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Abstract

To adjust the stand structure of low-efficiency Pinus massoniana (P) pure plan-
tations and clarify the release patterns of dissolved organic carbon (DOC) dur-
ing the mixed decomposition of its leaf litter with that of native broadleaf tree
species, this study utilized leaf litter from Pinus massoniana, Cinnamomum cam-
phora (C), and Toona sinensis (T) as research subjects. The litters were com-
bined into 15 treatments (3 single-species treatments + 12 mixed treatments)
according to different tree species and mass ratios for a field litter decomposi-
tion experiment, aiming to investigate the optimal tree species combination and
mixing ratio for DOC release. The results showed that: (1) The DOC content
in Pinus massoniana and most mixed treatment litters (except PT64) signifi-
cantly increased during the early decomposition stage (0-6 months), exhibiting
an enrichment phenomenon, and subsequently decreased with prolonged decom-
position time, with a minor carbon enrichment phenomenon reoccurring in the
middle-to-late decomposition stage (12-18 months) or at the decomposition end
stage (18-24 months). Higher proportions of broadleaf litter corresponded to
lower DOC content in later stages. (2) During the early decomposition stage (0-
6 months), antagonistic effects on DOC release from mixed litters were strong
(58.33%), with only 8.33% (1/12) of the mixed treatments exhibiting synergis-
tic effects. Subsequently (6-18 months), synergistic effects gradually intensified
(91.67% at 18 months), while synergistic effects weakened during the decompo-
sition end stage (18-24 months) (66.67%). Among all mixed treatments, PT64
consistently showed synergistic effects throughout the entire decomposition pe-
riod, followed by PT73, PCT622, and PCT613, which exhibited synergistic ef-
fects during most decomposition periods (3/4). (3) Partial Least Squares (PLS)
regression analysis indicated that among the initial quality factors of leaf litter,
N content, P content, lignin content, condensed tannin content, C/N, C/N,
lignin/N, and lignin/P are important factors influencing DOC release from lit-
ter in the study area. Overall, DOC release from mixed Pinus massoniana
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and broadleaf litters was jointly influenced by tree species, mixing ratio, and
decomposition time. Compared with other mixed treatments, mixed litter com-
binations with broadleaf proportions $ $30% and containing Toona sinensis (T)
(PT64, PCT613, PCT622, and PCT613) were more effective in promoting DOC
release.
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Abstract: To adjust the stand structure of inefficient Pinus massoniana plan-
tations and elucidate the release patterns of dissolved organic carbon (DOC)
during mixed decomposition with native broadleaf species, this study examined
leaf litter from P. massoniana, Cinnamomum camphora (C), and Toona sinen-
sis (T). Fifteen treatments were established (three single-species treatments and
twelve mixed treatments) based on different species combinations and mass ra-
tios, and field decomposition experiments were conducted to identify optimal
combinations for DOC release. The results showed that: (1) DOC content in P.
massoniana and most mixed treatments (except PT64) significantly increased
during early decomposition (0—6 months), exhibiting carbon enrichment, then
decreased with decomposition time, with minor carbon enrichment reappearing
in middle-to-late stages (12-18 months) or final stages (18-24 months). Higher
broadleaf proportions correlated with lower DOC content in later stages. (2)
Antagonistic effects on DOC release were strong in early decomposition (0-6
months) (58.33%), with only 8.33% (1/12) of mixed treatments showing syn-
ergistic effects. Synergistic effects gradually strengthened during 6-18 months
(91.67% at 18 months) but weakened in final stages (18-24 months) (66.67%).
Among all mixed treatments, PT64 exhibited synergistic effects throughout the
entire decomposition period, followed by PT73, PCT622, and PCT613 which
showed synergistic effects during most decomposition periods (3/4). (3) Par-
tial least squares (PLS) regression analysis indicated that initial litter quality
factors including N content, P content, lignin content, condensed tannin con-
tent, C/N, C/P, lignin/N, and lignin/P were important factors affecting DOC
release in this study area. Overall, DOC release from mixed P. massoniana
and broadleaf litter was jointly influenced by tree species, mixing ratio, and de-
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composition time. Compared with other mixed treatments, combinations with
broadleaf proportion $ $30% containing 7. sinensis (PT64, PCT613, PCT622,
and PCT613) better promoted DOC release.

Keywords: Pinus massoniana; native broadleaf tree species; mixed leaf litter;
dissolved organic carbon; synergistic effects; antagonistic effects

Litter-derived dissolved organic carbon (DOC) constitutes an important com-
ponent of forest material cycling and a significant source of soil active carbon
pools, playing a crucial role in maintaining forest ecosystem stability and organic
matter production. Investigating DOC release characteristics during litter de-
composition is essential for maintaining forest ecosystem stability and accurately
assessing ecosystem carbon cycling. Forest species composition directly affects
litter types, thereby influencing soil material composition and nutrient accumu-
lation. Broadleaf species generally release more DOC than conifers due to higher
concentrations of soluble compounds such as sugars, low-molecular-weight phe-
nolics, and secondary metabolites. For instance, broadleaf litter can release high
concentrations of soluble nitrogen (N) and phosphorus (P), resulting in higher
DOC-to-soluble-nutrient ratios in leachates. Litter structure characteristics, in-
cluding surface wax and trichomes, and water-holding capacity also significantly
affect DOC quantity. Conifers possess thicker epidermal and subcutaneous tis-
sues that protect litter tissues and substances, whereas broadleaf litter is less
rigid, more fragile, and more conducive to leaching soluble substances, making
broadleaf-derived soluble compounds more readily released. Thus, conifer DOC
release and production are constrained by inherent “substrate quality,” and en-
hancing decomposition rates and DOC production is crucial for forest ecosystem
nutrient cycling.

Recent research has extensively examined mixed decomposition characteristics
and nutrient dynamics of coniferous-broadleaf litter. For example, Zhang et
al. (2019) found that mixing Picea asperata and Betula albo-sinensis litter en-
hanced mutual decomposition rates by 8.67% and 8.11%, respectively. Xiao
(2015) reported that carbon release rates in mixed Fucalyptus urophylla x E.
grandis and Robinia pseudoacacia litter were significantly higher than in single-
species eucalyptus litter during late decomposition stages. Zhang et al. (2022)
observed that mixing P. massoniana and T. sinensis litter promoted cellobio-
hydrolase and f-glucosidase activities, while mixing with Sassafras tzumu and
C. camphora enhanced polyphenol oxidase and peroxidase activities. Mixed
litter decomposition exhibits mixing effects, and DOC from different species
can produce non-additive effects on biodegradability. Non-additive effects are
classified as synergistic (observed value significantly exceeds expected value by
>0) or antagonistic (observed value significantly below expected value). Some
plant litter leachates, rich in phenolics and tannins, inhibit bacterial growth and
metabolism, and mixing such litter with others can reduce DOC biodegradabil-
ity, demonstrating antagonistic effects. Forest litter typically exists as mixtures
on the forest floor, and mixed litter facilitates nutrient transfer between species
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(e.g., high-quality DOC nutrients transferring to low-quality DOC), creating
complementary effects in nutrient utilization. Therefore, single-species DOC
decomposition characteristics are insufficient to accurately reflect carbon and
nutrient cycling in forest ecosystems, making studies of DOC release from mixed
litter decomposition crucial for ecosystem stability and carbon cycle assessment.

Pinus massoniana is widely planted in southern China due to its adaptability to
drought and infertile soils and its versatile applications. However, as plantations
age, pure P. massoniana stands face declining soil fertility, increased pest and
disease pressure, and reduced plant diversity, threatening forest health. Mixed-
species planting represents an effective near-natural management approach to
promote soil organic carbon formation and stability. Different litter quantities
and qualities in mixed forests alter mixed litter substrate quality, thereby affect-
ing DOC release and surface soil carbon and nitrogen pools. Previous research
indicates that harder, thicker, and coarser-textured litter decomposes more
slowly. Compared with conifers, broadleaf litter has larger surface areas, softer
texture, lower C/N, lignin/N, and phenolic content, but higher DOC, N, and P
content, which benefits soil fertility and microbial communities. Toona sinensis
and Cinnamomum camphora are common native broadleaf species in southwest-
ern P. massoniana mixed forests. 7. sinensis, a valuable fast-growing timber
species with edible and medicinal properties, is widely distributed in south-
western provinces. C. camphora, a precious timber and ornamental species, is
commonly planted as a companion species in ecological restoration and land-
scaping. However, research is lacking on DOC release characteristics when P.
massoniana litter is mixed with these native broadleaf litters at different ratios.
This study selected P. massoniana litter and two native broadleaf litters (T.
sinensis and C. camphora) for field decomposition experiments, mixing them
in one-conifer-one-broadleaf and one-conifer-two-broadleaf combinations at var-
ious ratios to investigate DOC release characteristics and provide theoretical
guidance for species selection and “mixed-plantation” transformation of pure P.
massoniana forests in southwestern China.

1.1 Study Area Description

The study was conducted at the Sichuan Agricultural University Field Experi-
mental Base in Dujiangyan City, Sichuan Province (103°34 -103°36 E, 31°01 —
31°02 N). The region features a typical subtropical monsoon humid climate
with mean annual precipitation of approximately 1,243.8 mm and mean annual
temperature of 15.2 °C. Elevation ranges from 805 to 850 m. Dominant tree
species include P. massoniana, Cunninghamia lanceolata, C. camphora, and
Camptotheca acuminata. In early August 2016, three 30 m x 30 m plots were
established within the experimental base using fences, selecting mixed forests
of P. massoniana and C. camphora with similar topography, elevation, aspect,
soil type, species composition, and stand density for field decomposition exper-
iments. Basic plot information is presented in Table 1 .

Table 1 Basic information regarding the three plots (n=3)
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Altitude Slope Total carbon Total nitrogen  Soil bulk density
(m) (°) Aspect (g - kg™!) (g-kg™) (g+cm™?)
811.22$+13.35|10.67+5.31|5]12.274+2.01]0.734+0.15|1.424+0.03||824.94+11.45|13.11+6.31| S E|13.67+2.11]0.70+

Note: § = South; SE = Southeast.

1.2 Sample Preparation

From April to June 2016, leaf litter of P. massoniana (P), C. camphora (C),
and T. sinensis (T) was collected at Laifu State Forest Farm, Gaoxian County,
Yibin City, Sichuan Province (104°48 E, 28°11 N). Fresh, damaged, and par-
tially decomposed leaves were removed, and the litter was air-dried at room
temperature for two weeks. Samples weighing 15.00 4+ 0.05 g were placed in de-
composition bags measuring 23 cm x 20 cm (internal dimensions) with 3.00 mm
mesh on the upper layer and 0.04 mm nylon mesh on the lower layer. Based on
the principle that “the proportion of main tree species in mixed forests should
not be less than 60%” [Li SY, 2001; Yang XF and Ye JS, 2001], fifteen litter
combinations were established (Table 2 ), totaling 240 bags = [(3 single-species
treatments + 12 mixed treatments) x 4 sampling periods x 3 plots + 60 (backup
for potential loss or damage)]. In mid-August 2016, all decomposition bags were
carefully transferred to the three pre-established 30 m x 30 m plots and ran-
domly placed on the soil surface with 2—5 cm spacing between adjacent bags to
avoid mutual influence. After placement, three bags were randomly collected
to calculate transport/placement loss rates and determine air-dry moisture con-
tent. iButton temperature loggers (iButton DS1921G, Maxim Integrated, USA)
were installed in each plot, recording temperature every 2 hours.

Table 2 Detailed description of the different treatments

Mixed treatment Abbreviation Mixed proportion
Contrast pP/C/T Single species

P. massoniana + one PC/PT 8:2, 7:3, 6:4

broadleaf tree species

P. massoniana + two PCT 8:1:1, 7:2:1, 7:1:2, 6:3:1,
broadleaf tree species 6:2:2, 6:1:3

Note: P = Pinus massoniana; C' = Cinnamomum camphora; T = Toona sinen-
sis; PC = P. massoniana®™ + C. camphora; PT = P. massoniana + T. sinensis;
PCT = P. massoniana + C. camphora + T. sinensis. The same below.*

1.3 Sample Collection

Field decomposition experiments began in August 2016, with samples collected
every 6 months for a total of four collections: February 2017 (6 months), August
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2017 (12 months), February 2018 (18 months), and August 2018 (24 months).
During each collection, three bags of each of the 15 treatments were randomly
sampled from the three plots and transported to the laboratory, where soil par-
ticles, arthropods, and foreign plant roots were carefully removed with tweezers
before measuring dry mass.

1.4 Sample Analysis

Litter samples were dried in a forced-air oven at 65 °C for 48 h and weighed to
determine dry mass for calculating remaining mass. Dried samples were ground,
passed through a 0.25 mm sieve, and stored in sealed bags. DOC content was
determined by weighing 1 g of ground sample into a centrifuge tube with 50
mL deionized water, shaking at 180 r - min~! for 4 h, centrifuging at 6,000 r -
min~! for 10 min, and filtering the supernatant through a 0.45 m membrane
(filtration pressure -0.09 MPa). DOC concentration was measured using a total
organic carbon analyzer (Vario TOC cube; Elementar Analysis system GmbH,
Langenselbold, Germany). Initial quality parameters were measured as follows:
total carbon by TOC analyzer; total nitrogen by Kjeldahl method (LY /T 1269—
1999); total phosphorus by molybdenum-antimony colorimetry (LY /T 1270—
1999); total phenols by Folin-Ciocalteu method; condensed tannins by vanillin-
HC1 method [Schofield et al., 1998]; lignin and cellulose by Van Soest detergent
fiber method [Vanderbilt et al., 2008].

1.5 Data Processing and Statistical Analysis

The DOC release rate was calculated using the following formula and variables:
R represents the DOC release rate (%) at each sampling; Mt is the remaining
litter mass (g) at sampling; MO is the initial litter mass (g) before decomposition;
Ct is the DOC content (g-kg!) at sampling; CO is the initial DOC content
(g-kg!) before decomposition. The release rate was calculated as: R = (1 -
(MtxCt)/(M0OxC0)) x 100%.

Expected values were calculated as: Axnl 4+ Bxn2 + Cxn3, where A, B,
and C represent DOC release rates from species A, B, and C in single-species
decomposition, and nl, n2, and n3 represent their respective proportions in the
mixture.

One-way ANOVA with Turkey’s test was used to compare DOC release rates
among three single species (P. massoniana, C. camphora, and T. sinensis),
different mixed treatments, and different decomposition periods for the same
treatment. Levene’s test assessed homogeneity of variance, with log transfor-
mation applied when assumptions were violated. Expected values represented
theoretical DOC release rates under mixed decomposition, while observed values
represented actual rates. Independent t-tests (o = 0.05) distinguished between
additive effects (no significant difference between observed and expected values)
and non-additive effects (significant difference). Non-additive effects were fur-
ther classified as synergistic (observed - expected > 0, P < 0.05) or antagonistic
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(observed - expected < 0, P < 0.05).

Partial least squares (PLS) regression analyzed the relative importance of initial
litter chemistry and stoichiometry on DOC release rate mixing effects (observed
- expected). Variable importance in projection (VIP) values indicated factor
contributions, with VIP > 1 representing significant contributions to DOC re-
lease rate variation. SPSS 26.0 and Excel 2013 were used for statistical analysis
and graphing.

Results
Initial Quality Characteristics

Initial quality characteristics of the three single-species litters are shown in Ta-
ble 3 . The two native broadleaf species exhibited significantly lower C content,
lignin content, cellulose content, total phenol content, condensed tannin con-
tent, C/N, C/P, lignin/N, and lignin/P than P. massoniana. N and P contents
were highest in T. sinensis, intermediate in C. camphora, and lowest in P. mas-
soniana. No significant differences were found in N/P among the three species.
Overall, mixed litters with higher P. massoniana proportions had higher C,
lignin, cellulose, total phenol, condensed tannin, lignin/N, and lignin/P con-
tents, while those with greater T. sinensis and C. camphora proportions had
higher N and P contents (Table 4 ).

Table 3 Initial quality characteristics of leaf litter from three single tree species
(n=3)

Parameter Pinus massoniana  Cinnamomum camphora

Toona sinensis

Total carbon (g« kg™ !) 452.71 (6.27) A 420.77 (6.32) B
Total nitrogen (g - kg™!) 6.07 (0.41) C 8.22 (0.47) B
Total phosphorus (g« kg™)  0.92 (0.02) B 1.11 (0.07) B

378.95 (2.42) C
11.46 (0.40) A
1.41 (0.06) A

Lignin (g - kg™!)

Cellulose (g * kg™!)
Total phenol (g - kg™ !)
Condensed tannin (g - kg™!)

351.07 (8.64) A
136.46 (12.72) A
54.17 (2.10) A
24.75 (0.77) A

149.63 (4.16) B
144.72 (5.81) A
14.82 (0.30) C
13.38 (0.07) B

C/N 75.34 (5.43) A 51.52 (2.81) B
C/P 492.79 (16.40) A 380.54 (21.27) B
N/P 6.59 (0.38) A 7.47 (0.76) A
Lignin/N 58.24 (2.86) A 18.38 (1.52) B
Lignin,/P 381.87 (10.95) A 135.45 (9.37) B

134.4 (6.02) B
99.19 (3.51) B
29.05 (0.44) B
3.67 (0.01) C
33.16 (1.33) C
269.45 (8.99) C
8.17 (0.54) A
11.76 (0.67) B
95.84 (7.30) B

Note: Values are means (standard error). Different capital letters indicate
significant differences in initial substance content or stoichiometric ratios among

tree species (P < 0.05). The same below.

Table 4 Initial quality characteristics of mixed leaf litter (n=3)
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Total  Total Total Total

car- nitro- phos- phe- Condensed
Mixed bon gen phorus  Lignin Cellulosaol tannin
treat- (g - (g* (g- g+ (g (g* (g-

ment kg!) ke!)  ke!)  kgl) kg') kegl) keg!)  C/NLignihidhin/P

PC82 437.96 7.15 1.02 307.74 120.01 49.15  20.54  61.433.11302.29
(7.26)  (0.35)  (0.03)  (9.2) (15.28) (2.26) (0.87)  (3.07D.93)4.35)
ABC AB BCD A A A ABC  ABCABCABC
PC73 430.58 7.68 1.07 286.07 125.28 46.63 1843  56.087.23268.10
(6.49) (0.23)  (0.03)  (7.85) (13.93) (1.91) (0.76)  (1.7%D.16)0.52)
ABC A ABC AB A ABC CDE  AB(CDEEDEF
PC64 4232  8.22 1.12 264.40 121.55 44.12 1632  51.432.15236.96
(5.76)  (0.12)  (0.03)  (6.69) (12.59) (1.56) (0.66)  (0.8%D.36)2.50)

C B A B A ABCD E C F G

PTS2 44632 6.5 0.96  310.78 138.11 46.30 2248  69.248.13324.62
(5.31)  (0.58)  (0.03)  (9.70) (13.46) (2.45) (0.85)  (6.6%p.43(17.54)
A AB D A A AB A A A A

PT73 443.13 6.71 0.98 290.64 138.94 42.37 21.34  66.5@3.57297.75
(3.53)  (0.58)  (0.03)  (8.51) (11.27) (2.20) (0.74)  (6.21(B.19)18.24)
AB  AB CD AB A ABCD AB AB ABCABCD
PT64 439.93 6.93 1.00 270.50 139.77 38.43 2021  64.089.30271.95
(1.75)  (0.59)  (0.04)  (7.41) (9.18) (1.94) (0.63)  (5.81B.00)18.56)
ABC AB BCD B A D ABC  AB BCDEDEFG
PCTS1142.14  6.82 0.99 309.26 133.56 47.73  21.51  65.135.47313.00
(6.28) (0.46)  (0.02)  (9.35) (14.34) (2.36) (0.86)  (4.6%R.05)10.41)
AB  AB CD A A AB AB ABGAB AB
PCT72138.95 7.04 1.01 289.12 134.39 43.79  20.37  62.671.21287.08
(4.51)  (0.47)  (0.02)  (8.06) (12.08) (2.10) (0.75)  (4.371.97(11.50)
ABC AB BCD AB A ABCD ABC  ABMBCRABCDE
PCT71234.76  7.36 1.04 287.59 120.83 4521  19.40  59.239.12277.23
(5.50)  (0.35)  (0.02)  (7.84) (12.98) (2.00) (0.76)  (2.84D.98)5.64)
ABC AB ABCD AB A ABCD BCD  AB(CDEBCDEF
PCT63135.75  7.25 1.03 268.97 135.21 39.86  19.23  60.387.21262.17
(2.74)  (0.47)  (0.02)  (6.83) (9.89) (1.85) (0.63)  (4.1)1.92)(12.27)
ABC AB ABCD B A CD  BCD  ABMDEREFG
PCT62231.57 7.58 1.06 267.45 130.66 41.28 18.26  57.185.35253.14
(3.74)  (0.35)  (0.01)  (6.49) (10.71) (1.75) (0.64)  (2.7%)1.03)6.82)
ABC AB ABC B A BCD CDE  ABMEFEFG
PCT61327.39  7.90 1.09 265.93 126.11 42.70 17.29  54.133.67244.76
(4.75)  (0.23)  (0.02)  (6.44) (11.62) (1.65) (0.65)  (1.64D.31)2.17)
BC  AB AB B A ABCD DE BC EF FG

Note: Numbers following letters in treatment abbreviations represent mass ratios
of different tree species’ leaf litter.
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DOC Content Dynamics

Single-Species Litter Initial DOC content was highest in T. sinensis litter,
intermediate in C. camphora, and significantly lowest in P. massoniana (Fig-
ure 1 [Figure 1: see original paper|). After 6 months of decomposition, DOC
content decreased significantly in 7. sinensis, showed no significant change in
C. camphora, but increased significantly in P. massoniana, demonstrating car-
bon enrichment. During 6-12 months, DOC content decreased significantly in
all three species, then increased during 12-24 months, showing enrichment phe-
nomena. Overall, DOC content decreased during the first year (except in P.
massoniana), but increased during the second year across all species.

One-Conifer-One-Broadleaf Mixed Litter DOC content in PC and PT
mixtures showed significant differences among combinations (Figure 2 [Figure 2:
see original paper]). Initial DOC content (at 0 months) increased with broadleaf
proportion in both PT and PC mixtures. In PT mixtures, PT82 was consistently
highest throughout the two-year decomposition period; PT73 was significantly
higher than PT64 only at 12 months, with no significant differences at other
times (Figure 2A). In PC mixtures, PC82 was consistently highest; PC73 was
significantly lower than PC64 at 12 months but higher at 24 months, with no sig-
nificant differences at other times (Figure 2B). Over time, PT82 showed increase-
decrease-increase-decrease patterns, PT73 showed increase-decrease, and PT64
showed decrease-increase-decrease, with all PT mixtures peaking at 6 months
(Figure 2A). All PC mixtures showed increase-decrease patterns from 0-12
months, stabilizing during 18-24 months, also peaking at 6 months (Figure
2B). Most mixed treatments exhibited carbon enrichment during early decompo-
sition (0-6 months), after which DOC content gradually decreased, with higher
broadleaf proportions resulting in lower later-stage DOC content.

One-Conifer-Two-Broadleaf Mixed Litter DOC content in PCT mix-
tures is shown in Figure 3 [Figure 3: see original paper|. Initial content increased
with broadleaf proportion, especially T. sinensis proportion, following the order:
PCT631 > PCT622 > PCT613 > PCT712 > PCT721 > PCT811. Specific pat-
terns across decomposition periods showed: PCT712 at 6 months, PCT811 at
12 months, PCT631 at 18 months, and PCT721 at 24 months had highest DOC
content; while PCT631 at 6 months, PCT631/622/613 at 12 months, PCT622 at
18 months, and PCT613 at 24 months had lowest content. Generally, broadleaf
proportions $ $40% (except at 18 months) resulted in lower DOC content. Over
time, PCT811, PCT721, and PCT622 showed increase-decrease-increase pat-
terns, while PCT712, PCT631, and PCT613 showed increase-decrease-increase-
decrease patterns, all peaking at 6 months. All PCT mixtures exhibited signif-
icant carbon enrichment during early decomposition (0—6 months), decreased
during 6-12 months, then increased again during 12-18 or 18-24 months, show-
ing minor secondary carbon enrichment.
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Mixing Effects on DOC Release

Non-additive effects on DOC release rates were observed during all four sampling
periods (Figure 4 [Figure 4: see original paper|). After 6 months, 8.33% (1/12)
of mixed litters showed synergistic effects (observed - expected > 0, P < 0.05)
and 58.33% (7/12) showed antagonistic effects (observed - expected < 0, P <
0.05) (Figure 4A). After 12 months, 41.67% (5/12) showed synergistic effects and
8.33% (1/12) showed antagonistic effects (Figure 4B). At 18 months, all mixed
treatments had observed - expected values > 0, with 91.67% (11/12) exhibiting
synergistic effects (Figure 4C). At 24 months, 66.67% (8/12) showed synergistic
effects (Figure 4D). Overall, antagonistic effects dominated early decomposition
(0-6 months), synergistic effects strengthened during 6-18 months, but non-
additive effects (mainly synergistic) weakened in final stages (18-24 months).

Synergistic effect frequency varied by species combination: PT (75%, 9/12)
> PCT (45.83%, 11/24) > PC (41.67%, 5/12). Among all treatments, PT64
exhibited synergistic effects throughout decomposition, while PT73, PCT622,
and PCT613 showed synergistic effects during most periods (3/4). In contrast,
PC mixtures (PC82, PC73, PC64), PT82, PCT811, PCT721, and PCT631
showed no synergistic effects during the first year (6 and 12 months). Mixing
effects varied with species combination, mixing ratio, and decomposition time,
with broadleaf proportion $ $30% containing T sinensis (PT64, PT73, PCT622,
and PCT613) showing stronger synergistic effects.

Figure 4 Relative mixing effect of 12 mixed leaf litter treatments on DOC re-
lease rate during four decomposition periods. (A) 6 months; (B) 12 months;
(C) 18 months; (D) 24 months. Numbers above the x-axis represent the propor-
tion of mixed treatments showing synergistic effects; numbers below represent
antagonistic effects. * indicates significant difference (P < 0.05), ** indicates
extremely significant difference (P < 0.01) between observed and expected val-
ues.

PLS Regression Analysis of Initial Chemistry and DOC Release Mix-
ing Effects

Variable importance in projection (VIP) values indicated differential explana-
tory power of initial litter quality on DOC release mixing effects (Figure 5
[Figure 5: see original paper]). The relative importance of initial chemical pa-
rameters in explaining DOC release rate was: lignin/N > lignin/P > condensed
tannin content > P content > N content > C/N > C/P > lignin content > C
content > cellulose content > N/P > total phenol content. DOC release rate
showed significant positive correlations with N and P contents, and significant
negative correlations with lignin content, condensed tannin content, C/N, C/P,
lignin/N, and lignin/P.

Figure 5 PLS regression analysis for the initial concentrations of litter mixtures
in explaining variation of the DOC mixed effect (observed - expected). VIP
values > 1 indicate significant contributions of predictive factors. Black circles
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indicate positive correlations; white circles indicate negative correlations.

Discussion

Litter represents a critical component of forest ecosystem nutrient cycling and
carbon dynamics. Despite comprising a small proportion of total forest biomass,
litter regulates soil fertility through nutrient return, maintaining stand produc-
tivity and biodiversity. Nutrient turnover in litter occurs faster than in living
trees through metabolic processes. Mixed decomposition studies commonly use
non-additive and additive effects to assess mass and substance changes. This
study found antagonistic effects dominated early decomposition (0-6 months),
synergistic effects strengthened during 6-18 months, but weakened in final
stages (18-24 months).

During early decomposition (0—6 months), litter structure remained relatively
intact with high concentrations of recalcitrant compounds like lignin and tan-
nins. Litter must first be fragmented by soil fauna before fungal and bacterial
colonization [Deng CJ et al., 2022], limiting leaching and microbial decomposi-
tion. The carbon enrichment observed at 6 months may reflect autumn-winter
conditions (August 2016 to February 2017) when litterfall was abundant but
rainfall was low, reducing leaching, while low winter temperatures decreased
microbial activity and DOC biodegradation. When element release rates fall
below dry mass loss rates, element concentrations increase, showing enrichment
[Wang XH et al., 2004]. During 6-18 months, synergistic effects strengthened as
litter underwent humification and nutrient transfer occurred from high-quality
to low-quality litter, increasing microbial abundance and activity [Deng CJ et
al., 2022] and promoting decomposition and DOC release. After initial de-
composition, litter fragmentation accelerated leaching of soluble carbohydrates.
Weakened synergistic effects in late decomposition may result from reduced
DOC concentrations and increased relative abundance of lignin-derived recalci-
trant compounds, yielding leachates with more aromatic compounds and fewer
bioavailable nutrients [Del et al., 2017], creating negative complementary effects
[Kalbitz et al., 2006; Butenschoen et al., 2014].

Mixing effects varied with species combination and ratio. Broadleaf proportion
$ 30 $3/4), promoting DOC release. This aligns with previous research [War-
dle et al., 1997; Gartner & Cardon, 2004] showing that nutrient-rich broadleaf
litter (high N, P) facilitates decomposition of nutrient-poor conifer litter, with
stronger effects when nutrient differences are greater. When species proportions
are unequal, each species’ contribution to decomposition varies [Hoorens et al.,
2003; Héttenschwiler, 2005], and uneven mixing ratios can improve microenvi-
ronmental conditions [Vestgarden, 2001]. Mixed litter increases compound di-
versity, meeting requirements of different decomposers and accelerating organic
carbon decomposition [Pérez-harguindeguy et al., 2000]. DOC biodegradation
nutrient limitation patterns resemble litter decomposition processes [Del et al.,
2017], where N and P as key factors regulate decomposition rates through micro-
bial nutrient availability [Vestgarden, 2001; Xiang & Bauhus, 2007]. T. sinensis
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had significantly higher N and P contents than P. massoniana and C. camphora,
and mixing increased readily decomposable nutrient content and improved litter
quality [Wardle et al., 1997]. T. sinensis litter is softer and more easily humified
by rainfall leaching [Li X et al., 2016], rapidly improving substrate quality for
soil fauna and microbes, ultimately promoting decomposition and nutrient re-
lease. Thus, mixtures with higher T. sinensis or broadleaf proportions showed
synergistic effects during the first decomposition year.

PLS regression confirmed that mixing effects (observed - expected) correlated
closely with initial litter quality. Significant positive relationships with N and P
contents and negative relationships with lignin, condensed tannins, C/N, C/P,
lignin /N, and lignin/P align with previous research [Su ZX et al., 2022; Zhou
TY et al., 2022], indicating DOC release is primarily controlled by initial litter
properties. Mixing effects depend on nutrient content, stoichiometric ratios,
and recalcitrant compound concentrations. Mixtures with broadleaf proportion
$ $30% containing T. sinensis (PT64, PT73, PCT622, and PCT613) had rela-
tively high initial N and P contents, accelerating microbial nutrient transfer to
compensate for stoichiometric imbalances between litter and consumers [Wang
YT and Lu JB, 2017], thereby promoting decomposition and DOC release from
low-quality litter. Soil community structure and feeding preferences also af-
fect decomposition, as soft, nutrient-rich litter (e.g., T. sinensis) is more easily
colonized and consumed [Bafia et al., 2014]. Mixing with soluble nutrient-rich
broadleaf litter increases microbial diversity, altering bacterial community struc-
ture and metabolism and enhancing microbial activity [Cassart et al., 2020],
promoting DOC biodegradability. Our previous research [Zhang Y et al., 2023]
also found higher soil fauna densities in broadleaf-rich mixtures. Therefore, mix-
tures with broadleaf proportion $ $30% containing 7. sinensis have relatively
high N and P contents and larger leaf surface areas, facilitating soil biological
colonization and decomposition.

In conclusion, mixing P. massoniana with two native broadleaf species promoted
DOC release, with P. massoniana-T. sinensis mixtures at $ $30% broadleaf
proportion particularly enhancing synergistic DOC release. Initial litter qual-
ity factors including N content, P content, lignin content, condensed tannin
content, lignin/N, and lignin/P were key determinants of DOC release in this
region. When establishing mixed P. massoniana plantations, T. sinensis should
be considered as a companion species, with a broadleaf litter proportion of 30%
to promote forest carbon cycling. These results provide theoretical guidance for
transforming pure P. massoniana plantations into mixed stands.
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