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Abstract 12 

Background and aims 13 

Thinning and mixed planting treatment (TMPT) is used to transform pure Pinus 14 

massoniana plantations, but its short-term effects on plant carbon allocation and 15 

topsoil nutrient microbial conditions remain unclear. We tested whether retained pine 16 

density controlled ecosystem carbon gain or carbon reallocation after broadleaved 17 

enrichment. 18 

Methods 19 

We compared an unthinned Control (750 pine stems ha-1) with four TMPT levels 20 

(MP600, MP450, MP300, MP150) that retained 600, 450, 300, or 150 pine stems ha-1, 21 

respectively, and receiving 300 native broadleaved seedlings ha-1. Six years later, we 22 

measured stand structure, ecosystem carbon stocks, soil properties, microbial 23 

biomass, and enzyme activities. 24 

Results 25 

TMPT increased tree size variation, size inequality, and species mingling more 26 

strongly than stem spatial structure. Retained pines were larger at lower densities, but 27 

pine carbon per unit area declined. MP300 and MP150 reduced ecosystem carbon by 28 

22% and 41%, respectively. MP600 retained pine carbon near the Control but did not 29 

maintain ecosystem carbon. MP450 maintained ecosystem carbon near the Control 30 

(88 vs. 92 Mg ha-1) despite 22% lower pine carbon, because soil carbon was 19% 31 

higher and understory and mean broadleaved carbon were highest. Retained pine 32 

density explained pine carbon (R2 = 0.885) and ecosystem carbon (R2 = 0.845), but 33 
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not soil or broadleaved carbon. MP450 had 38% higher soil organic carbon, 52% 34 

higher microbial biomass carbon, and 56–65% higher C, N, and P acquiring enzyme 35 

activities than the Control. 36 

Conclusion 37 

TMPT caused short-term carbon reallocation rather than uniform carbon gain. Density 38 

substitution under MP450 best balanced mature pine carbon retention with higher 39 

topsoil and non-pine vegetation carbon. 40 

Keywords: Pinus massoniana; Thinning and mixed planting; Ecosystem carbon 41 

reallocation; Retained pine density; Broadleaved enrichment; Soil microbial activity. 42 

 43 
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1 Introduction 44 

Forest ecosystems store approximately 80% of aboveground and 70% of belowground 45 

terrestrial organic carbon, making them a cornerstone of global climate-change 46 

mitigation (Dixon et al., 1994; Pan et al., 2011; Pan et al., 2024). In managed 47 

plantations, however, the key issue is not only how much carbon is stored, but where 48 

that carbon is retained. Carbon is distributed among tree biomass, understory 49 

vegetation, litter, and soil. These pools respond differently to stand development and 50 

silvicultural intervention. Recent syntheses further show that the global forest carbon 51 

sink depends strongly on forest demography, disturbance history, and management, 52 

rather than on biomass accumulation alone (Keenan et al., 2016; Pugh et al., 2019; 53 

Heinrich et al., 2023). Thus, plantation carbon responses should be evaluated not only 54 

as changes in total ecosystem carbon, but also as carbon reallocation among tree, 55 

understory, litter, and soil pools. 56 

Transforming monoculture plantations can redistribute carbon by changing stand 57 

structure and species composition. Pure stands accumulate tree biomass rapidly, but 58 

maintain simple community composition, size structure, and spatial organization. 59 

Such structural simplicity limits carbon transfer beyond the dominant tree layer and 60 

suppresses understory development, litter diversity, nutrient cycling, and soil carbon 61 

retention (Brancalion and Holl, 2020). Mixed-species forests often show higher 62 

productivity, stronger resource complementarity, and more active nutrient cycling 63 

than monocultures, but these effects depend on species identity, stand density, site 64 

conditions, and stand age (Paquette and Messier, 2010; Forrester, 2014; Liang et al., 65 
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2016; Ammer, 2018; Augusto and Boča, 2022). Plantation transformation should 66 

therefore be viewed not simply as adding species, but as changing how carbon is 67 

distributed among the dominant tree layer, introduced trees, understory vegetation, 68 

litter, and soil. 69 

Thinning creates the central carbon trade-off in plantation transformation: it releases 70 

growing space but immediately removes mature tree carbon. By reducing retained 71 

pine density, thinning can lower competition for light, water, and nutrients and 72 

thereby promote the size growth of remaining trees. It can also increase canopy 73 

openness, alter soil microclimate, and create space for understory vegetation and 74 

introduced broadleaved trees (Lei et al., 2021; Cheng et al., 2025). These structural 75 

changes matter for carbon storage because forest carbon is often linked to stand 76 

structural complexity and soil conditions. In mixed oak–pine forests, structural 77 

diversity explained ecosystem carbon storage more strongly than species diversity 78 

alone (Fatunsin and Naka, 2025). Likewise, in tropical and subtropical forests, stand 79 

structure and soil properties jointly shape aboveground and belowground carbon 80 

stocks (Ali et al., 2019; Aponte et al., 2020; Sandra et al., 2025). However, thinning 81 

also removes carbon already stored in mature pine stems, branches, foliage, and roots. 82 

This immediate removal can reduce area based tree carbon in the short-term, even 83 

when the retained trees become larger after competition release. The carbon 84 

consequence of thinning therefore depends on whether gains in retained trees, 85 

understory vegetation, litter, soil, and introduced broadleaved trees can compensate 86 

for carbon removed from the dominant pine layer (Zhang et al., 2018; Zhang et al., 87 
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2024; Qu et al., 2025). 88 

Broadleaved enrichment can add new carbon pathways, but its contribution depends 89 

on the density and competitive environment created by thinning. Introducing 90 

broadleaved species changes species composition and can add carbon through 91 

broadleaved biomass, understory development, litter inputs, fine roots, and 92 

rhizosphere processes. These changes may alter litter quality, rooting patterns, nutrient 93 

cycling, and soil carbon formation (Forrester, 2014; Augusto and Boča, 2022). 94 

Previous mixed-plantation studies show why this response is likely to be context 95 

dependent. Mixed stands often store more aboveground biomass than monocultures, 96 

but belowground responses are less consistent because soil carbon reflects the balance 97 

between organic inputs, microbial processing, and decomposition. Species identity is 98 

especially important in subtropical plantations, where introduced broadleaved species 99 

may differ strongly from P. massoniana in litter quality, rooting strategy, and nutrient 100 

demand. In highly weathered subtropical soils, phosphorus limitation can further 101 

make belowground responses depend more on species traits than on richness alone (Li 102 

et al., 2026). For example, a mixed Castanopsis hystrix–P. massoniana plantation in 103 

Guangxi stored more ecosystem carbon than a pure P. massoniana plantation under 104 

comparable conditions (He et al., 2013). However, broadleaved enrichment can 105 

contribute substantially to ecosystem carbon only if the introduced trees establish and 106 

acquire enough resources under the residual pine canopy. Thus, the carbon effect of 107 

mixed planting should depend not only on which species are introduced, but also on 108 

how many mature pines remain after thinning. 109 
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How thinning and broadleaved enrichment interact through retained pine density 110 

remains a key uncertainty in plantation carbon management. When a fixed number of 111 

broadleaved seedlings is added after thinning, different retained pine densities create 112 

different total post treatment densities. High pine retention with broadleaved addition 113 

can increase total stand density, moderate pine retention can substitute broadleaved 114 

trees for removed pines, and stronger pine removal can reduce total stand density 115 

(Osei et al., 2021; Che et al., 2024; Li et al., 2026). These configurations are likely to 116 

create different resource environments and different carbon balances. Densification 117 

may retain more pine carbon but intensify competition for light, water, and nutrients, 118 

whereas density substitution may reduce pine dominance without increasing total 119 

stem density. By contrast, stronger density reduction may release more growing space 120 

but remove too much mature pine carbon to be compensated in the short-term (Thurm 121 

and Pretzsch, 2021; Del Río et al., 2022; Han et al., 2025). However, most plantation 122 

studies have evaluated thinning or enrichment planting as broad management 123 

categories, rather than testing whether different retained pine densities shift ecosystem 124 

carbon through stand densification, density substitution, or net density reduction. This 125 

leaves two linked gaps. First, we still know little about how TMPT reallocates carbon 126 

among pine, soil, broadleaved, understory, and litter pools. Second, it remains unclear 127 

whether soil carbon follows pine density driven carbon loss or instead covaries with 128 

soil nutrients, microbial biomass, and enzyme activity (Xu et al., 2024; Lin et al., 129 

2025; Qu et al., 2025; Zhang et al., 2026). 130 

Pinus massoniana plantations provide a suitable system for testing how retained pine 131 
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density shapes carbon reallocation during broadleaved enrichment. As the dominant 132 

plantation type in southern China, P. massoniana plantations are increasingly 133 

transformed through thinning and broadleaved enrichment to improve stand quality 134 

and ecological function (He et al., 2013; Lei et al., 2021; Li et al., 2026). In our study 135 

area, pure P. massoniana stands were thinned to four retained pine density levels and 136 

then interplanted with 300 stems ha-1 of three native broadleaved species: Mytilaria 137 

laosensis, Erythrophleum fordii, and Castanopsis hystrix. Six years after treatment, 138 

we quantified spatial and non-spatial stand structure, carbon stocks of major 139 

ecosystem components, soil physicochemical properties, microbial biomass, and 140 

enzyme activities. We tested whether TMPT increased ecosystem carbon stock or 141 

instead reallocated carbon among pine, soil, broadleaved, understory, and litter pools. 142 

We hypothesized that: (i) TMPT would increase tree size variation, tree-size 143 

inequality, and species mingling more strongly than stem spatial arrangement; (ii) 144 

stronger thinning would reduce ecosystem carbon because pine carbon loss would 145 

exceed gains in soil and non-pine pools, whereas MP450 would maintain a more 146 

balanced carbon distribution through density substitution; and (iii) pine and ecosystem 147 

carbon would track retained pine density, whereas soil carbon would covary more 148 

strongly with soil nutrients, microbial biomass, and enzyme activity. 149 

2 Materials and methods 150 

2.1 Study area 151 

This study was conducted at the Experimental Center of Tropical Forestry in 152 

Pingxiang, Guangxi, China (22°03′ N, 106°52′ E). The region has a humid subtropical 153 

monsoon climate with clear wet and dry seasons. Mean annual air temperature ranges 154 
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from 20.5 to 21.7 °C. Mean annual precipitation ranges from 1200 to 1500 mm, with 155 

most rainfall occurring from April to September. Mean annual sunshine duration 156 

ranges from 1200 to 1600 h. Mean annual evaporation ranges from 1200 to 1400 mm. 157 

Mean annual relative humidity ranges from 80 to 84% (http://www.nmc.cn/). The area 158 

is dominated by low mountains and hills. The soils are lateritic red soils (Ferralsols, 159 

World Reference Base for Soil Resources) and are usually deeper than 80 cm (Liu et 160 

al., 2025). The zonal vegetation is subtropical evergreen broadleaved forest, although 161 

the current landscape is mainly composed of plantations. 162 

2.2 Experimental design and treatments 163 

Pure Pinus massoniana plantations were established in 2006 at an initial planting 164 

density of 750 stems ha-1. In 2018, thinning created a gradient of retained pine 165 

densities: 600, 450, 300, and 150 stems ha-1, alongside an unthinned control (750 166 

stems ha-1). The five treatments were designated Control, MP600, MP450, MP300, 167 

and MP150. 168 

Immediately after thinning in 2018, the four thinned treatments (MP600–MP150) 169 

were interplanted with two-year-old seedlings of three native broadleaved species: 170 

Mytilaria laosensis (90 stems ha-1), Erythrophleum fordii (90 stems ha-1), and 171 

Castanopsis hystrix (120 stems ha-1), totaling 300 stems ha-1. No interplanting 172 

occurred in the Control. Hereafter, these combined treatments are referred to as the 173 

thinning and mixed planting treatments (TMPT). Total post treatment density was 174 

therefore 900, 750, 600, and 450 stems ha-1 in MP600, MP450, MP300, and MP150, 175 

respectively. Relative to the initial planting density, total density increased in MP600, 176 

remained unchanged in MP450, and decreased in MP300 and MP150. 177 

2.3 Sampling plot establishment and stand inventory 178 

In July 2024, three independent sampling plots were randomly established within each 179 

treatment, totaling 15 plots (5 treatments × 3 plots). Each plot measured 20 m × 30 m, 180 

and plots were at least 200 m apart. To minimize environmental heterogeneity among 181 

plots, all plots were located on south facing slopes with comparable topography and 182 

soil conditions. 183 
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Within each plot, all live trees with diameter at breast height (DBH) ≥ 3 cm were 184 

identified to species, and DBH (1.3 m above ground) was recorded to the nearest 0.1 185 

cm. The x–y coordinates of each tree were recorded for spatial mapping and structural 186 

index calculation. Crown width was measured along the east–west and north–south 187 

axes, and the mean of these two measurements was used as crown width. For retained 188 

P.massoniana trees, total tree height and height to crown base (HCB) were also 189 

measured to characterize individual tree size. 190 

2.4 Stand structural indices 191 

To quantify non-spatial structural indices (Qin et al., 2022; Miao et al., 2025), we 192 

calculated four plot level indices, the coefficient of variation of DBH (CV) (Eq. 1), 193 

skewness (SK) (Eq. 2), the Gini coefficient (GC) (Eq. 3), and the Shannon-Wiener 194 

size diversity index (H) (Eq. 4). Together, these indices quantify variation, 195 

asymmetry, inequality, and size class diversity in tree size distribution. 196 

 𝐶𝑉 =  ஽஻ு (1)݊ܽ݁ܯ஽஻ுܦܵ

𝐶ܩ  = ∑ (2݅ − ݊ − ௜௡௜=1ܪܤܦ(1 ݊ ∑ ௜ܪܤܦ  (2) 

ܭܵ  = ௜ܪܤܦ)∑ − ݊)஽஻ு)3݊ܽ݁ܯ − 3ܦܵ(1  
(3) 

ܪ  = − ∑ ௜݌  ௜ (4)݌݈݊

where n is the number of trees in a plot. DBHi is the DBH of tree i. Mean DBH is the 197 

plot mean DBH. SD is the sample standard deviation of DBH, and pi is the proportion 198 

of trees in the ith DBH class. 199 

For each tree within the plot, we identified its four nearest neighbors using horizontal 200 

Euclidean distances and then quantified its spatial structure with four nearest neighbor 201 

indices (Dong et al., 2022; Liang et al., 2025), the uniform angle index (W) (Eq. 5), 202 

dominance index (U) (Eq. 6), mingling index (M) (Eq. 7), and crowding index (CI) 203 

(Eq. 8). Trees in the immediate external buffer zone were surveyed to calculate the 204 

indices for trees inside the plot. 205 
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 ܹ = 14௡ ∑ ∑ ௜௝4௝=1௡௜=1ݖ ௜௝ݖ, = {1, ௝ߙ < 0ߙ = 72°0, ݁ݏ݅ݓݎℎ݁ݐ݋  (5) 

 ܷ = 14௡ ∑ ∑ ݇௜௝4௝=1௡௜=1 ,݇௜௝ = {1, ௝ܪܤܦ ݂݅ > ,௜0ܪܤܦ ݁ݏ݅ݓݎℎ݁ݐ݋  (6) 

ܯ  = 14௡ ∑ ∑ ௜௝4௝=1௡௜=1ݒ ௜௝ݒ, = { 1, ௝݌ݏ ≠ ,௜0݌ݏ  (7) ݁ݏ݅ݓݎℎ݁ݐ݋

 𝐶ܫ = 14௡ ∑ ∑ ௜௝4௝=1௡௜=1ݕ ௜௝ݕ, = {1, ݂݅ (𝐶 ௜ܹ + 𝐶 ௝ܹ) > ,௜௝0ܮ ݂݅ (𝐶 ௜ܹ + 𝐶 ௝ܹ) ≤ ௜௝ܮ  
(8) 

where n is the number of trees in a plot; spi and spj are the species identities of the 206 

reference tree i and its jth nearest neighbor; DBHi and DBHj are their respective 207 

diameters; CWi and CWj are their crown widths, and Lij is the horizontal distance 208 

between their stems. For the indicator variables: Zij = 1 when the angle between 209 

adjacent neighbors is smaller than the standard angle α0 = 72°; otherwise, zij = 0. Kij = 210 

1 when DBHj > DBHi; otherwise, kij = 0. Vij = 1 when neighbor j belongs to a 211 

different species from reference tree i; otherwise, vij = 0. Yij = 1 when CWi + CWj > 212 

Lij; otherwise, yij = 0. 213 

2.5 Understory vegetation, litter, and tree organ sampling 214 

To estimate carbon stocks across ecosystem components, we sampled understory 215 

vegetation, surface litter, and tree organs for carbon concentration measurements in 216 

July 2024. Three 1 m × 1 m subplots were established in each plot. All understory 217 

vegetation was harvested and separated into aboveground and belowground 218 

components. Surface litter was concurrently collected from these same subplots. 219 

These samples were transported to the laboratory, cleaned of adhering soil and debris, 220 

and oven dried at 105 °C to constant mass to determine dry biomass. 221 

For the tree layer, stem wood, branches, leaves, and fine roots were sampled from 222 

three representative trees per species in each plot. For each species, the selected trees 223 

had DBH values close to the corresponding plot mean. In total, 180 organ samples 224 

were collected for Pinus massoniana across all five treatments (5 treatments × 3 225 

replicate plots × 3 trees × 4 organs). Across the four TMPT, the three interplanted 226 

broadleaved species (Mytilaria laosensis, Erythrophleum fordii, and Castanopsis 227 

hystrix) were additionally sampled, yielding 432 broadleaved organ samples (4 228 
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treatments × 3 replicate plots × 3 species × 3 trees × 4 organs). For each organ, 229 

approximately 100 g of fresh material was collected and oven dried at 105 °C to 230 

constant mass. 231 

All dried plant and litter samples were finely milled to pass an 80-mesh sieve before 232 

chemical analysis. Total carbon (TC) was determined using the potassium dichromate 233 

oxidation method. 234 

2.6 Soil sampling and physicochemical analyses 235 

Soil from the 0-20 cm layer was sampled in July 2024 after litter removal using two 236 

complementary approaches: undisturbed core sampling for soil physical properties 237 

and auger sampling for soil chemical properties, microbial biomass, and enzyme 238 

activities. 239 

For the undisturbed core sampling, three replicate cores were collected from each plot 240 

using stainless steel rings, totaling 45 ring core samples (5 treatments × 3 plots ×3 241 

replicates ring samples). Soil water content (SWC) was measured gravimetrically 242 

after oven drying at 105 °C to constant mass. Soil bulk density (SBD) and soil 243 

capillary porosity (SCP) were calculated based on core volumes and weights at 244 

saturation, after free drainage, and after oven drying (Qi et al., 2022). 245 

For the auger sampling, three replicate soil samples were collected per plot, yielding 246 

45 augered samples. The augered samples were placed in an ice box and transported 247 

to the laboratory, hand sorted to remove roots and debris, homogenized, and passed 248 

through a 2-mm sieve. The sieved sample was divided into two subsamples. One 249 

subsample was air-dried for pH, soil organic carbon (SOC), total nitrogen (TN), and 250 

total phosphorus (TP). The other subsample was stored at 4 °C for microbial biomass 251 

and enzyme analyses. 252 

For the air-dried subsamples, soil pH was measured in a 1:2.5 soil-to-water 253 

suspension using a calibrated glass electrode meter (Zhang et al., 2020). SOC was 254 

determined by the potassium dichromate oxidation method (Bao, 2000), soil TN was 255 

determined by the Kjeldahl digestion procedure (Bao, 2000), and soil TP was 256 

determined by the molybdenum blue colorimetric method after acid digestion (Bao, 257 

2000). 258 
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For the 4 °C subsamples, MBC, MBN, and MBP were measured by the chloroform 259 

fumigation extraction method (Joshi and Garkoti, 2023; Zheng et al., 2023). Fresh soil 260 

was fumigated with ethanol free CHCl3 for 24 h. Fumigated and non-fumigated soils 261 

were extracted with 0.5 mol L-1 K2SO4 (For MBC and MBN) or with 0.5 mol L-1 262 

NaHCO3 at pH 8.5 (For MBP). MBC, MBN, and MBP were calculated as the 263 

difference between fumigated and non-fumigated extracts divided by kEC = 0.45, kEN 264 

= 0.54, and kEP = 0.40, respectively. 265 

Also using the 4 °C subsamples, β-1,4-glucosidase (BG), β-1,4-N-266 

acetylglucosaminidase (NAG), and acid phosphatase (ACP) activities were assayed 267 

with substrate specific microplate methods (Wu et al., 2023). Briefly, a homogeneous 268 

soil slurry was prepared by suspending 1.5 g of fresh soil in 100 mL of sodium acetate 269 

buffer (50 mmol L-1, pH 4.5), followed by vortexing for 1 min and stirring for 1 h. For 270 

each assay, 200 μL of the soil slurry and 50 μL of the corresponding substrate 271 

solution were added to a 96-well microplate. The specific substrates used were p-272 

nitrophenyl-β-D-glucopyranoside for BG, 4-methylumbelliferyl-N-acetyl-β-D-273 

glucosaminide for NAG, and disodium phenyl phosphate for ACP. After incubation in 274 

the dark at 20 °C for 4 h, the reactions were terminated with 10 μL 1 mol L-1 NaOH. 275 

Enzyme activities were measured using a multifunctional microplate reader and 276 

expressed on an oven dry soil basis. 277 

For all soil variables, the three replicate values within each plot were averaged to 278 

obtain one plot level value before statistical analysis. 279 

2.7 Estimation of biomass and carbon stocks 280 

Tree biomass was estimated for each inventoried tree using species-specific allometric 281 

equations (Table S1; Luo et al. 2020). Plot level organ biomass was then obtained by 282 

summing the estimated biomass of all trees within each plot and converting it to a 283 

hectare basis. Carbon stocks for the tree, understory, and litter components were then 284 

calculated by multiplying their respective dry biomass by these measured TC 285 

concentrations. 286 

Table S1 Allometric equations used to estimate biomass of Pinus massoniana and 287 

mixed broadleaved species 288 
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 289 

Tree species Tree components Equation form Coeff. a Coeff. b R 

Pinus 

massoniana 
     

 Stem wood W = a × Db 0.054 2.466 0.979 

 Stem bark W = a × Db 0.039 1.761 0.853 

 Total branch W = a × Db 0.005 2.704 0.916 

 Total leaf W = a × Db 0.009 2.002 0.658 

 Total root W = a × Db 0.023 2.232 0.943 

Mixed 

species 
     

 Total stem W = a × bD 0.2228 1.6465 0.964 

 Total branch W = a + b × D4 0.3601 0.00022233 0.91 

 Total leaf W = a + b × D4 0.2568 0.00011544 0.915 

 Total root W = a + b × D2 0.4154 0.0792 0.918 

 290 

W: biomass (kg); D: diameter at breast height (DBH, cm). a and b are fitted equation 291 

coefficients, and R indicates the goodness of fit of each allometric model. 292 

 293 

Carbon stocks for the retained P. massoniana (Cpine) and the mixed broadleaved 294 

species (Cbroadleaf) were calculated using Eqs. 9 and 10 (Moraes et al., 2026). 295 

 𝐶௣௜௡௘(݇݃ ℎܽ−1) = ∑ ௣௜௡௘,௢௥௚(݇݃ ℎܽ−1)ܤ) ×4௢௥௚=1ܶ𝐶௣௜௡௘,௢௥௚(݃ ݇݃−1)) /1000 
(9) 

 𝐶௕௥௢௔ௗ௟௘௔௙(݇݃ ℎܽ−1)
= ∑ ∑ ௕௥௢௔ௗ௟௘௔௙(௦௣௘),௢௥௚(݇݃ ℎܽ−1)4ܤ)

௢௥௚=1
3

௦௣௘=1× ܶ𝐶௕௥௢௔ௗ௟௘௔௙(௦௣௘),௢௥௚(݃ ݇݃−1)) /1000 

(10) 

where org represents the specific tree organ (1 = stem, 2 = branch, 3 = leaf, and 4 = 296 

root), and spe represents the three interplanted broadleaved species (Mytilaria 297 

laosensis, Erythrophleum fordii, and Castanopsis hystrix). B (kg ha-1) and TC (g kg-1) 298 

denote the dry biomass and total carbon concentration of the corresponding organ and 299 

species, respectively. The constant 1000 is a unit conversion factor. Stem biomass 300 
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was calculated as the sum of stem wood and stem bark biomass, and the measured 301 

stem carbon concentration was applied to the combined stem biomass. 302 

The carbon stocks of the understory vegetation and litter layers were calculated using 303 

Eqs. 11 and 12, respectively (Moraes et al., 2026). 304 

 𝐶௨௡ௗ௘௥௦௧௢௥௬ = ∑ ௨௡ௗ௘௥௦௧௢௥௬,௖௢௠௣2ܤ)
௖௢௠௣=1 (݇݃ ℎܽ−1)
× ܶ𝐶௨௡ௗ௘௥௦௧௢௥௬,௖௢௠௣(݃ ݇݃−1))/1000 

(11) 

 𝐶௟௜௧௧௘௥ = ௟௜௧௧௘௥(݇݃ ℎܽ−1)ܤ × ܶ𝐶௟௜௧௧௘௥(݃ ݇݃−1))/1000 (12) 

where comp represents the aboveground and belowground components of the 305 

herbaceous understory. The constant 1000 is a unit conversion factor. 306 

The soil carbon stock (Csoil, kg ha-1) was calculated using Eq. 13 (Joshi and Garkoti, 307 

2023; Moraes et al., 2026). 308 

 𝐶௦௢௜௟(݇݃ ℎܽ−1)= ܱܵ𝐶(݃ ݇݃−1) × (3−݉ܿ ݃)ܦܤܵ × ×(݉ܿ)ℎݐ݌݁ܦ 100 

(13) 

where SOC is the soil organic carbon concentration (g kg-1). SBD is soil bulk density 309 

(g cm-3), and Depth is soil thickness (20 cm). The constant 100 is a unit conversion 310 

factor. 311 

Ecosystem carbon stock (Ceco) was defined as the the measured tree, understory, litter, 312 

and soil carbon pools using Eq. 14 (Moraes et al., 2026). 313 

 𝐶௘௖௢ = 𝐶௧௥௘௘ + 𝐶௨௡ௗ௘௥௦௧௢௥௬ + 𝐶௟௜௧௧௘௥ + 𝐶௦௢௜௟ (14) 

To facilitate comparison and visualization, the carbon stock values were subsequently 314 

converted from kg ha-1 to Mg ha-1 by dividing by 1000. 315 

2.8 Statistical analyses 316 

All statistical analyses were conducted in R version 4.4.1 (R Core Team 2024). Data 317 

were tested for normality and homogeneity of variance using the Shapiro–Wilk test 318 

and Levene’s test, respectively. Variables that violated these assumptions were log10 319 
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transformed before analysis (He et al., 2024). Unless otherwise stated, data are 320 

presented as means ± SE, and significance was accepted at P < 0.05. 321 

One-way ANOVA was used to test treatment effects on stand structural indices, pine 322 

size variables, individual pine biomass, ecosystem component biomass, carbon 323 

concentrations, carbon stocks, soil physicochemical properties, microbial biomass, 324 

and enzyme activities. When the ANOVA indicated significant treatment effects, 325 

means were separated using Duncan’s multiple range test in the agricolae package 326 

(De Mendiburu and Simon, 2015). 327 

To facilitate comparisons among response variables measured in different units, we 328 

quantified treatment effects relative to the Control using Hedges’ g. Effect sizes were 329 

calculated for both carbon stock variables and soil physicochemical properties. For 330 

each response variable, Hedges’ g was calculated from plot level values by comparing 331 

each TMPT directly with the Control (n = 3 plots per treatment). The pooled 332 

(combined) standard deviation was calculated using Eq. 15 (Gardner et al., 2019; 333 

Leverkus et al., 2021). 334 

 335 

 ܵ௣ = √(݊௧ − 1)ܵ௧2 + ((݊௖ − 1)ܵ௖2݊௧ + ݊௖ − 2  
(15) 

 336 

St and Sc are the standard deviations of the TMPT and Control groups, respectively. nt 337 

and nc are their sample sizes. 338 

The uncorrected standardized mean difference was calculated using Eq. 16 (Hedges, 339 

1981; Gardner et al., 2019). 340 

 ݀ = (ܺ̅௧ − ܺ̅௖)/ܵ௣ (16) 

where ܺ̅t and ܺ̅c are the treatment and Control means, respectively, 341 

 342 

and Hedges’ g was obtained using Eq. 17 (Willms et al., 2017; Gardner et al., 2019). 343 

 ݃ = ܬ × ܬ ,݀ = 1 − 34(௡೟+௡೎)−9 (17) 
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where J is the small sample correction factor. Positive and negative values of Hedges’ 344 

g indicate increases and decreases relative to the Control, respectively. Hedges’ g was 345 

used to show effect direction and magnitude. For the Hedges’ g analysis of Cbroadleaf, 346 

Control values were set to zero because broadleaved trees were absent from the 347 

Control plots. Statistical significance was evaluated from the original plot level data 348 

using one-way ANOVA and Duncan’s multiple range test. 349 

Regression analyses were used to evaluate the relationships between retained pine 350 

density and carbon stocks (Ceco, Csoil, Cpine, Cbroadleaf, Cunderstory, and Clitter). For each 351 

carbon pool, we first fitted a linear model and then tested whether the addition of a 352 

quadratic term improved model fit. The quadratic model was retained only when the 353 

quadratic term was significant; otherwise, the linear model was used. The fitted 354 

equation, coefficient of determination (R2), and P value were reported. For Cbroadleaf, 355 

Control plots were shown for reference but were excluded from model fitting because 356 

broadleaved species were absent in the Control. 357 

Principal component analysis (PCA) was used to summarize coordinated variation in 358 

pH, TN, TP, MBC, MBN, MBP, BG, NAG, and ACP. All variables were standardized 359 

to zero mean and unit variance before PCA because they were measured in different 360 

units. SOC and SBD were excluded because both variables were used to calculate 361 

Csoil, whereas SWC and SCP were analyzed separately as soil physical properties. The 362 

first principal component (PC1) was used to represent the soil nutrient microbial axis. 363 

A linear regression was used to examine the relationship between the soil nutrient 364 

microbial axis and Csoil using plot level observations across all treatments. A quadratic 365 

term was also tested but was retained only if it significantly improved model fit. The 366 

fitted equation, R2, P value, and 95% confidence interval were reported. Separate 367 

linear regressions between Csoil and MBC, MBN, MBP, BG, NAG, and ACP were 368 

retained as supplementary analyses. 369 

3 Results 370 

3.1 TMPT increased tree size variation, size inequality, and species mingling 371 

The thinning and mixed planting treatments (TMPT: MP600, MP450, MP300, and 372 
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MP150) increased tree-size inequality and species mingling more consistently than 373 

they changed stem spatial arrangement (Fig. 1). MP600, MP450, MP300, and MP150 374 

had higher CV values relative to the Control (0.53, 0.54, 0.66, and 0.81 vs. 0.13; P < 375 

0.05) and higher GC values relative to the Control (0.28, 0.29, 0.35, and 0.40 vs. 0.07; 376 

P < 0.05). MP300 had a lower SK than the Control (0.08 vs. 0.32; P < 0.05), whereas 377 

MP150 had a higher SK (0.79 vs. 0.32; P < 0.05). The treatments did not differ in H. 378 

Among the spatial indices, the TMPT affected M and CI but not W or U (Fig. 1b). 379 

MP600, MP450, MP300, and MP150 increased M from 0.00 in the Control to 0.56, 380 

0.59, 0.69, and 0.70, respectively. MP300 and MP150 produced the highest M values 381 

and both exceeded MP600 (0.69 and 0.70 vs. 0.56; P < 0.05). MP150 reduced CI by 382 

34–37% relative to the Control, MP600, and MP450 (0.58 vs. 0.88, 0.89, and 0.92; P 383 

< 0.05). In contrast, W and U did not differ among treatments. 384 
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 385 

Fig. 1 Stand structural indices under the five experimental treatments in the Pinus 386 

massoniana plantation. (a) Non-spatial structural indices; (b) Spatial structural 387 

indices. Values are means ± SE (n = 3). Different lowercase letters indicate significant 388 

differences among treatments at P < 0.05. CV: Coefficient of variation of DBH; SK: 389 

Skewness; GC: Gini coefficient; H: Shannon–Wiener size diversity index; W: 390 

Uniform angle index; U: Dominance index; M: Mingling index; CI: Crowding index. 391 

Control: Unthinned pure P. massoniana plantation; MP600–MP150: thinning and 392 

mixed planting treatments retaining 600 to 150 P. massoniana stems ha-1. 393 

 394 
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3.2 Retained pines were larger at lower densities, but area based pine carbon 395 

declined 396 

Retained pines were larger at lower retained densities (Table S2). Mean DBH 397 

increased from 22.5 cm in the Control to 24.1, 25.0, 26.2, and 26.9 cm in MP600, 398 

MP450, MP300, and MP150, respectively (P < 0.05). Mean tree height increased 399 

from 20.20 m in the Control to 21.7–24.2 m across the TMPT, and mean crown width 400 

increased from 5.7 to 6.1–6.9 m (P < 0.05). HCB was higher in MP450, MP300, and 401 

MP150 than in the Control, whereas MP600 did not differ from the Control. Mean 402 

individual pine biomass increased progressively as retained density declined, from 403 

182 kg tree-1 in the Control to 214, 232, 263, and 280 kg tree-1 in MP600, MP450, 404 

MP300, and MP150, respectively. 405 

The increase in individual pine biomass did not maintain pine carbon per unit area 406 

(Table 1; Tables S2–S5). Cpine was 53.69 Mg ha-1 in MP600 and did not differ from 407 

the Control (56.86 Mg ha-1), but declined to 44.64, 34.78, and 18.21 Mg ha-1 in 408 

MP450, MP300, and MP150, respectively (P < 0.05). This contrast was clearest for 409 

stem biomass: individual stem biomass increased from 129.66 kg tree-1 in the Control 410 

to 199.25 kg tree-1 in MP150, whereas area based stem carbon declined from 40.64 to 411 

12.96 Mg ha-1. Area based branch, leaf, and root carbon showed the same decline with 412 

decreasing retained pine density. 413 

 414 

Table 1 Ecosystem and component carbon stocks under the five treatments 415 

Components Treatments 
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Control MP600 MP450 MP300 MP150 

Ceco (Mg ha-

1) 
92.03 ± 
3.66a 

82.39 ± 
3.54b 

88.48 ± 
1.87ab 

71.57 ± 
1.53c 

54.61 ± 
2.25d 

Csoil (Mg ha-

1) 
33.52 ± 
1.15b 

26.11 ± 
0.69c 

39.94 ± 
0.65a 

33.36 ± 
0.81b 

33.39 ± 
1.54b 

Cpine (Mg ha-

1) 
56.86 ± 
4.15a 

53.69 ± 
2.89a 

44.64 ± 
0.96b 

34.78 ± 
2.25c 

18.21 ± 
0.69d 

Cbroadleaf (Mg 
ha-1) - 0.75 ± 

0.03b 

1.33 ± 
0.20a 

1.05 ± 
0.15ab 

0.98 ± 
0.01ab 

Cunderstory (Mg 
ha-1) 

1.00 ± 
0.01c 

1.11 ± 
0.03c 

1.56 ± 
0.06a 

1.29 ± 
0.04b 

1.13 ± 
0.09bc 

Clitter (Mg ha-

1) 
0.66 ± 
0.01c 

0.73 ± 
0.04c 

1.00 ± 
0.06ab 

1.09 ± 
0.02a 

0.92 ± 
0.01b 

 416 

Values are means ± SE (n = 3). Different lowercase letters within a row indicate 417 

significant differences among treatments at P < 0.05. Ceco: Ecosystem carbon stock; 418 

Csoil: Soil carbon stock; Cpine: Pinus massoniana carbon stock; Cbroadleaf: Mixed 419 

broadleaved species carbon stock; Cunderstory: Understory vegetation carbon stock; 420 

Clitter: Litter carbon stock. Control: Unthinned pure P. massoniana plantation; MP600–421 

MP150: thinning and mixed planting treatments retaining 600 to 150 P. massoniana 422 

stems ha-1. 423 

Table S2 Growth traits and individual biomass of retained P. massoniana trees under 424 

the five treatments 425 

 426 

Properties 

Treatments 

Control MP600 MP450 MP300 MP150 

DBH (cm) 
22.48 ± 

0.47d 
24.06 ± 0.62c 

24.98 ± 

0.24bc 

26.22 ± 

0.39ab 

26.93 ± 

0.59a 

Tree height 

(m) 

20.2 ± 

0.43d 
21.65 ± 0.56c 

22.47 ± 

0.21bc 
23.6 ± 0.36ab 

24.24 ± 

0.53a 

Crown width 

(m) 

5.71 ± 

0.13d 
6.13 ± 0.16c 

6.36 ± 

0.05bc 
6.69 ± 0.1ab 6.86 ± 0.16a 

HCB (m) 
10.47 ± 

0.25d 

11.14 ± 

0.38cd 

11.57 ± 

0.05bc 

12.12 ± 

0.19ab 

12.56 ± 

0.24a 
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Branch (kg 

plant-1) 

23.55 ± 

1.47d 
28.13 ± 1.8cd 

30.71 ± 

0.55bc 

35.36 ± 

1.74ab 

38.01 ± 

2.24a 

Stem (kg 

plant-1) 

129.66 ± 

7.12d 

152.13 ± 

8.83cd 

164.83 ± 

2.81bc 
186.73 ± 8ab 

199.25 ± 

10.5a 

Leaf (kg 

plant-1) 

4.66 ± 

0.2d 
5.32 ± 0.26cd 

5.71 ± 

0.09bc 
6.31 ± 0.21ab 6.66 ± 0.29a 

Root (kg 

plant-1) 

24.52 ± 

1.23d 

28.44 ± 

1.54cd 

30.66 ± 

0.5bc 

34.37 ± 

1.33ab 
36.5 ± 1.77a 

Total (kg 

plant-1) 

182.38 ± 

10.04d 

214.02 ± 

12.43cd 

231.91 ± 

3.95bc 

262.77 ± 

11.29ab 

280.43 ± 

14.8a 

 427 

Values are means ± SE (n = 3). Different lowercase letters within a row indicate 428 

significant differences among treatments at P < 0.05. DBH, diameter at breast height; 429 

HCB, height to crown base. Biomass values represent individual pine biomass. Refer 430 

to Table 1 for treatment details. 431 

 432 

 433 
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Table S3 Carbon stocks of plant components under five treatments 434 

 435 

Carbon stocks 

Treatments 

Control MP600 MP450 MP300 MP150 

Pinus massoniana    

Branch (kg ha-1) 
7664.51 ± 

639.78a 

7325.20 ± 

458.74ab 

6145.84 ± 

145.54b 

4872.82 ± 

348.32c 

2567.39 ± 

112.52d 

Stem (kg ha-1) 
40639.59 ± 

2953.05a 

38240.77 ± 

2060.39a 

31745.68 ± 

719.28b 

24736.44 ± 

1596.54c 

12963.98 ± 

466.69d 

Leaf (kg ha-1) 
1484.24 ± 

98.45a 

1379.99 ± 

66.01a 

1131.37 ± 

11.48b 

861.18 ± 

46.36c 

445.28 ± 

17.51d 

Root (kg ha-1) 
7067.22 ± 

456.38a 

6741.36 ± 

315.10a 

5618.53 ± 

93.75b 

4307.61 ± 

264.51c 

2229.53 ± 

88.94d 

Mytilaria laosensis    

Branch (kg ha-1) - 
24.12 ± 

1.34a 

43.25 ± 

9.42a 

34.30 ± 

9.90a 

30.30 ± 

0.70a 

Stem (kg ha-1) - 
160.33 ± 

15.52a 

406.27 ± 

129.30a 

297.99 ± 

134.26a 

231.72 ± 

11.07a 

Leaf (kg ha-1) - 
14.15 ± 

0.64a 

23.55 ± 

4.46a 

19.15 ± 

4.63a 

17.08 ± 

0.31a 

Root (kg ha-1) - 
101.59 ± 

5.86b 

156.74 ± 

25.49a 

128.44 ± 

23.10ab 

123.05 ± 

2.08ab 

Erythrophleum fordii    

Branch (kg ha-1) - 
20.83 ± 

0.30b 

25.66 ± 

0.53a 

24.40 ± 

0.96a 

25.01 ± 

0.62a 

Stem (kg ha-1) - 
114.28 ± 

3.14b 

163.07 ± 

5.93a 

150.85 ± 

9.47a 

159.67 ± 

5.55a 

Leaf (kg ha-1) - 
11.95 ± 

0.08b 

14.31 ± 

0.24a 

13.63 ± 

0.39a 

13.81 ± 

0.25a 

Root (kg ha-1) - 
94.26 ± 

1.94b 

118.19 ± 

2.62a 

112.07 ± 

4.38a 

114.99 ± 

1.87a 

Castanopsis hystrix    
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Branch (kg ha-1) - 
23.17 ± 

0.39c 

33.13 ± 

1.28a 

26.66 ± 

0.54b 

26.10 ± 

0.17b 

Stem (kg ha-1) - 
86.03 ± 

3.49c 

188.24 ± 

13.10a 

122.95 ± 

8.40b 

119.06 ± 

2.62b 

Leaf (kg ha-1) - 
13.48 ± 

0.14c 

18.07 ± 

0.65a 

15.08 ± 

0.34b 

14.68 ± 

0.10b 

Root (kg ha-1) - 
81.51 ± 

2.11c 

137.50 ± 

5.67a 

104.36 ± 

3.49b 

101.49 ± 

1.80b 

Understory    

Aboveground (kg ha-

1) 

442.47 ± 

13.29c 

510.41 ± 

22.40bc 

743.04 ± 

37.22a 

610.31 ± 

10.53b 

544.62 ± 

63.14bc 

Belowground (kg ha-1) 
557.27 ± 

13.84c 

600.23 ± 

4.51c 

821.28 ± 

23.68a 

682.11 ± 

38.17b 

583.72 ± 

28.55c 

 436 

Values are means ± SE (n = 3). Different lowercase letters within a row indicate 437 

significant differences among treatments at P < 0.05. Refer to Table 1 for treatment 438 

details. 439 

 440 

 441 
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Table S4 Carbon concentrations of plant and litter components under five treatments 442 

 443 

Carbon 
concentration 

Treatments 

Control MP600 MP450 MP300 MP150 

Pinus massoniana    

Branch (g kg-1) 
442.00 ± 
2.17bc 

438.00 ± 
2.17bc 

450.00 ± 
2.17a 

444.00 ± 
2.17ab 

437.00 ± 
2.17c 

Stem (g kg-1) 
426.00 ± 
2.17b 

423.00 ± 
2.17b 

433.00 ± 
2.17a 

427.00 ± 
2.17ab 

421.00 ± 
2.17b 

Leaf (g kg-1) 
433.00 ± 
2.00c 

436.00 ± 
2.00bc 

446.00 ± 
2.00a 

440.00 ± 
2.00b 

432.00 ± 
2.00c 

Root (g kg-1) 
392.00 ± 
2.00d 

399.00 ± 
2.00bc 

412.00 ± 
2.00a 

404.00 ± 
2.00b 

395.00 ± 
2.00cd 

Mytilaria laosensis    

Branch (g kg-1) - 415.00 ± 
2.17b 

421.00 ± 
2.17ab 

425.00 ± 
2.17a 

422.00 ± 
2.17a 

Stem (g kg-1) - 405.00 ± 
2.17b 

412.00 ± 
2.17a 

416.00 ± 
2.17a 

411.00 ± 
2.17ab 

Leaf (g kg-1) - 388.00 ± 
2.00c 

396.00 ± 
2.00ab 

399.00 ± 
2.00a 

392.00 ± 
2.00bc 

Root (g kg-1) - 357.00 ± 
2.00b 

362.00 ± 
2.00ab 

366.00 ± 
2.00a 

361.00 ± 
2.00ab 

Erythrophleum fordii    

Branch (g kg-1) - 427.00 ± 
2.17bc 

438.00 ± 
2.17a 

432.00 ± 
2.17ab 

425.00 ± 
2.17c 

Stem (g kg-1) - 396.00 ± 
2.17b 

405.00 ± 
2.17a 

399.00 ± 
2.17ab 

394.00 ± 
2.17b 

Leaf (g kg-1) - 378.00 ± 
2.00bc 

390.00 ± 
2.00a 

383.00 ± 
2.00b 

375.00 ± 
2.00c 

Root (g kg-1) - 392.00 ± 
2.00bc 

402.00 ± 
2.00a 

396.00 ± 
2.00b 

389.00 ± 
2.00c 

Castanopsis hystrix    
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Branch (g kg-1) - 447.00 ± 
2.17b 

456.00 ± 
2.17a 

451.00 ± 
2.17ab 

445.00 ± 
2.17b 

Stem (g kg-1) - 390.00 ± 
2.17b 

398.00 ± 
2.17a 

393.00 ± 
2.17ab 

388.00 ± 
2.17b 

Leaf (g kg-1) - 382.00 ± 
2.00bc 

392.00 ± 
2.00a 

386.00 ± 
2.00b 

378.00 ± 
2.00c 

Root (g kg-1) - 372.00 ± 
2.00b 

382.00 ± 
2.00a 

376.00 ± 
2.00b 

370.00 ± 
2.00b 

Understory    

Aboveground (g 

kg-1) 

395.00 ± 
2.00d 

405.00 ± 
2.00c 

432.00 ± 
2.00a 

418.00 ± 
2.00b 

408.00 ± 
2.00c 

Belowground (g 

kg-1) 

350.00 ± 
2.00bc 

345.00 ± 
2.00cd 

370.00 ± 
2.00a 

355.00 ± 
2.00b 

342.00 ± 
2.00d 

Litter (g kg-1) 
438.00 ± 
2.17c 

442.00 ± 
2.17abc 

448.00 ± 
2.17a 

445.00 ± 
2.17ab 

440.00 ± 
2.17bc 

 444 

Values are means ± SE (n = 3). Different lowercase letters within a row indicate 445 

significant differences among treatments at P < 0.05. Refer to Table 1 for treatment 446 

details. 447 

 448 

 449 
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Table S5 Biomass of plant and litter components under five treatments 450 

 451 

Properties 
Treatments 

Control MP600 MP450 MP300 MP150 

Pinus massoniana    

Branch (kg 
ha-1) 

17336.2 ± 
1419.16a 

16717.16 ± 
979.07a 

13654.34 ± 
229.23b 

10975.98 ± 
794.18b 

5877 ± 
278.07c 

Stem (kg 
ha-1) 

95420.25 ± 
7090.67a 

90402.84 ± 
4806.74a 

73301.04 ± 
1163.45b 

57946.63 ± 
3864.87c 

30808.4 ± 
1285.73d 

Leaf (kg 
ha-1) 

3426.82 ± 
219.09a 

3164.5 ± 
143.53a 

2537.05 ± 
36.62b 

1958.44 ± 
115.34c 

1030.37 ± 
35.14d 

Root (kg 
ha-1) 

18040.96 ± 
1256.05a 

16900.61 ± 
840.7a 

13637.32 ± 
208.2b 

10664.86 ± 
672.78c 

5643.64 ± 
215.43d 

Total 
biomass 
(kg ha-1) 

134224.23 
± 9983.95a 

127185.11 
± 6767.19a 

103129.75 ± 
1637.31b 

81545.91 ± 
5446.05c 

43359.41 ± 
1813.26d 

Mytilaria laosensis    

Branch (kg 
ha-1) 

0.00 ± 
0.00b 

58.12 ± 
3.21a 

102.70 ± 
22.38a 

80.40 ± 
22.62a 

71.83 ± 
2.05a 

Stem (kg 
ha-1) 

0.00 ± 
0.00b 

395.77 ± 
37.43a 

984.63 ± 
310.94a 

716.83 ± 
323.37a 

563.81 ± 
27.02a 

Leaf (kg 
ha-1) 

0.00 ± 
0.00b 

36.46 ± 
1.67a 

59.61 ± 
11.62a 

48.03 ± 
11.74a 

43.58 ± 
1.06a 

Root (kg 
ha-1) 

0.00 ± 
0.00b 

284.68 ± 
17.36a 

432.58 ± 
68.70a 

351.50 ± 
64.98a 

340.93 ± 
7.22a 

Total 
biomass 
(kg ha-1) 

0.00 ± 
0.00b 

775.03 ± 
59.62a 

1579.51 ± 
413.32a 

1196.76 ± 
422.73a 

1020.15 ± 
36.92a 

Erythrophleum fordii    

Branch (kg 
ha-1) 

0.00 ± 
0.00c 

48.80 ± 
0.84b 

58.60 ± 
1.24a 

56.48 ± 
1.97a 

58.82 ± 
1.16a 

Stem (kg 
ha-1) 

0.00 ± 
0.00d 

288.72 ± 
9.92b 

402.63 ± 
14.30a 

377.98 ± 
22.88a 

405.20 ± 
13.35a 

Leaf (kg 
ha-1) 

0.00 ± 
0.00c 

31.62 ± 
0.44b 

36.71 ± 
0.64a 

35.61 ± 
1.02a 

36.82 ± 
0.60a 

Root (kg 
ha-1) 

0.00 ± 
0.00d 

240.48 ± 
5.16b 

294.00 ± 
6.00a 

282.96 ± 
10.35a 

295.64 ± 
5.70a 

Total 
biomass 
(kg ha-1) 

0.00 ± 
0.00c 

609.62 ± 
16.38b 

791.93 ± 
22.20a 

753.02 ± 
36.23a 

796.49 ± 
20.81a 

Castanopsis hystrix    
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Branch (kg 
ha-1) 

0.00 ± 
0.00d 

51.82 ± 
0.64c 

72.64 ± 
2.68a 

59.12 ± 
1.49b 

58.66 ± 
0.56b 

Stem (kg 
ha-1) 

0.00 ± 
0.00d 

220.58 ± 
8.78c 

472.75 ± 
31.28a 

312.54 ± 
18.49b 

306.85 ± 
6.69b 

Leaf (kg 
ha-1) 

0.00 ± 
0.00d 

35.28 ± 
0.33c 

46.09 ± 
1.39a 

39.07 ± 
0.77b 

38.83 ± 
0.29b 

Root (kg 
ha-1) 

0.00 ± 
0.00d 

219.17 ± 
6.44c 

359.91 ± 
14.36a 

277.73 ± 
11.48b 

274.26 ± 
3.84b 

Total 
biomass 
(kg ha-1) 

0.00 ± 
0.00d 

526.85 ± 
16.18c 

951.40 ± 
49.73a 

688.46 ± 
32.24b 

678.61 ± 
11.35b 

Understory    

Abovegrou
nd (kg ha-

1) 

1120.03 ± 
30.68c 

1260.01 ± 
51.88bc 

1720.02 ± 
86.39a 

1459.95 ± 
20.3ab 

1335.54 ± 
158.42bc 

Belowgrou
nd (kg ha-

1) 

1591.91 ± 
32.03c 

1739.98 ± 
20.58bc 

2220.03 ± 
69.73a 

1920.04 ± 
93.42b 

1707.69 ± 
91.93bc 

Total 
biomass 
(kg ha-1) 

2711.95 ± 
23.37c 

2999.99 ± 
71.23bc 

3940.05 ± 
155.97a 

3380 ± 
102.47b 

3043.24 ± 
250.34bc 

Litter 
biomass 
(kg ha-1) 

1500.03 ± 
18.12c 

1650.01 ± 
83.75c 

2228.18 ± 
133.82b 

2460.03 ± 
32.07a 

2080.04 ± 
20.77b 

 452 

Values are means ± SE (n = 3). Different lowercase letters within a row indicate 453 

significant differences among treatments at P < 0.05. Refer to Table 1 for treatment 454 

details. 455 

 456 

3.3 MP450 maintained ecosystem carbon despite lower pine carbon 457 

Ecosystem carbon was lower under MP600, MP300, and MP150, whereas MP450 458 

maintained a value comparable to the Control (Figs. 2 and 3; Table 1). Relative to the 459 

Control, Ceco was 10%, 22%, and 41% lower in MP600, MP300, and MP150, 460 

respectively (82.39, 71.57, and 54.61 vs. 92.03 Mg ha-1; P < 0.05). In contrast, Ceco 461 

did not differ between MP450 and the Control (88.48 vs. 92.03 Mg ha-1). The decline 462 

in Ceco under stronger thinning was accompanied by lower Cpine. Relative to the 463 
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Control, MP450, MP300, and MP150 had 22%, 39%, and 68% lower Cpine, 464 

respectively (44.64, 34.78, and 18.21 vs. 56.86 Mg ha-1; P < 0.05), whereas MP600 465 

maintained Cpine at a level comparable to the Control. 466 

MP450 combined lower pine carbon with higher soil and non-pine vegetation carbon. 467 

MP450 had 19% higher Csoil than the Control (39.94 vs. 33.52 Mg ha-1; P < 0.05) and 468 

the highest Cunderstory (1.56 Mg ha-1). It also had the highest mean Cbroadleaf (1.33 Mg 469 

ha-1), whereas MP300 had the highest Clitter (1.09 Mg ha-1). The Hedges’ g analysis 470 

showed the same treatment directions as the raw carbon stock values, including 471 

negative effects on Ceco and Cpine and a positive effect on Csoil under MP450. 472 

Carbon allocation also differed between MP450 and the Control (Fig. 2). Under 473 

MP450, Cpine accounted for 50% of Ceco and Csoil accounted for 45%, compared with 474 

62% and 37%, respectively, in the Control. Accordingly, the combined contribution of 475 

soil, broadleaved trees, understory vegetation, and litter increased from 38% in the 476 

Control to 50% in MP450. 477 

 478 
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 479 

Fig. 2 Carbon allocation among ecosystem pools under the five treatments. (a) 480 

Absolute carbon stocks of ecosystem components; (b) Relative contribution of each 481 

component to ecosystem carbon stock. Stacked bars show the contributions of soil, 482 

pine, mixed broadleaved species, understory vegetation, and litter carbon pools. Refer 483 

to Fig. 1 for treatment details. 484 
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   485 

Fig. 3 Standardized effect sizes (Hedges’ g) of the four thinning and mixed planting 486 

treatments on ecosystem and component carbon stocks relative to the Control. (a) 487 

Ecosystem carbon stock (Ceco); (b) Soil carbon stock (Csoil); (c) Pinus massoniana 488 

carbon stock (Cpine); (d) Mixed broadleaved species carbon stock (Cbroadleaf); (e) 489 

Understory vegetation carbon stock (Cunderstory); (f) Litter carbon stock (Clitter). Points 490 

represent Hedges’ g for each treatment relative to the Control. The horizontal dashed 491 

line at zero indicates no treatment effect. Positive and negative values indicate 492 

increases and decreases relative to the Control, respectively. Asterisks indicate 493 

significant differences in the original plot level data among treatments, as determined 494 

by one-way ANOVA followed by Duncan’s multiple range test (P < 0.05). Solid lines 495 

connect treatment levels that differed significantly in the original data. Refer to Fig. 1 496 
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for treatment details. 497 

 498 

3.4 Retained pine density was related to pine and ecosystem carbon, but not soil 499 

or broadleaved carbon 500 

Carbon pools differed in their relationships with retained pine density (Fig. 4, Fig. 501 

S1). Ceco showed a significant positive quadratic relationship with retained pine 502 

density, but the increase weakened at higher densities (R2 = 0.845, P < 0.001). Cpine 503 

increased linearly with retained pine density (R2 = 0.885, P < 0.001). Cunderstory and 504 

Clitter showed significant unimodal relationships with retained pine density. Their 505 

fitted maxima occurred near 450 and 300 stems ha−1, respectively (R2 = 0.609, P = 506 

0.004 for Cunderstory; R2 = 0.762, P < 0.001 for Clitter). In contrast, neither Csoil nor 507 

Cbroadleaf was significantly related to retained pine density. 508 
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  509 

Fig. 4 Relationships between retained P. massoniana density and selected ecosystem 510 

and component carbon stocks across the five treatments. (a) Ecosystem carbon stock 511 

(Ceco); (b) Pinus massoniana carbon stock (Cpine); (c) Understory vegetation carbon 512 

stock (Cunderstory); (d) Litter carbon stock (Clitter). Solid lines represent the fitted 513 

regression models, and gray shaded areas indicate the 95% confidence intervals. 514 

Linear models were fitted first, and quadratic models were retained only when the 515 

quadratic term significantly improved model fit. Retained pine density refers to the 516 

number of live P. massoniana stems retained after thinning. Refer to Fig. 1 for 517 

treatment details. 518 



 34 

  519 

Fig. S1 Relationships between retained P. massoniana density and soil and 520 

broadleaved carbon stocks. (a) Soil carbon stock (Csoil); (b) Mixed broadleaved 521 

species carbon stock (Cbroadleaf). Solid lines represent the fitted regression models, and 522 

gray shaded areas indicate the 95% confidence intervals. Linear models were fitted 523 

first, and quadratic models were retained only when the quadratic term significantly 524 

improved model fit. Control observations are shown for reference but were excluded 525 

from the Cbroadleaf model fitting because broadleaved species were absent from the 526 

Control. Refer to Fig. 1 for treatment details. 527 

 528 

3.5 MP450 had the highest soil carbon, microbial biomass, and enzyme activities 529 

MP450 had the highest SOC and TN concentrations, a higher pH, and a lower SBD 530 

than the Control (Fig. 5, Table 2). MP450 had 38% higher SOC and 25% higher TN 531 

relative to the Control (18 vs. 13 g kg-1, 1.62 vs. 1.30 g kg-1, respectively; P < 0.05). 532 

MP450 also had a higher pH than the Control, MP600, and MP150 (4.40 vs. 4.25–533 

4.30; P < 0.05), a lower SBD than the Control and MP600 (1.12 vs. 1.29 and 1.24 g 534 

cm-3; P < 0.05), and a higher TP concentration than the Control and MP600 (P < 535 

0.05). Although MP450 had the highest mean SWC and SCP, neither differed 536 

significantly from the Control. The Hedges’ g analysis showed the same response 537 
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directions, with positive effects on pH, SWC, SCP, SOC, TN, and TP and a negative 538 

effect on SBD under MP450. 539 

 540 

Fig. 5 Standardized effect sizes (Hedges’ g) of the four thinning and mixed planting 541 

treatments on soil physicochemical properties relative to the Control. (a) pH; (b) Soil 542 

bulk density (SBD); (c) Soil water content (SWC); (d) Soil capillary porosity (SCP); 543 

(e) Soil organic carbon (SOC); (f) Total nitrogen (TN); (g) Total phosphorus (TP). 544 

Points represent Hedges’ g for each treatment relative to the Control. The horizontal 545 

dashed line at zero indicates no treatment effect. Positive and negative values indicate 546 

increases and decreases relative to the Control, respectively. Asterisks indicate 547 

significant differences in the original plot level data among treatments, as determined 548 

by one-way ANOVA followed by Duncan’s multiple range test (P < 0.05). Solid lines 549 

connect treatment levels that differed significantly in the original data. Refer to Fig. 1 550 
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for treatment details. 551 

 552 

Table 2 Soil physicochemical properties, microbial biomass, and enzyme activities 553 

under the five treatments 554 

 555 

Properties 

Treatments 

Control MP600 MP450 MP300 MP150 

pH 
4.25 ± 
0.01b 

4.28 ± 
0.02b 

4.40 ± 
0.02a 

4.34 ± 
0.03ab 

4.30 ± 
0.04b 

SBD (g cm-3) 1.29 ± 
0.03a 

1.24 ± 
0.01a 

1.12 ± 
0.01b 

1.14 ± 
0.03b 

1.13 ± 
0.05b 

SWC (g g-1) 0.29 ± 
0.02ab 

0.30 ± 
0.00ab 

0.32 ± 
0.01a 

0.31 ± 
0.01ab 

0.29 ± 
0.01b 

SCP 
0.45 ± 
0.01ab 

0.45 ± 
0.01ab 

0.48 ± 
0.00a 

0.47 ± 
0.02ab 

0.44 ± 
0.01b 

SOC (g kg-1) 12.95 ± 
0.16c 

10.56 ± 
0.35d 

17.84 ± 
0.37a 

14.68 ± 
0.17b 

14.86 ± 
0.84b 

TN (g kg-1) 1.30 ± 
0.01b 

1.19 ± 
0.02c 

1.62 ± 
0.02a 

1.36 ± 
0.01b 

1.30 ± 
0.04b 

TP (g kg-1) 0.25 ± 
0.01b 

0.25 ± 
0.01b 

0.27 ± 
0.01a 

0.27 ± 
0.01a 

0.28 ± 
0.01a 

MBC (mg kg-1) 117.74 ± 
1.27c 

105.06 ± 
2.76d 

178.85 ± 
2.84a 

145.17 ± 
1.28b 

136.92 ± 
6.53b 

MBN (mg kg-1) 9.56 ± 
0.07c 

8.69 ± 
0.13c 

15.24 ± 
0.19a 

12.10 ± 
0.31b 

11.46 ± 
0.52b 

MBP (mg kg-1) 7.66 ± 
0.08c 

6.44 ± 
0.07d 

11.01 ± 
0.10a 

9.04 ± 
0.03b 

8.51 ± 
0.49b 

BG (nmol g-1 h-1) 89.26 ± 
0.82e 

101.82 ± 
1.77d 

139.69 ± 
1.83a 

118.90 ± 
0.82b 

109.31 ± 
4.20c 

NAG (nmol g-1 h-1) 35.63 ± 
0.41e 

40.41 ± 
0.89d 

58.84 ± 
0.91a 

48.45 ± 
0.41b 

44.65 ± 
2.10c 

ACP (nmol g-1 h-1) 164.52 ± 
1.63e 

188.64 ± 
3.55d 

256.37 ± 
3.65a 

218.79 ± 
1.65b 

203.61 ± 
8.39c 

 556 

Values are means ± SE (n = 3). Different lowercase letters within a row indicate 557 

significant differences among treatments at P < 0.05. SBD: Soil bulk density; SWC: 558 

Soil water content; SCP: Soil capillary porosity; SOC: Soil organic carbon; TN: Total 559 

nitrogen; TP: Total phosphorus; MBC: Microbial biomass carbon; MBN: Microbial 560 
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biomass nitrogen; MBP: Microbial biomass phosphorus; BG: β-1,4-glucosidase; 561 

NAG: β-1,4-N-acetylglucosaminidase; ACP: Acid phosphatase. Refer to Table 1 for 562 

treatment details. 563 

 564 

MP450 also had the highest microbial biomass and enzyme activities among the five 565 

treatments (Table 2). MP450 had 52% higher MBC, 59% higher MBN, and 44% 566 

higher MBP relative to the Control (179 vs. 118 mg kg-1, 15 vs. 9.56 mg kg-1, and 11 567 

vs. 7.66 mg kg-1, respectively; P < 0.05). MP450 also had 56% higher BG activity, 568 

65% higher NAG activity, and 56% higher ACP activity relative to the Control (140 569 

vs. 89 nmol g-1 h-1, 59 vs. 36 nmol g-1 h-1, and 256 vs. 165 nmol g-1 h-1, respectively; P 570 

< 0.05). MP300 and MP150 maintained intermediate microbial and enzyme values, 571 

whereas MP600 had the lowest MBC, MBN, MBP, BG, NAG, and ACP values 572 

among the TMPT. 573 

Across treatments, higher Csoil was associated with a common gradient of higher soil 574 

nutrient concentrations, microbial biomass, and enzyme activities (Fig. 6). PCA 575 

summarized the covariation among pH, TN, TP, MBC, MBN, MBP, BG, NAG, and 576 

ACP, with PC1 explaining 82.0% of the total variation and PC2 explaining 9.2% (Fig. 577 

6a). Csoil increased with PC1 scores, and the linear model explained 62.4% of the 578 

variation in Csoil (R2 = 0.624, P < 0.001, Fig. 6b). Csoil also increased significantly 579 

with MBC, MBN, MBP, BG, NAG, and ACP in the separate regressions (Fig. S2). 580 
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 581 

Fig. 6 Principal component analysis of soil nutrient and microbial variables and their 582 

relationship with soil carbon stock across the five treatments. (a) Principal component 583 

analysis of soil nutrient properties, microbial biomass, and enzyme activities; (b) 584 

Relationship between the first principal component and soil carbon stock. Points 585 

represent individual plots, and arrows indicate the direction and strength of the 586 

contributions of individual variables to the principal components. Solid line represents 587 

the fitted linear regression, and the gray shaded area indicates the 95% confidence 588 

interval. TN: Total nitrogen; TP: Total phosphorus; MBC: Microbial biomass carbon; 589 

MBN: Microbial biomass nitrogen; MBP: Microbial biomass phosphorus; BG: β-1,4-590 

glucosidase; NAG: β-1,4-N-acetylglucosaminidase; ACP: Acid phosphatase; Csoil: 591 
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Soil carbon stock. Refer to Fig. 1 for treatment details. 592 

 593 

Fig. S2 Relationships between soil carbon stock and microbial biomass and enzyme 594 

activities across the five treatments. (a) Microbial biomass carbon (MBC); (b) 595 

Microbial biomass nitrogen (MBN); (c) Microbial biomass phosphorus (MBP); (d) β-596 

1,4-glucosidase activity (BG); (e) β-1,4-N-acetylglucosaminidase activity (NAG); (f) 597 

Acid phosphatase activity (ACP). Points indicate plot level observations. Solid lines 598 

represent fitted linear regressions across all plots, and gray shaded areas indicate the 599 
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95% confidence intervals. Csoil: Soil carbon stock. Refer to Fig. 1 for treatment 600 

details. 601 

 602 

4 Discussion 603 

4.1 Structural change centered on size inequality and species mixing 604 

TMPT altered tree size variation and species mingling more strongly than stem spatial 605 

structure. CV increased from 0.13 in the Control to 0.53–0.81 under the TMPT, while 606 

GC increased from 0.07 to 0.28–0.40 (Fig. 1a). M also increased from 0 in the Control 607 

to 0.56–0.70 under the TMPT (Fig. 1b). In contrast, W and U did not differ among 608 

treatments, and CI declined only under MP150 (Fig. 1b). Thus, six years after 609 

treatment, TMPT had increased tree size variation, size inequality, and species 610 

mixing, but had produced limited changes in the original stem spatial pattern. 611 

The increases in CV and GC reflected the rapid formation of a two-cohort stand. 612 

Thinning retained older and larger P. massoniana trees, whereas mixed planting 613 

introduced a younger and smaller broadleaved cohort. This size contrast widened the 614 

diameter distribution and increased tree-size differentiation. Tree size, species 615 

composition, and stem arrangement represent distinct dimensions of mixed-stand 616 

structure and need not respond in parallel (Pommerening, 2002; Del Río et al., 2015; 617 

Ehbrecht et al., 2017; Cheng et al., 2025). Greater size differentiation can increase 618 

canopy packing and vertical resource partitioning when trees of different sizes and 619 

crown forms occupy complementary canopy space (Jucker et al., 2015; Aponte et al., 620 

2020; Deng et al., 2025). Structural diversity has also been positively associated with 621 

forest biomass and carbon storage in other mixed forests (Fatunsin and Naka, 2025). 622 
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These studies suggest that the size differentiation observed here may create conditions 623 

for more complementary canopy use, although we did not directly measure canopy 624 

packing or light partitioning. 625 

The increase in M reflected a direct shift from pure-pine neighborhoods to pine–626 

broadleaved neighborhoods. M values of 0.56–0.70 indicate that the introduced 627 

broadleaved trees were already widely represented among the nearest neighbors of 628 

retained trees. Such local species mixing can change the identity and quality of litter 629 

inputs, the spatial distribution of roots, rhizosphere inputs, and local nutrient demand 630 

because conifers and broadleaved species differ in resource-acquisition strategies and 631 

tissue traits (Forrester, 2014; Dawud et al., 2016; Augusto and Boča, 2022; Lyu et al., 632 

2023). However, the stable W and U values indicate that species introduction did not 633 

substantially change neighbor angles or local size dominance. The early structural 634 

transformation therefore arose mainly from differences in tree size and species 635 

identity, rather than from a complete reorganization of stem positions. 636 

4.2 Larger retained pines did not offset area-based pine carbon loss 637 

Larger retained pines did not compensate for the decline in pine carbon per unit area. 638 

As retained pine density decreased, mean individual pine biomass increased from 182 639 

kg tree⁻¹ in the Control to 280 kg tree-1 in MP150 (Table S2). However, Cpine declined 640 

from 56.86 Mg ha-1 in the Control to 44.64, 34.78, and 18.21 Mg ha-1 in MP450, 641 

MP300, and MP150, respectively (Table 1; Fig. 2). The same contrast occurred across 642 

pine organs. Individual stem biomass increased from 130 kg tree-1 in the Control to 643 

199 kg tree-1 in MP150, whereas area-based stem carbon declined from 40.64 to 12.96 644 
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Mg ha-1 (Tables S2 and S3). Area based branch, leaf, and root carbon also declined as 645 

retained pine density decreased (Tables S3-S5). Thus, the larger size of the retained 646 

trees was insufficient to offset the reduction in pine stem number. 647 

The larger retained pines at lower densities are consistent with competition release 648 

after thinning. Lower stand density generally increases the growing space available to 649 

each retained tree and reduces competition for light, water, and nutrients. These 650 

changes can support wider crowns, larger diameters, and greater individual biomass 651 

(Thurm and Pretzsch, 2021; Gorrod et al., 2024; Cheng et al., 2025). In our study, 652 

mean DBH increased from 22.48 cm in the Control to 26.93 cm in MP150, and crown 653 

width increased from 5.71 to 6.86 m (Table S2). However, thinning responses depend 654 

on initial tree size, thinning intensity, species composition, and site conditions, and 655 

severe thinning does not necessarily maintain stand level production (Rumpel and 656 

Kögel-Knabner, 2010; Collalti et al., 2018; Thurm and Pretzsch, 2021; Gorrod et al., 657 

2024). Because pine size was measured at one time point, these differences indicate 658 

larger retained trees but do not directly quantify their post treatment growth rates. 659 

The divergence between individual tree size and area-based carbon reflects different 660 

time scales of carbon removal and recovery. Thinning immediately removed carbon 661 

stored in mature pine stems, branches, foliage, and roots, whereas carbon recovery 662 

through the remaining trees accumulated gradually. Large mature trees contain 663 

substantial existing carbon stocks, so their removal can reduce stand-level carbon 664 

even when the retained trees subsequently benefit from lower competition (Collalti et 665 

al., 2018; Zhang et al., 2018; Lázaro-Lobo et al., 2023; Yu et al., 2024). Stronger 666 
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thinning therefore tends to produce a larger short-term carbon deficit, although the 667 

magnitude and duration of this deficit vary with thinning intensity and recovery time 668 

(Jobbágy and Jackson, 2000; Zhang et al., 2024; Qu et al., 2025). In this study, area 669 

based pine carbon remained the main constraint on short-term ecosystem carbon 670 

under MP300 and MP150, making compensation by soil and non-pine carbon pools 671 

critical to the final carbon balance. 672 

4.3 MP450 produced the most favorable short-term carbon balance 673 

MP450 produced the most favorable short-term carbon balance among the four TMPT 674 

configurations. Ecosystem carbon remained comparable between MP450 and the 675 

Control, at 88.48 and 92.03 Mg ha-1, respectively, although MP450 contained 22% 676 

less pine carbon (Fig. 2; Fig. 3; Table 1). This pine carbon loss was accompanied by 677 

19% higher soil carbon, the highest understory carbon, and the highest mean 678 

broadleaved carbon. Consequently, soil, broadleaved trees, understory vegetation, and 679 

litter together contributed 50% of ecosystem carbon under MP450, compared with 680 

38% in the Control (Fig. 2b). In contrast, MP600, MP300, and MP150 contained 681 

10%, 22%, and 41% less ecosystem carbon than the Control, respectively. These 682 

differences show that the short-term carbon outcome depended on how pine carbon 683 

loss was balanced by soil and non-pine vegetation carbon, rather than on the response 684 

of any single pool. 685 

The contrast between MP600 and MP450 suggests that total post-treatment density 686 

influenced this carbon balance. At treatment establishment, MP600 retained 600 pines 687 

and received 300 broadleaved seedlings, producing a designed total density of 900 688 
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stems ha-1. MP450 retained 450 pines and received the same number of broadleaved 689 

seedlings, maintaining the original total density of 750 stems ha-1. MP600 therefore 690 

represented stand densification, whereas MP450 represented density substitution. 691 

MP600 retained pine carbon near the Control level, but its soil carbon declined from 692 

33.52 to 26.11 Mg ha-1 and its other vegetation pools remained small (Table 1). Its 693 

higher total density may have maintained stronger competition for light, water, and 694 

nutrients, limiting the early development of the introduced trees and understory 695 

vegetation. Stand density regulates crown competition, resource capture, and growth 696 

allocation, while mixture benefits depend on sufficient opportunities for resource 697 

partitioning among species (Morin et al., 2011; Forrester, 2014; Thurm and Pretzsch, 698 

2021; Del Río et al., 2022; Cheng et al., 2025). Because light availability and 699 

belowground competition were not measured, however, these processes remain 700 

possible explanations rather than directly demonstrated mechanisms. 701 

MP300 and MP150 showed the opposite imbalance: stronger thinning released more 702 

growing space, but their mature pine carbon losses exceeded the gains in other 703 

ecosystem pools. Ecosystem carbon declined by 22% under MP300 and by 41% 704 

under MP150, and the gains in soil, broadleaved, understory, and litter carbon were 705 

insufficient to offset these losses (Fig. 2; Table 1). The density regressions supported 706 

this interpretation. Retained pine density explained 88.5% of the variation in pine 707 

carbon and 84.5% of the variation in ecosystem carbon (Fig. 4a, b). In contrast, 708 

understory and litter carbon showed unimodal relationships with retained pine density, 709 

with fitted maxima near 450 and 300 stems ha-1, respectively (Fig. 4c, d). Moderate 710 
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canopy opening can support understory development, whereas litter carbon depends 711 

jointly on plant inputs and decomposition conditions (Willms et al., 2017; Lei et al., 712 

2021; Lyu et al., 2023; Cheng et al., 2025). Early after thinning, stand level tree 713 

carbon may therefore remain controlled mainly by retained stem number, even when 714 

individual trees benefit from competition release (Collalti et al., 2018; Zhang et al., 715 

2018; Gong et al., 2021; Zhang et al., 2024). 716 

Soil and broadleaved carbon did not follow retained pine density, indicating that 717 

carbon pools responded to different parts of the post treatment environment. Neither 718 

Csoil nor Cbroadleaf was significantly related to retained pine density (Fig. S1). Soil 719 

carbon depends on organic inputs, soil conditions, and microbial processing, while 720 

broadleaved carbon depends on species identity, establishment, and interactions with 721 

the residual pine layer. These controls extend beyond retained pine stem number alone 722 

(Forrester, 2014; Augusto and Boča, 2022; Bryant et al., 2024; Sullivan et al., 2025; 723 

Zhang et al., 2026). The positive broadleaved carbon values under all TMPT confirm 724 

the establishment of the introduced cohort, but they do not test whether the mixtures 725 

produced more broadleaved carbon than broadleaved monocultures. 726 

Mixed planting therefore did not provide a uniform ecosystem carbon benefit across 727 

thinning intensities. A mixed Castanopsis hystrix–P. massoniana plantation in 728 

Guangxi stored more ecosystem carbon than a pure P. massoniana plantation, whereas 729 

spruce–birch mixtures changed carbon allocation without exceeding spruce 730 

monocultures in total ecosystem carbon (He et al., 2013; Täll et al., 2025). Broader 731 

comparisons similarly show that mixed plantations do not always exceed 732 
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monocultures in biomass, multifunctionality, or ecosystem carbon because outcomes 733 

depend on species identity, stand density, stand age, and soil conditions (Augusto and 734 

Boča, 2022; Li et al., 2024; Zhang et al., 2026). MP450 should therefore be 735 

interpreted as the most favorable short-term configuration among the treatments 736 

tested, rather than as evidence that mixed planting universally increases ecosystem 737 

carbon. Its advantage was that it maintained total carbon across ecosystem pools, not 738 

that every carbon pool increased simultaneously. This pool-based interpretation is 739 

consistent with an ecosystem-level view of forest carbon, in which carbon allocation 740 

among components matters alongside total storage (Pugh et al., 2019; Heinrich et al., 741 

2023; Pan et al., 2024). 742 

4.4 Soil carbon covaried with nutrient microbial conditions 743 

The higher soil carbon under MP450 coincided with coordinated changes in soil 744 

nutrients, physical conditions, microbial biomass, and enzyme activities. Compared 745 

with the Control, MP450 increased soil carbon stock by 19% and SOC concentration 746 

by 38% (Table 1; Table 2). MP450 also increased TN by 25%, raised pH from 4.25 to 747 

4.40, and reduced SBD from 1.29 to 1.12 g cm-3 (Fig. 5; Table 2). Microbial biomass 748 

showed similarly strong responses: MBC, MBN, and MBP were 52%, 59%, and 44% 749 

higher than in the Control, respectively. BG, NAG, and ACP activities also increased 750 

by 56%–65%. These parallel responses indicate that the higher soil carbon under 751 

MP450 formed part of a broader change in the surface-soil environment rather than a 752 

response to retained pine density alone. 753 
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The modest increase in pH and the higher nutrient concentrations may reflect changes 754 

in plant inputs after reducing pine dominance and introducing broadleaved species. 755 

Broadleaved litter often returns more base cations and nutrients than pine needles, 756 

which can partly buffer soil acidity and alter nutrient availability during 757 

decomposition (Dawud et al., 2016; Cruz-Paredes et al., 2021; Lei et al., 2021; Xu et 758 

al., 2024; Lin et al., 2025). However, the 0.15-unit pH increase was small and should 759 

not be treated as a complete reversal of soil acidification. The concurrent increases in 760 

TP and ACP suggest greater phosphorus turnover under MP450. Root exudates can 761 

mobilize phosphorus through organic acid release and ligand exchange, while greater 762 

microbial demand can stimulate phosphatase production and organic phosphorus 763 

mineralization (Richardson et al., 2009; Wu et al., 2023; Qu et al., 2025). Because 764 

available phosphorus, root exudates, and different inorganic and organic phosphorus 765 

fractions were not measured, the present data cannot distinguish among these 766 

pathways. 767 

The parallel increases in microbial biomass and C, N, and P-acquiring enzymes 768 

indicate stronger microbial processing under MP450. MBC, MBN, and MBP 769 

represent the active microbial pools of carbon, nitrogen, and phosphorus. BG supports 770 

microbial acquisition of carbon from cellulose derived compounds, NAG contributes 771 

to nitrogen acquisition from chitin, and ACP releases phosphate from organic 772 

compounds. Their concurrent increases therefore indicate a broad microbial response 773 

rather than a change restricted to one nutrient cycle (Sinsabaugh et al., 2008; Burns et 774 

al., 2013; Xu et al., 2022). Greater vegetation inputs may have supplied substrates for 775 
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this response. MP450 increased understory carbon from 1.00 to 1.56 Mg ha-1, and also 776 

contained the highest mean broadleaved carbon (Table 1). Understory vegetation and 777 

broadleaved trees can contribute litter, fine roots, and rhizosphere carbon, while lower 778 

bulk density may improve root penetration and soil aeration. Litter quality, root 779 

inputs, belowground biomass, and soil physical conditions are important controls on 780 

SOC formation in mixed and subtropical forests (Cotrufo et al., 2013; Dawud et al., 781 

2016; Lin et al., 2025). 782 

The association between Csoil and the soil nutrient–microbial axis supports 783 

coordinated change but does not identify the process that retained carbon. PC1 784 

explained 82.0% of the variation in pH, TN, TP, microbial biomass, and enzyme 785 

activities, and standardized PC1 scores explained 62.4% of the variation in Csoil (Fig. 786 

6a, b). Csoil was also positively related to MBC, MBN, MBP, BG, NAG, and ACP in 787 

the separate regressions (Fig. S2). These relationships demonstrate covariation rather 788 

than causation. Greater enzyme activity can accelerate organic matter decomposition 789 

as well as the microbial transformation of plant inputs, so its positive relationship with 790 

Csoil does not by itself demonstrate soil carbon stabilization. Greater microbial 791 

biomass could contribute to longer-term carbon formation through microbial residues 792 

and mineral associated organic matter, but this pathway requires direct measurements 793 

of microbial necromass and soil carbon fractions (Cotrufo et al., 2013; Liang et al., 794 

2017; Zhou et al., 2020; Lei et al., 2021; Xu et al., 2024). 795 

The non-monotonic soil response further shows that an intermediate stand 796 

configuration, rather than retained pine density alone, favored the observed soil 797 
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conditions. MP600 maintained the highest total post treatment density but had the 798 

lowest SOC, MBC, MBN, and MBP among the TMPT. MP300 and MP150 released 799 

more growing space than MP450, but neither reached the SOC, microbial biomass, or 800 

enzyme activity levels observed under MP450 (Table 2). MP450 may therefore have 801 

combined sufficient canopy opening and vegetation inputs with enough overstory 802 

retention to maintain belowground carbon supply. Similar studies show that soil 803 

responses to thinning and species mixing depend on treatment intensity, recovery 804 

time, species traits, and initial soil conditions (Gong et al., 2021; Xu et al., 2024; Qu 805 

et al., 2025). This interpretation remains provisional because the study did not directly 806 

quantify light, litter production, root turnover, or rhizosphere carbon inputs. 807 

4.5 Management implications 808 

Plantation transformation should balance the retention of existing pine carbon with 809 

the growing space needed by introduced broadleaved trees and understory vegetation. 810 

In this study, MP600 retained pine carbon near the Control level but did not maintain 811 

ecosystem carbon, suggesting that adding broadleaved trees without enough pine 812 

removal may intensify competition and limit early gains in other pools. MP300 and 813 

MP150 released more growing space, but their pine carbon losses were too large to be 814 

offset within six years. MP450 provided the most favorable short-term balance among 815 

the tested configurations: its designed post treatment density remained equal to the 816 

original 750 stems ha-1, ecosystem carbon remained near the Control, and soil and 817 

non-pine vegetation carbon were higher. Density substitution may therefore provide a 818 

useful operational approach for transforming similar P. massoniana plantations 819 
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without substantially increasing total stem density or causing excessive short-term 820 

carbon loss. This result should be interpreted as a short-term, site, and species-specific 821 

finding rather than as a universal optimum of 450 retained pine stems ha-1; long-term 822 

monitoring is still needed to test whether this balance persists as the introduced 823 

broadleaved trees mature. 824 

5 Conclusions 825 

Six years after thinning and mixed planting, TMPT reallocated carbon among 826 

ecosystem pools rather than producing a uniform increase in ecosystem carbon. The 827 

treatments increased tree size variation, size inequality, and species mingling, but 828 

changed most dimensions of stem spatial structure only weakly. Retained pines were 829 

larger at lower densities, yet greater individual biomass did not compensate for the 830 

decline in pine carbon per unit area. Stronger thinning under MP300 and MP150 831 

therefore reduced ecosystem carbon, whereas MP450 maintained ecosystem carbon 832 

near the unthinned Control. MP450 achieved this balance because its moderate pine 833 

carbon loss was accompanied by higher soil carbon and greater carbon in non-pine 834 

vegetation. Retained pine density explained pine and ecosystem carbon but did not 835 

explain soil or broadleaved carbon. Soil carbon instead covaried with soil nutrients, 836 

microbial biomass, and C, N, and P acquiring enzyme activities. Among the 837 

configurations tested, density substitution under MP450 provided the most favorable 838 

short-term balance between retaining mature pine carbon and developing other 839 

ecosystem carbon pools. Long-term monitoring is required to determine whether this 840 
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balance persists as the introduced broadleaved trees mature and stand competition 841 

changes. 842 
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