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28 Abstract 

29 Desertification and soil carbon loss threaten arid ecosystem sustainability, yet the long- 

30 term stability of soil organic carbon (SOC) following afforestation in hyperarid regions remains 

31 poorly understood. Here, we investigated SOC dynamics across a 22-year Populus alba 

32 chronosequence at the Taklimakan Desert edge, combining physical fractionation (particulate- 

33 (POC) and mineral-associated organic carbon (MAOC) with microbial phospholipid fatty acid 

34 (PLFAs) and enzymatic analyses. Afforestation significantly increased SOC content by 

35 50.97%–108.05%, with MAOC surging 100.94%–160.59% after 22 years (P<0.01). SOC 

36 stability (MAOC/POC ratio) peaked at 12 years before declining. Random forest modeling 

37 identified total nitrogen (TN) and available phosphorus (AP) as key drivers. Meanwhile, 

38 microbial metabolic limitations, assessing by the stoichiometric of soil extracellular enzymes, 

39 shifted from phosphorus limitation to carbon-phosphorus colimitation suppressed 

40 decomposition activity, enhancing SOC stability. This study provides the quantification of 

41 nonlinear SOC stability trajectories in hyperarid plantations, offering critical insights for 

42 optimizing afforestation age to enhance the stability of SOC. Our findings advance mechanistic 

43 understanding  of  SOC persistence  in  water-limited  ecosystems  and  directly  inform 

44 desertification control policies under climate change scenarios. 

45 Keywords: Soil organic carbon fraction; Microbial metabolic limitations; Plantation; 

46 Taklimakan desert 

47 
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48 1. Introduction 

49 Arid and hyperarid regions, covering >14% of global terrestrial area, are expanding rapidly 

50 due to climate change and anthropogenic pressures, threatening ecosystem services and carbon 

51 (C) sequestration capacity (Tariq et al., 2024). Soil organic carbon (SOC) stability plays a 

52 pivotal role in mitigating land degradation and achieving carbon neutrality (Heckman et al., 

53 2022; Li et al., 2023b). Afforestation, a cornerstone of global desertification control, has been 

54 widely implemented (Li et al., 2023c; Zhang et al., 2024a). The dynamics of SOC during 

55 afforestation are co-regulated by multiple factors, including stand ages, soil properties, plant- 

56 dive C input (quantity and quality), and microbial metabolic activity. However, its long-term 

57 effects on SOC dynamics in water-limited ecosystems remain contentious (Hong et al., 2020), 

58 impeding accurate estimates of soil C storage and balance. 

59 SOC stability can be assessed by the proportion of stable C fractions (Yang et al., 2012). 

60 SOC was physically fractionated into coarse particulate organic C (cPOC), fine particulate 

61 organic C (fPOC), and mineral-associated organic C (MAOC) using a size-based separation 

62 method (Willard et al., 2024). The physical separation of SOC is a popular classical method, 

63 which is also the basis for understanding the response of SOC formation and persistence to 

64 environmental changes (Cotrufo et al., 2019; Witzgall et al., 2021). fPOC is generally derived 

65 from cPOC and acts as a transitional component before its incorporation into more stable C 

66 pools (Zhao et al., 2025a). Of those, cPOC and fPOC are less stable SOC fractions, composed 

67 mainly of structural polymers from partially decomposed plant residues (Willard et al., 2024). 

68 In contrast, microbial necromass and metabolites are the main C sources of MAOC, which are 

69 formed via “direct sorption pathway” with mineral particles or via the “in vivo microbial 

70 turnover pathway”(Liang et al., 2017), represents a more stable SOC fraction with a longer 

71 residence time (Sokol et al., 2019; Hansen et al., 2024). While short-term studies report SOC 

72 increases, decreases, or neutral responses to afforestation (Liu et al., 2018; Kong et al., 2022; 

73 Rohatyn et al., 2022), the lack of chronosequence data obscures stability patterns beyond 

74 decadal scales. SOC sequestration following afforestation largely depends on the magnitude of 

75 organic matter being stored in soil via these stabilization processes (Liu et al., 2020; Gu et al., 

76 2024). Since cPOC, fPOC, and MAOC follow distinct formation and degradation pathways 

77 over time, SOC stability may respond differently to duration of the afforestation (Ghani et al., 

78 2023). Determining the driving mechanism of SOC content and stability over stand ages is 

79 essential to optimize SOC pool management. 

80 Existing frameworks emphasize plant C inputs or soil texture (Sokol et al., 2019; Hansen 

81 et al., 2024), but neglect interactions between microbial nutrient limitation and SOC fractions— 



4  

82 a critical gap given microbial mediation of MAOC formation. The conversion of natural 

83 ecosystems to plantations may lead to changes in SOC pools through multiple pathways, 

84 including altering plant-derived C inputs (Jackson et al., 2017; Ao et al., 2024), soil 

85 physicochemical properties (Liang et al., 2025), and microbial activities and decomposition 

86 processes (Su et al., 2023). Afforestation may promote the accumulation of POC and MAOC 

87 due to increased plant biomass inputs into the soil (Li et al., 2023c). However, these plant 

88 biomass inputs can also accelerate the decomposition of POC, potentially reducing its 

89 accumulation through a soil priming effect (Villarino et al., 2021). Furthermore, plant inputs 

90 may disrupt soil mineral-organic associations through rhizosphere processes, thereby 

91 promoting C loss from MAOC (Keiluweit et al., 2015; Kleber et al., 2015). Substantial evidence 

92 indicates that the stand ages significantly affect the composition of soil microbial communities 

93 (Li et al., 2023a; Cheng et al., 2024; Sacca et al., 2024), which may contribute differently to 

94 SOC degradation and MAOC formation (Zheng et al., 2022). These changes can disrupt the 

95 original formation and decomposition of SOC components (Yu et al., 2022). Microbes 

96 dynamically exhibit different resource limitations that trigger specific acquisition strategies (i.e., 

97 via their production of C, nitrogen (N), and phosphorus (P)-acquiring enzymes) to obtain C and 

98 nutrients from soil organic matter (SOM), which ultimately influences the C cycling dynamics 

99 (Phillips et al., 2013; Cheeke et al., 2017). It has been reported that the limitation of microbial 

100 N and P limitation exacerbate C limitation, which may, in turn, stimulate the decomposition of 

101 SOC by microbes (Cui et al., 2021), thereby providing additional C sources to meet microbial 

102 nutrient needs (Wang et al., 2020). Current models, largely derived from temperate or semiarid 

103 systems, fail to address extreme aridity constraints (e.g., high salinity, low clay content) that 

104 govern SOC stabilization in deserts (Zhang et al., 2024b). The mechanisms that govern SOC 

105 stability following afforestation in arid environments are likely to differ from those observed in 

106 other ecosystems. 

107 Populus alba is a highly suitable species for combating land degradation in arid areas, 

108 attributable to its rapid growth, economic value, and resistance to drought and barren conditions 

109 (Ji et al., 2020; Xi et al., 2021; Wang et al., 2024a). Here, this study investigated SOC dynamics 

110 across a 22-year P. alba chronosequence at the Taklimakan Desert edge—the world’s second- 

111 largest mobile desert. Integrating physical fractionation (Six et al., 2002b), microbial PLFAs 

112 profiling, and enzymatic stoichiometry, this study: (1) Quantify age-dependent shifts in SOC 

113 fractions (cPOC, fPOC, MAOC) and stability (MAOC/POC ratio) and (2) Decipher drivers 

114 linking soil properties, microbial metabolism, and SOC persistence. Our hypotheses were:1) 

115 afforestation would promote SOC content and its fractions, driven by plant biomass input, soil 
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116 nutrient availability, and microbial metabolic processes (including microbial community 

117 composition and nutrient limitation); (2) the stability of SOC would be improved due to a 

118 decrease in unstable C pools (e.g., plant-derived cPOC and fPOC) resulting from the 

119 introduction of external C sources. This study provides the empirical evidence of SOC content 

120 and stability trajectories in extreme deserts, offering actionable insights for optimizing 

121 afforestation strategies under escalating aridity. 

122 

123 2. Materials and methods 

124 2.1 Site description and experimental design 

125 The experiment was conducted at the Qira Oasis-Taklimakan Desert transition zone 

126 (37°01′N, 80°43′E), a hyperarid region with mean annual precipitation of 46.62 mm and 

127 evaporation of 2,700 mm (Gao et al., 2022b; Gao et al., 2024; Zhang et al., 2024b). A space- 

128 for-time substitution design was adopted, selecting P. alba plantations of 7-, 12-, and 22-year- 

129 old stands (7Y, 12Y, 22Y) and adjacent unreclaimed desert land (0Y) as control. The main 

130 vegetation of unreclaimed desert land was Alhagi sparsifolia Shap., Karelinia caspia (Pall.) 

131 Less., and Populus euphratica Oliv. Stand ages were verified via tree-ring cores using a Haglöf 

132 Increment Borer (Model 5.15 mm, Sweden) and cross-dating with local forestry records. 

133 Four sampling plots (10 × 30 m) were established at each stand ages, and a total of 16 

134 plots were established in our study. The forest plot and control plot spaced ≥1 km apart to 

135 minimize edge effects. All plots shared similar soil texture (Arenosols: 28.91% clay, 0.96% silt, 

136 70.13% sand) and irrigation regime (flooding 2–3 times annually from July–September). 

137 Before soil sampling, plant height (PH) and diameter at breast height (DBH) were measured in 

138 April 2024 (active growth phase, Fig. 1 and Table S1). Four root and litter sampling points were 

139 randomly selected at each stand ages, and root cores were taken using a soil corer (5 cm in 

140 diameter) after removing the litter layer with the root auger positioned 20–30 cm from the base 

141 of the tree trunk. Root samples were taken from both the 0–30 cm and 30–60 cm soil depths for 

142 further analysis. Litter collectors with an area of 1 m2 were randomly placed at each plot to 

143 collect litter. All root and litter samples were thoroughly cleaned and then dried to constant 

144 weight at 65°C, and then biomass (g·m-2) was calculated using an electronic balance (± 0.01g). 

145 2.2 Soil sampling and processing 

146 In April 2024 (active growth phase), after removing the litter layer, soil sampling was 

147 performed at 3 randomly selected points per plot. Those samples were collected using a soil 
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148 auger at depth intervals of 0–30 cm and 30–60 cm, with samples from the same horizon within 

149 each plot were thoroughly mixed and homogenized. In total, 32 representative samples (4 stand 

150 ages × 2 soil depths × 4 replicate plots) were obtained. All soil samples were sieved through a 

151 2 mm mesh to remove debris, including stones and roots. Those soil was then divided into three 

152 portions: (i) one portion was temporarily stored at -4°C for measurement of soil ammonium 

153 nitrogen (NH +-N), nitrate nitrogen (NO --N), and extracellular enzyme activities; (ii) another 

154 was briefly stored at -80 °C to measure soil microbial phospholipid fatty acids (PLFAs); and 

155 (iii) the remaining portion was air-dried at room temperature for analyses of others soil 

156 properties. 

157 2.3 Soil property analyses 

158 The concentration of total nitrogen (TN) was determined with a Kjeldahl Nitrogen 

159 Analyzer (K1160, Jinan Hanon Instruments Co. Ltd., China) (Zhao et al., 2025b). Ammonium 

160 nitrogen (NH +-N) and nitrate nitrogen (NO --N) were determined by the spectrophotometry 

161 (Zhang et al., 2020). The levels of total phosphorus (TP) and total potassium (TK) were 

162 measured using inductively coupled plasma optical emission spectrometry (iCAP 6300, 

163 Thermo Elemental, USA) after the samples were digested in concentrated HNO3 (Du et al., 

164 2025). Available phosphorus (AP) was measured by sodium bicarbonate immersion- 

165 molybdenum antimony colorimetric method. Available potassium (AK) was determined by 

166 flame photometric method (Zhao et al., 2025b). The soil pH was measured with a soil-to-water 

167 ratio of 1:2.5 (w/v) using a pH meter (PHSJ-6L, INESA Scientific Instrument Co. Ltd., 

168 China)(Lin et al., 2024). The electrical conductivity (EC) was measured with a soil-to-water 

169 ratio of 1:5 (w/v) using an EC meter (DDSJ-319L, INESA Scientific Instrument Co. Ltd., 

170 China)(Gao et al., 2022a). 

171 2.4 SOC fractionation 

172 The SOC concentrations of bulk soil and fractions were measured using the K2Cr2O7- 

173 H2SO4 oxidation method (Lettens et al., 2005). SOC was divided into cPOC, fPOC, and MAOC, 

174 as it is considered a more effective approach for investigating the dynamics of SOC. The 

175 methods for determining cPOC (250–2000 μm), fPOC (53–250 μm), and MAOC (53 μm) were 

176 based on the protocols outlined by predecessors (Hook and Burke et al., 2000; Six et al., 2002a). 

177 Briefly, 10 g of air-dried soil was dispersed in 30 mL of odium hexametaphosphate solution (5 % 

178 w/v) by shaking on a reciprocal shaker for 18 h (180 rpm). The dispersed sample was then 

179 passed through 250 µm and 53 µm sieves. The material retained on the 250 µm sieve was 

180 quantified as coarse particulate organic matter, while the fraction collected on the 53 µm sieve 
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181 was used to quantify fine particulate organic matter. The soil materials in the leachate that 

182 passed through the 53 µm sieve were finer mineral-associated fraction. The samples were dried 

183 at 50℃. Subsequently, the C concentration of each fraction sample was measured, and the C 

184 content of each fraction was calculated based on both the C concentration and the mass 

185 proportion of each fraction. The SOC stability index (SI) was calculated as (Zhao et al., 2025a): 

 

186 Stability index(SI)= Crecalcitrant⁄Clabile×100%= CMAOC⁄(CcPOC+CfPOC) ×100% (1) 

 

187 where CMAOC, CcPOC, and CfPOC are the MAOC concentration (g kg-1), cPOC concentration 

188 (g kg-1), and fPOC concentration (g kg-1), respectively. 

189 2.5 Microbial PLFA profiling and enzymatic activities 

190 Phospholipid fatty acids (PLFAs), key components of living microbial cell membranes, 

191 serve as biomarkers for characterizing soil microbial community composition (Bossio and 

192 Scow et al., 1998). In short, approximately 8 g of fresh soil was extracted, fractionated, and 

193 purified. The 23 mL mixed solution of citric acid buffer, anhydrous methanol, and chloroform 

194 (v/v/v = 4/10/5) was added to the Teflon bottle, shaken for 2 h (oscillation frequency ≥ 250 

195 rpm). Then total lipids were extracted by centrifugation for 10 min (25 ℃, 7,000 rpm). 

196 Subsequently, phospholipid fatty acids were isolated by silica gel column chromatography. 

197 After methyl esterification, the internal standard (C19:0) was added. After dissolving in n- 

198 hexane, it was determined by Thermo Fisher 1300 meteorological chromatograph (TRACE 

199 1300). The amount of PLFAs in the sample was calculated according to the peak area of the 

200 internal standard PLFA 19:0. The area determined by GC-FID was used to calculate the 

201 abundance of PLFA markers and was expressed as nmol PLFAs per gram of dry soil. The 

202 representative markers of microbes (Total bacterial PLFAs, gram-positive bacteria (GP), gram- 

203 negative bacteria (GN), actinomycete bacteria, and fungal PLFAs groups) of specific PLFAs 

204 are shown in Table S1. 

205 The activities of five soil enzymes related to soil C, N and P cycles were determined by 

206 microplate fluorescence assay. These enzymes included C-acquiring enzymes (BG: β-1,4- 

207 glucosidase; CBH: cellobiohydrolase), N-acquiring enzymes (NAG, β-1,4-N- 

208 acetylglucosaminidase; LAP; leucine aminopeptidase), and P-acquiring enzymes (ALP, 

209 alkaline phosphatase). A detailed description of these methods is provided in Supplementary 

210 Method S1. 

211 This study used two common stoichiometric indications to estimate the microbial 

212 metabolic limitations. One way was to calculate enzymatic stoichiometric vector characteristics 

213 (including vector length and vector angle) (Moorhead et al., 2016). Vector length (equation (2)) 
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214 indicates that a high vector length implies more microbial C limitation. A vector angle higher 

215 (equation (3)) than 45° represents the P limitation and conversely represents the N limitation. 

216 Another way was to use 1.0 as the perpendicular line along the axis of enzyme activity ratios 

217 (NAG+LAP)/AP as the x-axis and (BG+CBH)/(NAG+LAP) as the y-axis), four groups of 

218 microbial resource limitations (N limitation, P limitation, C and N colimitation and C and P 

219 colimitation) were categorized (Bai et al., 2021). 

220 Vector length=√( ln(BG+CBH) / ln (NAG+LAP) )2+( ln(BG+CBH) / ln AP )2(2) 

221 Vactor angle=DEGREES{ATAN2[( ln(BG+CBH) / ln(AP) ),(ln(BG+CBH)/ ln(NAG+LAP) )]}(3) 

222 2.6 Statistical analyses 

223 All statistical analyses were conducted using the R software (v4.2.1, R Core Team, 2022). 

224 Two-way analysis of variance (ANOVA) was employed to assess the impact of stand ages and 

225 soil depth on the soil properties, litter mass and root biomass, SOC fractions, PLFAs, and 

226 enzymatic activities. Before conducting the ANOVA, all the data underwent tests for normality 

227 and homogeneity of variance. Duncan's multiple range tests were performed to conduct 

228 multiple comparisons at statistical significance (P < 0.05). The t-test was used to compare the 

229 differences between the two soil layers. Pearson’s correlation analysis was performed to 

230 examine the relationships between SOC fractions (cPOC, fPOC, MAOC) and plant inputs (litter 

231 mass and root biomass), soil physical and chemical properties (pH, EC, NH +-N, NO --N, AP, 

232 AK, TK, TP, TN), soil enzyme activity (ALP, LAP, CBH, NAG, BG), and soil microbial 

233 community (bacterial PLFAs, GN, GP, actinomycete, and fungal PLFAs). The random forest 

234 model, using the R “randomForest” package, was used to assess the effects of plant input, soil 

235 physical and chemical properties, soil enzyme activity, and soil microbial community on SOC 

236 fractions. The percentage increase in mean square error (%IncMSE) was used to evaluate the 

237 relative importance of these variables using “randomForest” and “rfPermute” packages (Ao et 

238 al., 2024). Partial least squares path modelling (PLS-PM) analysis was conducted using the 

239 “plspm” package in R. 

240 

241 3 Results 

242 3.1 Litter mass, root biomass and soil properties 

243 After afforestation, P. alba exhibited rapid growth, leading to increased plant litter and 

244 root biomass input (Fig. S1). Compared with uncultivated land (0Y), stand ages significantly 

245 increased the concentrations of soil TN, TK, AP, AK (P < 0.01, Table S3–S4). Conversely, pH, 

246 EC and NO --N concentration decreased with stand ages (P < 0.01, Table S3–S4). The TN and 
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247 AP levels in topsoil were significantly higher than those in subsoil after afforestation (P < 0.05, 

248 Table S3–S4). The other properties showed no significant differences between the two soil 

249 depths. The interactions between stand ages and soil depth had a significantly effect on TP and 

250 TN (P < 0.05, Table S3–S4). 

251 3.2 SOC fractions and SOC stability 

252 Afforestation significantly increased SOC content across all stand ages (7Y, 12Y, 22Y) 

253 compared to unreclaimed desert soils (0Y). In topsoil (0–30 cm), SOC increased by 41.61% 

254 (7Y), 70.47% (12Y), and 108.05% (22Y), while subsoil (30–60 cm) showed smaller increments 

255 (23.87–52.26%) (Fig. 2a). SOC fractions exhibited distinct patterns. cPOC was increased by 

256 138.76% in topsoil after 22Y but remained unchanged in subsoil (Fig. 2b). fPOC was rose by 

257 69.05% (topsoil) and 30.00% (subsoil) at 22Y (Fig. 2c). MAOC was surged by 160.59% 

258 (topsoil) and 100.94% (subsoil) at 22Y, dominating SOC composition (Fig. 2d). 

259 SOC stability (SI, MAOC/POC ratio) peaked at 12Y in both soil layers (Fig. 3), with 

260 MAOC contributing >60% to total SOC (Fig. S3). Beyond 12Y, MAOC proportion declined in 

261 topsoil, paralleled by rising cPOC and fPOC. Subsoil stability was lower than topsoil, but there 

262 was no significant difference, and they followed a similar trend. 

263 

264 3.3 Microbial community and enzymatic activity 

265 Total bacterial and fungal phospholipid fatty acids (PLFAs) increased by 446.42–721.57% 

266 (bacteria), 305.89%–605.52% (GP), 375.82%–707.65% (GN), 1659.30%–4495.10% 

267 (actinomycete), and 569.99–1426.89% (fungi) post-afforestation (Fig. 4). Fungal dominance 

268 (F/B ratio) increased by 16.98-88.19% in topsoil correlated with SOC accumulation (Fig. 4). 

269 C-acquiring enzymes (BG, CBH) and P-acquiring enzymes (ALP) rose significantly with 

270 stand ages (Fig. S4). Microbial metabolic constraints shifted from P limitation (0Y) to C-P 

271 colimitation (7Y–22Y), as indicated by vector analysis (Fig. 5). 

272 3.4 Drivers of SOC content and stability 

273 The correlation heatmap showed that SOC, SI, cPOC, fPOC and MAOC were significantly 

274 and positively correlated with TN, PLFAs, litter biomass, and root biomass (Fig. 6 and Fig. S5, 

275 P <0.05). While they were significantly negatively correlated with pH and EC. Random forest 

276 analysis showed that environmental factors explained 91.51% (P < 0.01) of the variation in 

277 SOC content, and identified TN and AP as the primary predictors of SOC content (Fig.7a). PLS- 

278 PM revealed that soil physicochemical properties (e.g., reduced pH and EC) directly promoted 
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279 SOC accumulation (standardized effect = 0.794), while alleviated P limitation (vector angle < 

280 45°) indirectly enhanced SOC stability (Fig. 7c-d). 

281  

282 4. Discussion 

283 4.1 SOC content dynamics and its drivers 

284 The literature suggested that the impact of afforestation on SOC was context-dependent: 

285 afforestation increased SOC in C-poor soil; whereas decreased in C-rich soil (Wang et al., 

286 2024b). In tropical regions with C-rich soil, a meta-analysis showed that secondary forests 

287 stored less SOC than primary forests (−9%)(Don et al., 2011). However, in hyperarid regions 

288 with C-poor soil, afforestation with P. alba significantly increased SOC content by 42.37–73.38% 

289 compared to unreclaimed desert soils (Fig. 2a). This increase was more pronounced in topsoil 

290 (0–30 cm, with more roots), where SOC rose by 108.05% in 22-year-old stands, driven by 

291 elevated plant-derived inputs (litter and roots, Fig. S1) and improved soil nutrients (TN, AP; 

292 Tables S3–S4). These results align with global afforestation studies showing SOC accumulation 

293 in arid regions through enhanced biomass input and nutrient availability (Hong et al., 2020). 

294 However, the magnitude of increase here surpasses reports from semiarid plantations (Liu et 

295 al., 2018; Kong et al., 2022; Rohatyn et al., 2022), likely due to the extreme initial SOC 

296 depletion in desert soils. 

297 Drivers of SOC content increase can be explained by following two reasons. Firstly, rapid 

298 P. alba growth amplified litter and root biomass (Fig. S1), directly supplying particulate organic 

299 C (cPOC, fPOC). This aligns with the "input-driven SOC accumulation" paradigm in barren 

300 ecosystems (Li et al., 2023c; Zhang et al., 2024a). Secondly, TN enrichment enhanced plant 

301 productivity (Frey et al., 2025), while AP facilitated mineral-organic complexation (Kaiser et 

302 al., 2004), jointly stabilizing MAOC (Fig. S6). Notably, fungal-dominated communities 

303 (increased F/B ratio; Fig. 4d) further promoted recalcitrant C processing, as fungi excel at 

304 decomposing lignin-rich litter (Pulleman et al., 2022). 

305 4.2 SOC stability dynamics and its drivers 

306 The SOC stability (MAOC/POC ratio) initially increased, peaking at 12 years, but declined 

307 thereafter (Fig. 3). MAOC dominated SOC fractions in mid-term stands (12Y), while cPOC 

308 and fPOC contributions rose in older stands (22Y), particularly in subsoil (Fig. S3). Unlike 

309 cropland-to-forest conversions where SOC stability decreases due to priming effects (Sharma 

310 et al., 2024), stability here improved with stand ages. This divergence underscores the unique 
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311 role of MAOC in low-clay desert soils, where saturation thresholds are delayed (Hassink et al., 

312 1997; Begill et al., 2023). Another possible explanation for the change of SOC stability is the 

313 relationship between system C input and microbial activity (Li et al., 2023c; Tang et al., 2025). 

314 Post-afforestation, the input of plant biomass provides microorganisms with abundant nutrients 

315 and energy, leading a significant increase in the number of microorganisms (especially 

316 actinomycetes, Fig. 4). Actinomycetes (A-strategists) are efficient substrate users, investing 

317 more energy in metabolism, extracellular enzymes, or improving competitiveness than in 

318 growth (Tang et al., 2025). These metabolic processes will lead to a decrease in the stability of 

319 SOC. 

320 Peak MAOC at 12 years (Fig. S3) likely reflects transient saturation of mineral-binding 

321 sites (Stewart et al., 2007; Cotrufo et al., 2019). Subsequent declines in older stands (22Y) may 

322 stem from root exudates disrupting mineral-organic associations (Keiluweit et al., 2015; Kleber 

323 et al., 2015), a process exacerbated in sandy soils with low clay content. Microbial P limitation 

324 was alleviated by AP accumulation (Fig. 5b), but rising microbial biomass (Fig. 4) intensified 

325 C competition, shifting limitations to C-P colimitation (Fig. 5d). Differently, in subtropical 

326 regions, citrus plantations alleviated soil microbial C limitation but aggravated N limitation, as 

327 microorganisms preference produce N-acquiring enzymes (Du et al., 2024). Furthermore, in 

328 barren desert ecosystems, limited C resources lead to increased competition between microbes 

329 and plants by soil nutrients, further aggravating the microbial C limitation. This view is also 

330 supported by a significant negative correlation between plant and microbial limitation (Ning et 

331 al., 2024). This constrained decomposition activity (Sinsabaugh and Shah et al., 2011; 

332 Mooshammer et al., 2014; Luo et al., 2019), indirectly stabilizing SOC. 

333 4.3 Limitations and practical implications 

334 In our study, we used a space-for-time substitution methodology, assuming that spatial and 

335 temporal variations are equivalent, which is a useful tool for management in various ecological 

336 systems (Boeraeve et al., 2018; Kreyling et al., 2025). However, there are several 

337 limitations/uncertainties in the space-for-time substitution approach. For example, the "space- 

338 for-time" substitution assumes environmental homogeneity across chronosequence plots, yet 

339 unmeasured variables (e.g., interannual precipitation shifts) may influence SOC dynamics. To 

340 mitigate this uncertainty in real-world afforestation projects, we recommend integrating long- 

341 term monitoring (e.g., decadal soil sampling) with climate-resilient tree species selection. For 

342 instance, prioritizing P. alba genotypes with deep-rooting traits could enhance SOC stability 

343 under fluctuating water availability. 

344 Although soil microbial biomass accounts for only 2%–4% of SOC (Dalal et al., 1998), 
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345 its necromass continue to accumulate in the soil. In forest ecosystems, the contribution of 

346 microbial necromass C to SOC is 20%–80% (Chen et al., 2020; Wang et al., 2021). Thus, these 

347 earlier reports and the present findings indicate microbial necromass should also be considered 

348 while exploring the drivers of SOC stability. In addition, microbial C limitation was inferred 

349 indirectly via enzymatic stoichiometry, and mineral-organic interactions (e.g., Fe-SOC 

350 complexes) were not directly quantified. This gap highlights the need for adopting advanced 

351 techniques (e.g., ¹³C-labeled root exudate tracing, XANES spectroscopy) in future afforestation 

352 trials to optimize organic-inorganic binding. Practically, soils with low clay content (e.g., desert 

353 Arenosols) may benefit from amendments like biochar or clay additions to enhance MAOC 

354 formation, though field trials are needed to validate efficacy. 

355 Findings from this study are context-dependent, driven by hyperarid conditions (e.g., 

356 irrigation-induced salt leaching) (Della Maggiora et al., 2023). To broaden applicability, 

357 afforestation strategies should be tailored to local soil-climate contexts. In similar arid regions, 

358 seasonal flooding regimes (as used here) could be standardized to balance salt removal and 

359 SOC retention. Moreover, reduced irrigation frequency and intercropping with N-fixing species 

360 (e.g., Alhagi sparsifolia) may better synchronize C inputs with microbial demand, avoiding 

361 MAOC saturation-induced instability. 

362 While P. alba afforestation enhanced SOC, large-scale monocultures risk biodiversity loss 

363 and water overconsumption in water-limited ecosystems (Liu et al., 2018; Kong et al., 2022; 

364 Rohatyn et al., 2022). Diversifying plantations with native drought-tolerant species (e.g., 

365 Haloxylon ammodendron) could balance C goals with ecological resilience. Additionally, 

366 coupling afforestation with grazing exclusion policies may prevent soil compaction, preserving 

367 SOC stability in fragile desert-oasis ecotones. 

368 

369 5. Conclusions 

370 Afforestation with P. alba at the hyperarid desert edge significantly enhanced SOC content 

371 and stability, with stability peaking at 12 years before declining. Topsoil exhibited stronger 

372 SOC accumulation than subsoil, driven by synergistic effects of plant biomass inputs, soil 

373 nutrient enrichment (TN, AP), and fungal-dominated microbial processing. Microbial 

374 metabolic constraints shifted from P-limitation to C-P colimitation, indirectly stabilizing SOC 

375 by suppressing decomposition activity. This study underscores the potential of P. alba 

376 afforestation to enhance SOC pools in hyperarid deserts, while highlighting the need for 

377 adaptive management strategies to sustain long-term C stability amidst climatic and ecological 

378 uncertainties. 
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636 Figure caption 

637 Fig. 1 General view of the research sites. PH: plant height. DBH: diameter at breast height. 

638 Fig. 2 Effects of afforestation on the concentration of SOC and fractions. The error bars are the 

639 standard deviation (n=4). Different lowercase letters indicate significant differences stand ages at P 

640 < 0.05 for individual variables, and different uppercase letters denote significant differences 

641 between topsoil and subsoil at P < 0.05 for individual variables. Y: Stand ages; D: Soil depth. 

642 Fig. 3 Effects of afforestation on SOC stability index. The error bars are the standard deviation (n=4). 

643 Different lowercase letters indicate significant differences stand ages at P < 0.05 for individual 

644 variables, and different uppercase letters denote significant differences between topsoil and subsoil 

645 at P < 0.05 for individual variables. Y: Stand ages; D: Soil depth. 

646 Fig. 4 Effects of afforestation on abundance and ratios of soil microbial groups as indicated by 

647 phospholipid fatty acids (PLFAs). GP, Gram-positive bacteria; GN, Gram-negative bacteria; F/B, 

648 Ratio of fungi to bacteria. The error bars are the standard deviation (n=4). Different lowercase letters 

649 indicate significant differences stand ages at P < 0.05 for individual variables, and different 

650 uppercase letters denote significant differences between topsoil and subsoil at P < 0.05 for 

651 individual variables. Y: Stand ages; D: Soil depth. 

652 Fig. 5 Microbial metabolic limitations indicated by extracellular enzymatic stoichiometry (a-d): (a) 

653 A high vector length implies more microbial C limitation; (b) A vector angle higher than 45° 

654 represents the P limitation and conversely represents the N limitation; (c) vector analysis (vector 

655 length and angle); horizontal and vertical baseline chemometric analysis. The error bars are the 

656 standard deviation (n=4). Different lowercase letters indicate significant differences stand ages at P 

657 < 0.05 for individual variables, and different uppercase letters denote significant differences 

658 between topsoil and subsoil at P < 0.05 for individual variables. Y: Stand ages; D: Soil depth. A 

659 vector angle of <45° denotes N limitation (red horizontal dashed line), and angles >45° denote P 

660 limitation. By using 1.0 as the baseline along both the horizontal and vertical axes of enzyme activity 

661 ratios ((NAG+LAP)/ALP as the x-axis and (BG+CBH) /(NAG+LAP) as the y-axis). Four distinct 

662 groups of microbial resource limitations were identified: N limitation, P limitation, C and N 

663 colimitation, and C and P colimitation. Nearly all treatment are clearly P, C and P limited (light red 

664 shaded area). 

665 Fig. 6 Heatmap and random forest showed the effects of vegetation characteristics, soil 

666 physicochemical properties, microbial limitation, and PLFAs contribution to SOC (a) and SI (b). *P 

667 < 0.05, **P < 0.01, ***P < 0.001. EC, electrical conductivity; TN, total nitrogen; TP, total 

668 phosphorus; TK, total potassium; NO --N, nitrate nitrogen; NH +-N, ammonium nitrogen; AP, 

669 available phosphorus; AK, available potassium. 
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670 Fig. 7 Partial least squares path modeling (PLS-PM) showing the effects of afforestation on the 

671 concentration of SOC (a) and SI (b) and standardized total effects of environmental variables 

672 derived from the PLS-PM (c, d). Red arrows represent negative relationships, and blue arrows 

673 represent positive relationships. The solid arrows represent significant relationships (*P < 0.05, **P 

674 < 0.01, ***P < 0.001), and the gray dashed arrows represent nonsignificant relationships. The width 

675 of the arrow represents the size of the path coefficient. GOF, goodness of fit. 
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