Day 56, with the temporal pattern described by a moderate model fit (R² = 229 

0.7081). The 10% leaf-amended treatment exhibited the most uniform decline in 230 

PAH concentrations throughout the experiment and achieved the lowest final 231 

levels, reflected in the highest model performance (R² = 0.9636). The 30% 232 

amendment showed a two-phase trajectory, with a pronounced decrease during 233 

the first 14 days followed by a slower reduction thereafter. The 70% amendment 234 

registered the most rapid initial decline, corresponding to a model fit of R² = 235 

0.9083, but final concentrations remained slightly higher than in the 10% and 30% 236 
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treatments. The sand + 30% amendment yielded the least effective degradation, 237 

consistent with its lower overall model fit (R² = 0.8066). 238 

Percentage reduction, decay constants, and half-life estimate for 239 

Phe/Pyr degradation. Percentage reduction and kinetic parameters demonstrated 240 

clear differences among treatments (Table 3). In the control soil, the decay 241 

constant (k = 0.473) and short half-life (1.47 days) corresponded to an increase in 242 

Phe/Pyr removal from 88.39 ± 6.82% at the start to 99.49 ± 0.41% by day 56. The 243 

10% amendment produced the most sustained degradation, reaching 95.90 ± 244 

4.13% removal with k = 0.054 and a half-life of 12.83 days. The 30% amendment 245 

(k = 0.091; t½ = 7.1 days) showed rapid early decline (52.87 ± 4.80% on day 7), 246 

followed by slower reduction to 85.10 ± 5.38% by day 56. The 70% amendment 247 

exhibited the highest initial degradation rate (k = 0.179; t½ = 3.87 days), removing 248 

60.18 ± 1.43% at Day 7 and 80.72 ± 1.87% by day 56. The sand + 30% 249 

amendment showed the lowest final removal efficiency (48.31 ± 3.65%), with k 250 

= 0.211 and t½ = 3.28 days. Differences in decay constants among treatments 251 

were statistically significant (p = 0.0006). 252 

Relationship between PAH Decay Constant (k) and Soil 253 

Physicochemical Parameters across Treatments. Soil physicochemical 254 

parameters exhibited treatment-level variation across the incubation experiment 255 

(Fig. 2). Mean soil moisture and pH differed substantially among treatments, 256 

whereas temperature showed limited variability. Higher moisture and pH values 257 

were observed in the 70% and Sand_30% amended soils but did not coincide with 258 

the highest decay constants (k), which were recorded in the control treatment. 259 

Hence, the heatmap indicates that variation in PAH decay rates was associated 260 

with integrated differences in soil conditions across treatments rather than with 261 

direct relationships to individual environmental variables. 262 

Substrate-Induced Respiration (SIR) and Estimation of Soil Microbial 263 

Biomass. Microbial biomass estimated by substrate-induced respiration (Fig. 3) 264 

differed markedly between treatments. In the uncontaminated control soil, CO₂ 265 
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evolution increased rapidly, reaching a maximum of 0.35 ± 0.06 mL g⁻¹ at 1 h, 266 

corresponding to a microbial biomass carbon value of 142.8 ± 0.1 mg C kg⁻¹. In 267 

contrast, PAH-contaminated soil showed slower and substantially lower CO₂ 268 

production, attaining only 0.18 ± 0.02 mL g⁻¹ by 6 h, with an SMB-C of 74.5 ± 269 

0.02 mg C kg⁻¹. These patterns reflect the pronounced suppressive effect of 270 

phenanthrene and pyrene on soil microbial respiratory activity. 271 

Microbial Activity Estimation through Nitrification. Nitrate dynamics 272 

varied across treatments during incubation (Table 4, Fig. 4). In the control soil, 273 

nitrate concentrations increased to 21.45 ± 0.84 mg kg⁻¹ on day 7, followed by a 274 

decline to 15.41 ± 11.60 mg kg⁻¹ by day 56. In all leaf-amended treatments, nitrate 275 

levels were lower during the early stages (days 0–14), indicating reduced nitrate 276 

availability. By day 56, the 70% amendment showed a moderate increase to 36.29 277 

± 60.50 mg kg⁻¹, whereas the sand + 30% amendment maintained consistently 278 

low nitrate values throughout the experiment. Statistical analysis showed no 279 

significant treatment effects (ANOVA: F = 1.45, p = 0.255), and ANCOVA 280 

indicated that initial nitrogen had no significant influence on nitrate production (p 281 

= 0.896). 282 

Microbial Growth Assessed by Turbidity (OD₆₀₀). Microbial growth in 283 

minimal-salts-medium supplemented with phenanthrene/pyrene showed clear 284 

treatment-dependent responses (Fig. 5). The 10% leaf-amended inoculum reached 285 

the highest biomass, with OD₆₀₀ = 0.074 ± 0.0011 on day 7, a growth rate of 0.639 286 

± 0.127 d⁻¹, and a doubling time of 1.08 days (R² = 0.9749). The 30 and 70% 287 

amendments produced lower final OD₆₀₀ values (0.054 ± 0.0013 and 0.040 ± 288 

0.0028), with growth rates of 0.607 ± 0.138 and 0.831 ± 0.173 d⁻¹ and doubling 289 

times of 1.14 and 0.83 days, respectively (R² = 0.9643–0.9807). The sand + 30% 290 

amendment reached OD₆₀₀ = 0.036 ± 0.0013 and showed the highest growth rate 291 

(0.940 ± 0.287 d⁻¹) with a doubling time of 0.74 days. The nutrient control 292 

[CTRL(MSM+NS)] exhibited limited growth (OD₆₀₀ = 0.024 ± 0.002; µ = 0.448 293 
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± 0.072 d⁻¹; doubling time = 1.55 days). No growth was recorded in the PAH-294 

only control [CTRL(MSM+PAH)] (OD₆₀₀ ≈ 0; µ = 0). 295 

DISCUSSION 296 

This study demonstrates that organic amendment rate is a key determinant 297 

of polycyclic aromatic hydrocarbon (PAH) degradation kinetics, microbial 298 

activity, and the formation of PAH-adapted microbial consortia during soil 299 

incubation. The reclaimed silt-loam soil used in this experiment is classified as a 300 

Spolic Technosol (WRB, 2022), characterized by elevated organic carbon but low 301 

available nitrogen and comparatively low microbial biomass, reflecting its 302 

disturbed origin and ongoing ecological recovery. These inherent properties 303 

provide important context for interpreting treatment-dependent responses. 304 

Integration of one-phase decay modelling with microbial functional assays 305 

provides a structured interpretation of degradation patterns of phenanthrene (Phe) 306 

and pyrene (Pyr) observed across amended and unamended soils. 307 

One-phase decay modelling revealed clear differences in degradation 308 

behavior among treatments, with the uncontaminated control soil showing strong 309 

natural attenuation and achieving 99.49% degradation by day 56, characterized 310 

by a high decay constant (k = 0.473) and a short half-life (t₁/₂ = 1.46 days), a 311 

response consistent with previous studies reporting effective PAH degradation by 312 

indigenous microbial communities in biologically active soils [5, 10, 30, 58, 62]. 313 

Among the amended treatments, the 10% leaf amendment supported sustained 314 

PAH removal throughout the incubation, achieving 95.90% degradation with a 315 

decay constant of 0.054 (t₁/₂ = 12.87 days) and maintaining the lowest residual 316 

PAH concentrations at the end of the experiment, in agreement with reports that 317 

moderate organic amendments promote stable co-metabolic degradation [48]. In 318 

contrast, the 30 and 70% amendments exhibited rapid initial PAH declines during 319 

the first 14 days followed by substantially reduced degradation rates, resulting in 320 

lower final removals of 85.10 and 80.72%, respectively, consistent with 321 
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previously reported non-linear degradation responses at higher amendment levels 322 

where excessive organic inputs altered microbial community structure and 323 

reduced long-term degradation efficiency [24, 33, 45, 46]. The sand + 30% 324 

treatment displayed the lowest overall degradation (48.31%), aligning with 325 

observations that sandy substrates constrain microbial activity and pollutant 326 

removal because of limited nutrient retention and reduced microbial biomass [8, 327 

18, 37, 41, 60]. Hence, the decay modelling demonstrates that amendment rate 328 

exerts a non-linear control on PAH degradation efficiency, with moderate 329 

amendment levels providing the most favorable balance between microbial 330 

stimulation and sustained degradation, whereas higher amendment rates were 331 

associated with reduced long-term removal, consistent with studies emphasizing 332 

the need to optimize amendment dosage for effective PAH bioremediation [38, 333 

55]. 334 

Soil physicochemical parameters varied across treatments and were 335 

associated with differences in the decay constant (k) for phenanthrene and pyrene, 336 

as illustrated by the combined heatmap in Fig. 2. Elevated soil moisture was 337 

observed in the more heavily amended treatments; however, higher moisture 338 

levels did not coincide with increased decay constants, suggesting that excessive 339 

water content may constrain PAH degradation, potentially through reduced 340 

oxygen diffusion within the soil matrix, as reported previously [16]. Soil 341 

temperature exhibited limited variability among treatments and did not align 342 

closely with differences in k, indicating that temperature played a limited role in 343 

explaining differences in degradation rates under the experimental conditions, 344 

despite its well-established role in enhancing microbial metabolic activity, 345 

oxygenase function, and PAH desorption under temperature-variable conditions 346 

[29, 43]. In contrast, soil pH increased in amended treatments, particularly at 347 

higher amendment levels, yet these shifts were not associated with enhanced PAH 348 

decay, consistent with evidence that deviations from near-neutral pH can limit the 349 

efficiency of PAH-transforming microbial processes [1, 50]. Hence, the combined 350 
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heatmap highlights that PAH degradation was influenced by integrated treatment-351 

level changes in soil physicochemical conditions rather than by any single 352 

parameter acting independently, supporting the broader view that balanced soil 353 

conditions are required to sustain effective microbial PAH attenuation [25, 29]. 354 

Microbial functional measurements supported the observed degradation 355 

patterns, with substrate-induced respiration (SIR) revealing high and sustained 356 

CO₂ production in the uncontaminated control soil, corresponding to a microbial 357 

biomass carbon (SMB-C) of 142.8 ± 0.1 mg C kg⁻¹, consistent with respiration 358 

responses reported for soils hosting active heterotrophic microbial communities 359 

and efficient carbon turnover [4, 19, 20, 51, 63]. In contrast, PAH-contaminated 360 

soil exhibited reduced respiration and an almost 50% decrease in SMB-C (74.5 ± 361 

0.02 mg C kg⁻¹), in agreement with documented inhibitory effects of PAHs on 362 

microbial metabolism and enzyme activity [5, 6, 59, 65], while the gradual 363 

increase in CO₂ production over the incubation period aligns with reports 364 

describing microbial acclimation in chronically contaminated soils [3,39]. 365 

Substrate-induced respiration was not applied to leaf-amended treatments because 366 

CO₂ derived from fresh organic inputs can confound microbial biomass estimation 367 

[56, 63]. Nitrification dynamics further differentiated treatment responses, with 368 

control soils exhibiting an early nitrate peak followed by a gradual decline, 369 

consistent with reduced nitrifier activity as mineral nitrogen pools diminished 370 

during incubation [12, 23, 28, 57, 61]. Leaf-amended treatments showed lower 371 

nitrate concentrations during early incubation, corresponding to nitrogen 372 

immobilization during decomposition of carbon-rich leaf material [34], whereas 373 

by day 56 nitrate concentrations increased in the 70% amendment, consistent with 374 

recovery of nitrification following depletion of labile carbon inputs [34]. The sand 375 

+ 30% treatment maintained low nitrate concentrations throughout incubation, 376 

consistent with reduced nutrient availability and microbial biomass in sandy soils 377 

[9], and statistical analyses did not detect significant treatment effects on nitrate 378 

production over time. 379 
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Microbial growth assays conducted in minimal salts medium (MSM) with 380 

phenanthrene (Phe) and pyrene (Pyr) as the sole carbon sources demonstrated 381 

clear treatment-dependent retention of PAH-degrading capacity following soil 382 

incubation, reflecting the influence of amendment history on microbial functional 383 

potential. Leaf litter amendments introduce both organic substrates and 384 

phyllosphere-associated microorganisms with documented hydrocarbon-385 

degrading capability [13, 35, 38, 49, 52], and the decomposition of leaf material 386 

during incubation releases soluble carbon compounds and micronutrients that 387 

influence microbial metabolism and PAH availability [15, 27, 46]. Consistent 388 

with these processes, inocula derived from leaf-amended soils exhibited 389 

measurable growth in MSM containing only Phe and Pyr, indicating the 390 

persistence of functional PAH-degrading populations after 56 days of incubation. 391 

The 10% amendment produced the highest final biomass, while the 30 and 70% 392 

amendments also supported sustained microbial growth, whereas the sand + 30% 393 

treatment showed moderate biomass accumulation accompanied by relatively 394 

high growth rates. In contrast, only minimal growth occurred in nutrient control, 395 

and no growth was observed in the PAH-only control, a pattern consistent with 396 

reports describing enrichment and maintenance of PAH-degrading 397 

microorganisms following organic amendment [67]. 398 

Taken together, decay modelling, microbial activity measurements, and 399 

growth assays indicate that PAH contamination reduced microbial biomass and 400 

activity, while leaf litter amendments enhanced microbial functional capacity in 401 

an amendment-rate-dependent manner. Moderate amendment levels supported 402 

sustained degradation and selection of PAH-adapted microbial consortia, whereas 403 

higher amendment rates were associated with reduced long-term degradation 404 

efficiency. These results highlight the importance of amendment optimisation for 405 

promoting effective co-metabolic PAH degradation in soil systems. 406 
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CONCLUSIONS 407 

This study demonstrates that raw pine and poplar leaf litter can enhance the 408 

biodegradation of phenanthrene and pyrene in a reclaimed Spolic Technosol. 409 

Moderate amendment rates, particularly 10% (w/w), supported more sustained 410 

PAH removal over the 56-day incubation, whereas higher amendment levels were 411 

associated with rapid initial losses followed by reduced longer-term efficiency. 412 

Variations in degradation kinetics reflected integrated treatment-level differences 413 

in soil physicochemical conditions, with temperature playing a limited supportive 414 

role and elevated soil moisture and pH showing inhibitory tendencies at higher 415 

amendment rates. 416 

Microbial functional assays supported these trends. Substrate-induced 417 

respiration indicated reduced microbial biomass in PAH-contaminated soils, 418 

while nitrification dynamics suggested early nitrogen immobilisation following 419 

amendment. Growth assays conducted in minimal salts medium further 420 

demonstrated that microbial consortia from amended treatments, particularly the 421 

10 and 30% amendments, retained PAH-degrading capacity, indicating the 422 

development of functionally adapted microbial populations during incubation. 423 

Hence, the findings indicate that raw leaf litter represents a low-cost organic 424 

amendment capable of stimulating co-metabolic PAH degradation when applied 425 

at appropriate rates. These results provide practical insight for the use of leaf-426 

based amendments as sustainable bioremediation strategies in PAH-contaminated 427 

soils, particularly in disturbed Technosols where microbial biomass and 428 

functional capacity are constrained. 429 
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TABLES 708 

Table 1. Selected physicochemical properties of polycyclic aromatic 709 

hydrocarbons in this study 710 

 711 

Compound  Molecular 
formula 

MW logKow
b  Sw

c , μM 

Phenanthrene C14H10 178.23 4.57 6.62 

Pyrene C20H12 252.00 5.47 0.013 

Note. Kow = octanol-water partition coefficient; Sw = water solubility. 712 

 713 

Table 2. Physical and chemical parameters of the studied silt-loam (Spolic 714 

Technosol) soil  715 

Parameter Mean ± SD 

pH 7.24 ± 0.18 

EC, µS cm⁻¹ 2500 ± 315 

Water-holding capacity, % 73.2 ± 0.84 

COD, mg L⁻¹ 1636 ± 0.05 

Organic carbon, % 5.20 ± 0.31 

Total nitrogen, % 0.12 ± 0.08 

C/N ratio 43.3 ± 0.55 

Phosphorus, mg kg⁻¹ 1745 ± 116 

Exchangeable Potassium, mg kg⁻¹ 2270 ± 501 

Exchangeable Sodium, mg kg⁻¹ 360 ± 15 

Exchangeable Calcium, mg kg⁻¹ 11455 ± 502 

Exchangeable Magnesium, mg kg⁻¹ 5532 ± 450 

Sand, % 45.0 ± 6.2 

Silt, % 54.18 ± 3.07 

Clay, % 0.8 ± 1.9 

Note. Mean ± SD; n = 3. 716 
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Table 3. Percentage reduction, decay constants, and half-lives of Phe/Pyr by 718 

treatment 719 

Parameter Time, days K Half-life 

0 7 14 28 56 
Control 88.39 ± 6.82 98.29 ± 0.32 98.91 ± 0.04 97.66 ± 1.74 99.49 ± 0.14 0.473±0.075 1.47 

10% amended 0.89 ± 2.00 23.32 ± 12.94 56.33 ± 5.78 79.66 ± 0.32 95.90 ± 4.13 0.054±0.009 12.83 

30% amended 0.31 ± 3.61 52.87 ± 4.80 49.83 ± 

10.81 

63.88 ± 3.16 85.10 ± 5.38 0.091±0.007 7.62 

70% amended 0.00 ± 2.53 60.18 ± 1.43 69.53 ± 3.16 82.94 ± 0.66 80.72 ± 1.87 0.179±0.026 3.87 

Sand_30% 

Amended 

0.63 ± 13.07 41.33 ± 1.48 42.89 ± 5.38 56.02 ± 

16.67 

48.31 ± 8.65 0.211±0.088 3.28 

Note. Mean ± SD; p < 0.05, n = 3. 720 

 721 

Table 4. Nitrate concentration in the soil samples at different time intervals, 722 

mg/kg 723 

Time, days Control 10%_amended 30%_amended 70%_amended Sand_30% 

Amended 

0 2.2 ± 0.6 20.1 ± 0.8 21.1 ± 1.7 20.6 ± 0.6 21.5 ± 2.4 

7 21.5 ± 0.8 19.3 ± 1.9 20.6 ± 0.6 21.0 ± 4.6 19.0 ± 2.0 

14 19.3 ± 0.6 15.8 ± 0.9 11.9 ± 4.4 20.6 ± 11.0 1.3 ± 0.1 

28 16.7 ± 1.2 22.8 ± 7.7 3.1 ± 0.2 169.3 ± 28.6 6.9 ± 2.6 

56 15.4 ± 11.6 2.8 ± 1.4 16.0 ± 22.0 36.3 ± 6.1 1.3 ± 0.1 

Note. Mean ± SD; p < 0.05, n = 3. 724 
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FIGURE CAPTIONS 726 

Fig. 1. One-phase exponential decay curves showing changes in total phenanthrene + pyrene 727 

(Phe/Pyr) concentrations during 56 days of incubation under different treatments: unamended 728 

control, 10%, 30%, and 70% leaf-amended soils, and sand + 30% amended soil. Error bars 729 

represent standard deviations (mean ± SD; n = 3). Colours indicate treatment-specific trends in 730 

PAH depletion.  731 

Fig. 2. Heatmap Combined heatmap showing standardized relationships between decay 732 

constant (k) and mean soil physicochemical parameters (moisture, temperature, and pH) across 733 

treatments. Moisture, temperature, and pH values were averaged across the incubation period 734 

(D0–D56) to eliminate temporal self-correlation. The colour scale represents Z-score–735 

normalized values, with warmer and cooler colours indicating higher and lower relative values, 736 

respectively. Treatment-level contrasts indicate that indicates that variation in PAH decay rates 737 

was associated with integrated differences in soil conditions across treatments rather than with 738 

direct relationships to individual environmental variables. (S30 amended = Sand_30% 739 

amended) Heatmap values represent means of replicate measurements (n = 3).  740 

Fig. 3. (a) CO₂ release over a 6-hour incubation in control and PAH-contaminated soils 741 

measured using the Substrate-Induced Respiration (SIR) method. (b) Soil microbial biomass 742 

carbon (SMB-C) derived from maximum CO₂ flush using the regression model of Martens 743 

(1995). All values represent means ± SD (n = 3). 744 

Fig. 4. Optical density at 600 nm (OD₆₀₀) growth curves of microbial consortia cultured in 745 

minimal salts medium (MSM) containing phenanthrene/pyrene (Phe/Pyr) as the sole carbon 746 

source over 7 days. Leaf-amended inocula (10, 30, 70%, and sand + 30%) exhibited enhanced 747 

growth, whereas the normal soil control CTRL(MSM+NS) showed limited proliferation and 748 

the PAH-only control CTRL(MSM+PAH) showed no growth. Error bars represent standard 749 

deviation (mean ± SD; n = 3). Colour coding corresponds to treatment lines shown in the legend. 750 
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 752 

Fig. 1, O.R. Akinseye and C. Knapp  753 

 754 
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 762 

Fig. 2, O.R. Akinseye and C. Knapp 763 
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 Fig. 3, O.R. Akinseye and C. Knapp 769 
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 778 

     Fig. 4, O.R. Akinseye and C. Knapp 779 
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