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Abstract

Elucidating the response mechanisms of C-, N-, and P-cycling enzyme activities within
soil aggregates to tea plantation age can provide a theoretical foundation for improving
soil fertility, safeguarding soil health, and promoting the sustainable use of soil resources
in tea plantations. In the present study, soil samples were collected from the 0—20 cm layer
of tea plantations with different ages (3, 9, 16, and 24 years). Then, soil samples were sep-
arated into >2, 2-1, 1-0.25, and <0.25 mm aggregate size fractions using an optimal mois-
ture sieving method, and the activities of 3-glucosidase, invertase, urease, protease, and
acid phosphatase were measured in each fraction. Across all tea plantation ages, the ag-
gregate composition was dominated by the >2 mm fraction, whose content was signifi-
cantly (p <0.05) higher than that of other size fractions, averaging 54.47%. With increasing
plantation age, the content of >2 mm aggregates first increased and then decreased, reach-
ing a relatively high level at 16 years. The activities of 3-glucosidase, invertase, urease,
and protease in the tea plantation soils were predominantly distributed in the >2 mm ag-
gregates, with average activities of 261.34, 585.31, 52.24, and 84.34 mg kg h, respec-
tively; in contrast, acid phosphatase activity was less affected by aggregate size. As plan-
tation age increased, the activities of 3-glucosidase, invertase, urease, and protease ini-
tially increased and then decreased, reaching relatively high levels at 16 years (322.98,
696.66, 67.00, and 100.98 mg kg1 h, respectively), whereas acid phosphatase activity pro-
gressively increased with age. During the aggregate fractionation process, all enzyme ac-
tivities were lost to varying degrees, with average recovery rates of 80.45% ([3-gluco-
sidase), 83.13% (invertase), 80.78% (urease), 82.16% (protease), and 81.66% (acid phospha-
tase). As the primary carriers of soil enzymes, the formation and stabilization of >2 mm
aggregates are of great importance for promoting soil organic C and nutrient cycling. In
tea plantation management, therefore, attention should be directed to the breakdown and
disruption of >2 mm aggregates after 16 years of cultivation to maintain soil quality and
sustain soil organic C and nutrient use efficiency.
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1. Introduction

Guangyxi is located in the southern border region of China and falls within a subtrop-
ical monsoon climate zone, characterized by abundant rainfall, sufficient sunlight and
thermal resources, and predominantly acidic soils [1]. Combined with a long history of
tea (Camellia sinensis L.) cultivation and processing, these conditions endow the region
with a natural advantage for developing a high-quality tea industry, making it one of
China’s major tea-producing areas [2]. By the end of 2025, the tea plantation area in
Guangxi had reached 112,430 ha, with a tea output of 136,600 t and a gross value of pri-
mary tea exceeding 4.5 billion yuan, reflecting a steadily expanding industrial scale [3].
The tea industry has played a pivotal economic role in raising farmers’ incomes and sup-
porting poverty alleviation efforts [4]. According to incomplete statistics, a total of 979
villages and 202,600 households in Guangxi are engaged in tea cultivation, covering 454
formerly impoverished villages and 49,600 formerly impoverished households [5]; over
80% of the tea plantations are concentrated in poverty-stricken counties, and the tea in-
dustry has become a pillar sector for poverty eradication and income generation in most
of these counties, thereby underpinning regional rural revitalization [6]. However, within
the tea plantation ecosystem, soil organic C and nutrient status undergo profound
changes during tea cultivation due to the combined effects of long-term management
practices, the substantial return of tea plant litter to the soil, and the continuous input of
root exudates [7-9]. Improper management practices readily lead to nutrient imbalance
and soil acidification [10]. Litter rich in recalcitrant constituents such as polyphenols
markedly alters the chemical composition and turnover rate of soil organic C [11], while
organic acids and other bioactive substances secreted by roots persistently reshape the
nutritional environment of the rhizosphere microzone [12]. These changes, directly or in-
directly, disrupt the normal growth and development of tea plants, thereby inducing yield
fluctuations and quality degradation [10-12]. This has become a prominent bottleneck re-
stricting the quality improvement, efficiency enhancement, and sustainable development
of the tea industry in Guangxi, China [13].

Soil enzymes, as the most active biological components in ecosystem material cycling
and energy flow, are highly diverse and originate primarily from microbial metabolism,
plant root exudation, and the decomposition of plant and animal residues in soil [14]. By
catalyzing a series of complex and diverse biochemical reactions, they play a central role
in driving the release and transformation of soil nutrients [15]. In the soil C cycle, 3-glu-
cosidase and invertase play key roles: -glucosidase hydrolyzes glycosidic bonds in cel-
lobiose and other substrates to release glucose, whereas invertase specifically cleaves su-
crose to release glucose and fructose. Together, they progressively degrade macromolec-
ular carbohydrates into more labile low-molecular-weight sugars, thereby providing mi-
croorganisms with readily utilizable C sources and profoundly influencing the minerali-
zation, turnover, and sequestration of soil organic C [16]. In the soil N cycle, urease and
protease are two common hydrolases. Urease specifically catalyzes the hydrolysis of urea
to produce ammonia and COs, while protease hydrolyzes peptide chains in proteins into
amino acids. These two enzymes sequentially convert organic N into ammonium N and
amino acid N, thereby transforming soil organic N into plant-available forms and signifi-
cantly regulating soil N supply intensity and N use efficiency [17]. The transformation of
soil organic P relies primarily on phosphatases, which effectively hydrolyze phosphate
ester bonds in various organic P compounds (e.g., nucleic acids, phospholipids, and phyt-
ate), releasing inorganic phosphate that can be directly absorbed by plant roots. Phospha-
tase activity has become an important biological indicator for characterizing the status of
soil P cycling and P-supplying potential [18]. Collectively, the activities of key enzymes
involved in soil C, N, and P cycling not only directly reflect microbial metabolic activity
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and substrate utilization patterns but also integrate the combined effects of soil physico-
chemical properties, nutrient status, and environmental changes [19]. Therefore, measur-
ing soil enzyme activities to indirectly reflect or predict soil organic C and nutrient use
efficiency, thereby assessing the trajectory of soil quality evolution, is theoretically and
methodologically sound [20]. Particularly in long-term intensively managed soil ecosys-
tems such as tea plantations, enzyme activities can serve as highly efficient biological tools
for sensitively indicating changes in soil functions driven by management practices, litter
input, and root exudation [21].

Soil aggregates, as the fundamental functional units of soil structure, are the material
basis for the formation of favorable soil physical properties [22]. Based on particle size,
they are generally classified into macroaggregates (>0.25 mm) and microaggregates (<0.25
mm) [23]. Aggregates of different sizes not only fundamentally determine the distribution
pattern, abundance, and morphological characteristics of soil pores, as well as their sensi-
tivity to external stresses such as wetting—drying cycles and mechanical disturbance, but
also perform distinctly different functions in the retention, supply, and transformation of
soil organic C and nutrients [24]. Macroaggregates tend to be rich in labile organic matter
(OM) and act as a “source” for rapid nutrient turnover and release, whereas microaggre-
gates, owing to their strong physical protection, can occlude organic C within their struc-
ture, serving as a “sink” for slow nutrient sequestration and stabilization [25]. Soil en-
zymes, as the core factors catalyzing biochemical reactions, exhibit pronounced spatial
differentiation in their activities within the highly heterogeneous microsites of aggregates
[26]. Because of marked differences in substrate availability, microbial community assem-
bly, and microenvironmental conditions (e.g., oxygen and moisture) within aggregates of
different size fractions [27], the activities of key enzymes involved in C, N, and P cycling
inevitably display distinct distribution characteristics and response patterns [28]. There-
fore, elucidating differences in soil enzyme activity across aggregate size fractions and
their relationships with nutrient retention and supply processes holds substantial theoret-
ical and practical value for achieving targeted regulation and enhancement of soil organic
C and nutrient use efficiency through optimized soil structure management [29,30].

Our previous studies have confirmed that soil organic C and nutrients are unevenly
distributed among aggregates of different particle sizes, and that this distribution pattern
changes significantly with increasing tea plantation age [1,2]. However, these studies pri-
marily focused on the static stocks of organic C and nutrients, leaving the dynamic pro-
cesses of nutrient transformation — particularly the activities of key enzymes driving C, N,
and P cycling —largely unexplored. Soil enzyme activities are not only sensitive indicators
of microbial metabolic potential but also directly govern the release, mineralization, and
bioavailability of organic C and nutrients [15,18,20]. Therefore, the response of aggregate-
associated enzyme activities to tea plantation age represents a critical yet unresolved
knowledge gap. To address this, the present study investigates the activities of $-gluco-
sidase, invertase, urease, protease, and acid phosphatase across different aggregate size
fractions under increasing tea cultivation years. We hypothesize that tea plantation age
shapes soil enzyme activities through changes in aggregate size distribution. By bridging
the gap between nutrient stocks and transformation functions, this work aims to provide
a mechanistic understanding of soil functional evolution in aging tea plantations.

2. Materials and Methods
2.1. Study Area

The study area is located between 108°48'-109°37" E and 22°08'-23°30" N, within a
subtropical monsoon climate zone. The mean annual temperature is 21.6 °C. The mean
annual precipitation is approximately 1304 mm, with about 80% falling between April and
September. The terrain is dominated by hilly platforms at elevations of 500-600 m and
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slopes of 12-16°, and the predominant soil type is Acrisols [31]. The region has a long
history of tea cultivation, with the Nanshanbaimao tea (Camellia sinensis (L.) O. Kuntze
var. Nanshanbaimao) as the main cultivar, resulting in the establishment of Nanshan-
baimao tea plantations of various ages at a considerable scale.

The tea plants were cultivated at a density of approximately 6 x 104 plants ha™. Within
the study area, all tea plantations were managed using organic ecological practices with
no-tillage. Specifically, during tea cultivation, yellow sticky traps were used in place of
chemical pesticides for pest control, while pruned branches and litter were returned to the
soil to replenish soil OM and nutrients. Light pruning was predominantly conducted once
a year after the autumn tea harvest, during which protruding branches on the canopy
surface and 3-10 cm of shoots and leaves were cut off and returned to the soil.

2.2. Experiment Design

Based on a field survey and a careful consideration of the geological settings and
management practices of tea plantations, Nanshanbaimao tea plantations, sharing the
same parent material, similar slope aspect and gradient, and consistent management prac-
tices, but differing in tea planting ages (3, 9, 16, and 24 years), were selected as study sites
in January 2025. For each planting age, five representative tea gardens (30 m x 30 m) were
established as five replicates, with an inter-garden distance of approximately 800 m. It
should be noted that this study employed a space-for-time substitution approach, wherein
tea plantations of different ages were compared to infer temporal successional trends, ra-
ther than tracking a single plantation over decades [32]. This approach is widely adopted
in soil chronosequence studies and is predicated on the critical assumption that all sites
shared comparable initial soil properties prior to tea cultivation. To satisfy this assump-
tion as rigorously as possible, we carefully selected all study sites with the same parent
material, similar slope aspect and gradient, consistent organic ecological management
practices, and the same tea cultivar (Nanshanbaimao), as described above. These stringent
selection criteria substantially reduce the likelihood that observed differences among age
classes are attributable to confounding factors such as soil texture, microclimate, or an-
thropogenic disturbance. Nevertheless, we must explicitly acknowledge that pre-existing
spatial heterogeneity in initial soil properties—such as baseline organic C content, native
microbial community composition, or inherent nutrient availability —cannot be com-
pletely ruled out, given the absence of archived pre-planting soil samples. This limitation
is inherent to any chronosequence study and may introduce uncertainty into the causal
attribution of age-related trends.

2.3. Sample Collection

Within each garden, five sampling points were arranged in an S-shaped pattern, each
positioned vertically beneath the edge of the tea canopy. At each sampling point, a 1 m?
(1 m x 1 m) litter sample was collected from the soil surface, and undisturbed soil samples
(0-20 cm) were taken. Our previous studies found that soil organic C and nutrients in tea
plantations are mainly concentrated in the 0-20 cm soil layer, and that the organic C and
nutrients in this layer are more sensitive to changes in tea planting age [30]. Therefore, the
0-20 cm soil layer was collected for this study. Litter and soil samples from each tea gar-
den were separately homogenized, yielding 20 composite litter samples (4 ages x 5 repli-
cates) and 20 composite soil samples (4 ages x 5 replicates). For the litter, each composite
sample was oven-dried at 80 °C to a constant weight, weighed, and subsequently ana-
lyzed to determine its amount and quality (Table 1). For the soil, each composite sample
was gently broken apart along its natural planes of weakness, passed through a 5 mm
sieve to remove plant and animal residues and small stones, and then divided into two
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portions: one was used for bulk soil property analyses (Table 1), and the other was frac-
tionated into >2, 2-1, 1-0.25, and <0.25 mm aggregate size classes using an optimal mois-
ture sieving method [33]. Specifically, 500 g of field-moist soil clods were dried at 4 °C
until the moisture content reached approximately 60 g kg. The dried clods were then
separated using a set of sieves (2, 1, and 0.25 mm) on a sieve shaker operated at an oscil-
lation frequency of 1 Hz, a vertical amplitude of 50 mm, and a shaking time of 15 min.
Finally, aggregates of different size fractions were obtained for the measurement of soil
properties in aggregates.

Table 1. Litter and soil properties in tea plantations. Different lowercase letters indicate significant

(p < 0.05) differences among tea plantation ages.

Sample Ttem Tea Plantation Age
3 Years 9 Years 16 Years 24 Years

Litter Amount (g m=2) 621+29 ¢ 734+£32Db 886 +44 a 768 £ 36 b
C/N ratio 14.23+1.24b 14.68+1.17b 15.12+1.21b 17.37+1.87 a
Sand (2-0.02 mm) (%) 3242+0.84a 31.08 £0.94 a 31.56 £0.62 a 32.01+1.02a
Silt (0.02-0.002 mm) (%) 35.44+0.38 a 3597 +1.02a 3482+041a 3492+0.95a
Clay (<0.002 mm) (%) 3212+ 0.65a 32.95+0.68 a 33.62£0.50 a 33.07+£0.74 a
pH 458+0.12a 453+0.18 ab 448+0.15Db 4.32+£0.09 c
Organic C (g kg™) 14.14+0.27 ¢ 16.47+£0.31b 18.32+0.45a 18.54+0.42 a

Soil Total N (g kg™) 0.82+0.08 c 0.90+0.05b 0.99+£0.07 a 1.03+0.06 a
Microbial quotient (%) 1.91+£0.13d 255+0.24Db 291+0.26a 229+0.18 ¢
B-glucosidase (mg kg™ h1) 219.88 +23.14 ¢ 265.65+18.46b 32298 +3427a 248.76 +24.26b
Invertase (mg kg h™) 522.86 +39.78 ¢ 602.89 £46.27b 696.66 +38.42a 564.70 +26.78 bc
Urease (mg kg* h™) 48.94 +£4.56 c 56.62+7.37b 67.00+£9.64 a 54.77 £8.01 b
Protease (mg kg h) 70.05+6.89 c 83.97+941b 10098 +11.20a 84.68+8.14b
Acid phosphatase (mg kg?h') 235.87 +15.67 ¢ 30227 +£18.31b 420.19+21.54a 411.42+20.18a

2.4. Indicator Measuring

Litter C content was determined using the high-temperature external-heating
K2Cr207 oxidation-volumetric method [34]: the principle involves oxidizing organic C
with a KeCr207-H2SOs solution under high temperature, after which the remaining
K2Cr20y is titrated with standard FeSOu solution using 1,10-phenanthroline as an indica-
tor; the total C content is calculated from the difference in Ko2Cr207 consumption before
and after oxidation. Litter N content was measured by the indophenol blue colorimetric
method [35]: after digestion with H25Os+-H20:, the ammonium ions in the digest react with
hypochlorite and phenol in an alkaline medium to form indophenol blue, which is quan-
tified colorimetrically at a specific wavelength using a spectrophotometer.

Soil texture was measured by the hydrometer (TM-85, Veichi, Suzhou, China) [36].
Soil pH was determined potentiometrically (water:soil = 2.5:1) [36]. Soil organic C was
likewise measured by the high-temperature external-heating K2Cr207 oxidation-volumet-
ric method [34]. Soil total N was determined using the Kjeldahl digestion method [35].
Soil microbial biomass C was determined using the chloroform fumigation-extraction
method, with a conversion factor (K) of 2.64 applied in the calculation [37].

Soil C-cycling enzyme activities: 3-glucosidase activity was measured by the p-nitro-
phenol colorimetric method with p-nitrophenyl-3-D-glucoside as the substrate; the p-ni-
trophenol released by enzymatic hydrolysis was quantified colorimetrically at 400 nm
[38]. Invertase activity was assayed using the 3,5-dinitrosalicylic acid (DNS) colorimetric
method with sucrose as the substrate; the activity was quantified by measuring the ab-
sorbance of the colored product formed by the reaction between reducing sugars gener-
ated by enzymatic hydrolysis and DNS [39].
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Soil N-cycling enzyme activities: Urease activity was determined by the phenol-so-
dium hypochlorite colorimetric method using urea as the substrate; the activity was cal-
culated from the absorbance of the ammonium-N produced by the enzymatic reaction in
the phenol-sodium hypochlorite chromogenic system [40]. Protease activity was meas-
ured by the ninhydrin colorimetric method using casein as the substrate; the activity was
quantified by determining the amount of purple complex formed from the reaction be-
tween amino acids released by enzymatic hydrolysis and ninhydrin [41].

Soil P-cycling enzyme activities: Acid phosphatase activity was assayed by the diso-
dium phenyl phosphate colorimetric method with disodium phenyl phosphate as the sub-
strate; the phenol liberated by enzymatic hydrolysis formed a blue complex in the pres-
ence of potassium ferricyanide, and the activity was measured colorimetrically using a
spectrophotometer [42].

2.5. Data Processing
The contribution rate (CR;, %) of the i-th aggregate size fraction to the bulk soil en-
zyme activity was calculated using the following formula [7]:
EA xW,
EA
where EAiis the enzyme activity of the i-th aggregate size fraction, Wi is the mass percent-

age (%) of the i-th aggregate size fraction, and EA is the bulk soil enzyme activity.
The recovery rate (RR, %) of the bulk soil enzyme activity was calculated using the

CR, =

following formula [7]:
RR=Y"CR,

where CRi is the contribution rate (%) of the i-th aggregate size fraction to the bulk soil
enzyme activity.

SPSS 22.0 software (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis
(Table S1). The Shapiro-Wilk test was applied to assess the normality of the data sets,
revealing that the original data could be directly utilized in subsequent statistical analyses
without any transformation. Homogeneity of variances was verified by Levene’s test. The
effects of tea plantation age on litter and bulk soil properties were examined using one-
way analysis of variance (ANOVA). Repeated-measures ANOVA was conducted to eval-
uate the effects of tea plantation age and aggregate size fraction on soil aggregates’ char-
acteristics. Tukey’s honestly significant difference (HSD) test was employed for post hoc
multiple mean comparisons, with the significance threshold set at p < 0.05. In this study,
data in the figures and tables are presented as the mean + standard deviation of five rep-
licates. Different uppercase letters indicate significant (p < 0.05) differences among aggre-
gate size fractions, whereas different lowercase letters indicate significant (p < 0.05) differ-
ences among tea plantation ages.

3. Results
3.1. Soil Aggregate Composition Characteristics

The aggregate composition of soils under different tea plantation ages was domi-
nated by the >2 mm fraction, which was significantly (p < 0.05) higher in mass proportion
than the other size fractions, with an average of 54.47%, followed by the <0.25 mm fraction
(average 27.84%), whereas the 2-1 mm and 1-0.25 mm fractions showed relatively low
mass proportions, averaging 11.82% and 5.88%, respectively (Figure 1). As tea plantation
age increased, the temporal dynamics of aggregate size fractions diverged: the mass pro-
portion of >2 mm aggregates rose initially and then declined, peaking at 16 years relative
to other ages, whereas the <0.25 mm fraction displayed an inverse pattern. In contrast, no
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significant changes (p > 0.05) were detected in the 2-1 mm and 1-0.25 mm fractions over
the course of tea cultivation.

Moreover, compared with other land use types in the same subtropical region, such
as adjacent natural forests or upland agricultural soils, where the >2 mm fraction typically
accounts for 20-35% [43,44], the proportion observed here (averaging 54.47%) is notably
elevated. However, this magnitude is generally consistent with previous findings from
long-term tea plantations under similar no-tillage and high-litter-input management in
southern China [1,2,7-9], suggesting that tea cultivation with organic ecological practices
strongly promotes the formation and stabilization of macroaggregates.
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Figure 1. Soil aggregate composition in tea plantations. Different uppercase letters indicate signifi-
cant (p < 0.05) differences among aggregate size fractions. Different lowercase letters indicate signif-

icant (p < 0.05) differences among tea plantation ages.

3.2. Soil Aggregate-Associated Enzyme Activities
3.2.1. B-Glucosidase

Across the different tea plantation ages, the >2 mm aggregate fraction displayed the
highest 3-glucosidase activity (mean: 261.34 mg kg h™), significantly (p < 0.05) exceeding
that in the other size fractions (Figure 2a). The 2-1 mm fraction ranked second, with a
mean activity of 196.48 mg kg™ h™!, whereas the 1-0.25 mm and <0.25 mm fractions exhib-
ited significantly (p < 0.05) lower activities, averaging 139.15 and 133.28 mg kg™ h!, re-
spectively. With increasing tea plantation age, the trends in (3-glucosidase activity differed
among aggregate size fractions: activities in the >2 mm and 2-1 mm fractions initially in-
creased and then decreased, reaching significantly (p < 0.05) higher levels at 16 years than
at other plantation ages, while the activities in the 1-0.25 mm and <0.25 mm fractions did
not change significantly (p > 0.05) during tea cultivation.
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Figure 2. Soil aggregate-associated enzyme activities in tea plantations. (a) -glucosidase; (b) invert-
ase; (c) urease; (d) protease; (e) acid phosphatase. Different uppercase letters indicate significant (p
<0.05) differences among aggregate size fractions. Different lowercase letters indicate significant (p
<0.05) differences among tea plantation ages.

3.2.2. Invertase

The distribution pattern of invertase activity among different aggregate size fractions
was similar to that of B-glucosidase activity (Figure 2b). Across different tea plantation
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ages, invertase activity in the >2 mm aggregate fraction was significantly (p < 0.05) higher
than that in the other size fractions, with an average of 585.31 mg kg™ h!, followed by the
2-1 mm fraction (average 466.32 mg kg h), whereas the 1-0.25 mm and <0.25 mm frac-
tions exhibited relatively low activities, averaging 375.82 and 348.57 mg kg™ h™, respec-
tively. With increasing tea plantation age, all aggregate fractions >0.25 mm showed a sim-
ilar trend in invertase activity, with values at 16 years being significantly (p < 0.05) higher
than those at other plantation ages, while the invertase activity in the <0.25 mm fraction
did not differ significantly (p > 0.05) among plantation ages.

3.2.3. Urease

Across the various tea plantation ages, the >2 mm aggregate fraction exhibited the
greatest urease activity, with a mean value of 52.24 mg kg1 h-, which was significantly (p
<0.05) greater than that observed in the other aggregate size fractions; the 2-1 mm fraction
exhibited the second-highest activity, averaging 44.51 mg kg™ h™!, whereas the activities
in the 1-0.25 mm and <0.25 mm fractions were at relatively low levels, averaging 36.34
and 35.87 mg kg™ h7, respectively (Figure 2c). With increasing tea plantation age, the
trends in urease activity varied among aggregate size fractions: the >2 mm and 1-0.25 mm
fractions exhibited an initial rise in activity followed by a subsequent decline, with values
significantly (p < 0.05) greater at 16 years compared with other plantation ages. By con-
trast, no significant (p > 0.05) temporal changes were observed in the activities of the 2-1
mm and <0.25 mm fractions throughout the tea cultivation period.

3.2.4. Protease

The distribution pattern of protease activity among different aggregate size fractions
was similar to that of urease activity (Figure 2d). Under different tea plantation ages, pro-
tease activity in the >2 mm aggregate fraction was the highest, averaging 84.34 mg kg
h1, and was significantly (p < 0.05) higher than that in the other aggregate size fractions;
the 2-1 mm fraction exhibited the second-highest activity, averaging 70.84 mg kg™ h,
whereas the activities in the 1-0.25 mm and <0.25 mm fractions were at relatively low
levels, averaging 54.34 and 44.27 mg kg™ h, respectively. With increasing tea plantation
age, the >2 mm and 1-0.25 mm fractions showed a similar trend in protease activity, both
peaking (p < 0.05) at 16 years, while the protease activities in the 2-1 mm and <0.25 mm
fractions did not differ significantly (p > 0.05) among different plantation ages.

3.2.5. Acid Phosphatase

Across all tea plantation ages, acid phosphatase activity in soil aggregates did not
differ significantly (p > 0.05) among the different size fractions, indicating that acid phos-
phatase activity is relatively insensitive to changes in aggregate size (Figure 2e). During
tea cultivation, acid phosphatase activity in all aggregate size fractions increased progres-
sively with plantation age, with activities at 16 and 24 years being significantly (p < 0.05)
higher than those at 3 and 9 years.

In summary, the five enzymes exhibited two distinct distribution patterns with re-
spect to aggregate size. The C-cycling (3-glucosidase and invertase) and N-cycling (urease
and protease) enzymes consistently showed a declining trend with decreasing aggregate
size, with the highest activities consistently recorded in the >2 mm fraction and the lowest
in the <0.25 mm fraction. In marked contrast, acid phosphatase activity remained statisti-
cally uniform across all aggregate size fractions, demonstrating that this P-cycling enzyme
is largely insensitive to aggregate size.
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3.3. Contribution Rates of Different Aggregate Size Fractions to Soil Enzyme Activities

The average recovery rates of B-glucosidase, invertase, urease, protease, and acid
phosphatase activities across different tea plantation ages were 80.45%, 83.13%, 80.78%,
82.16%, and 81.66%, respectively (Figure 3). The recovery rate of acid phosphatase activity
did not differ significantly (p > 0.05) among plantation ages, whereas the recovery rates of
the enzymes involved in soil C and N cycling (i.e., B-glucosidase, invertase, urease, and
protease) were significantly (p < 0.05) lower at 16 years of tea cultivation than at the other
plantation ages.

Furthermore, the contribution rates of different aggregate size fractions to soil en-
zyme activities showed significant (p < 0.05) differences (Figure 4). Across all plantation
ages, the >2 mm fraction contributed the most to the activities of 3-glucosidase, invertase,
urease, protease, and acid phosphatase, accounting for 44.32-53.73%; this was followed
by the <0.25 mm fraction, with contribution rates ranging from 14.77% to 23.08%. In con-
trast, the 2-1 mm and 1-0.25 mm fractions contributed relatively little, with ranges of 8.81—
9.91% and 3.14-4.76%, respectively.
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Figure 3. Recovery rates of soil enzyme activities in tea plantations. Different lowercase letters indi-

cate significant (p < 0.05) differences among tea plantation ages.

Although the rank order of contribution rates ([>2 mm fraction] > [<0.25 mm fraction]
> [2-1 mm fraction] > [1-0.25 mm fraction]) was similar across all five enzymes (Figure 4),
the underlying drivers of this pattern differed markedly between acid phosphatase and
the other enzymes. For the C- and N-cycling enzymes, their high contribution rates from
the >2 mm fraction were driven by a combination of high mass proportion and high en-
zyme activity in this fraction (Figures 1 and 2a—d). In contrast, for acid phosphatase, the
predominant contribution of the >2 mm fraction was achieved almost exclusively through
its large mass proportion, because acid phosphatase activity did not differ significantly
(p > 0.05) among aggregate size fractions (Figures 1 and 2e). This distinction underscores
that the contribution rate of acid phosphatase is primarily governed by physical mass dis-
tribution rather than by aggregate-specific functional specialization, a point that further
differentiates P-cycling from C- and N-cycling processes in tea plantation soils.
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Figure 4. Contribution rates of different aggregate size fractions to soil enzyme activities in tea plan-
tations. (a) B-glucosidase; (b) invertase; (c) urease; (d) protease; (e) acid phosphatase. Different up-
percase letters indicate significant (p < 0.05) differences among aggregate size fractions. Different

lowercase letters indicate significant (p < 0.05) differences among tea plantation ages.
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4. Discussion
4.1. Effect of Soil Aggregate Size on Enzyme Activities

Soil enzyme activity is an important indicator for evaluating soil biological activity
and soil fertility [45]. Generally, enzymes in soil aggregates are adsorbed onto or bound
to soil colloids, thereby receiving physical protection against degradation and denatura-
tion [46]. Because the primary cementing agents that bind aggregates of different sizes are
not identical, the binding modes and adsorption capacities between enzymes occluded
within aggregates and soil colloids differ, which in turn influences the variation in enzyme
activities among aggregate fractions [47]. Some studies suggest that microaggregates ex-
hibit higher enzyme activities [26,28]. This is mainly attributed to two factors: first, en-
zymes are readily adsorbed by organo-mineral complexes in microaggregates and thus
are physically protected; second, most enzymes are primarily secreted by bacteria, and
the higher bacterial richness and diversity in microaggregates favor enzyme accumulation
[26,28]. In contrast, other studies suggest that soil macroaggregates contain relatively
more fresh particulate OM, which provides a greater amount of readily utilizable sub-
strates for enzymatic reactions, leading to higher enzyme activities in macroaggregates
[7,21]. Collectively, these findings indicate that the distribution of enzyme activities
among soil aggregates is rather complex and can be influenced by land use type, vegeta-
tion cover, and biological community composition.

In the present study, the activities of enzymes involved in soil C and N cycling (i.e.,
B-glucosidase, invertase, urease, and protease) exhibited a consistent pattern across ag-
gregate size fractions under different tea plantation ages: the highest activities were found
in the >2 mm aggregates, followed by the 2-1 mm fraction, whereas the 1-0.25 mm and
<0.25 mm fractions exhibited relatively low activities (Figure 2a—d). This suggests that the
higher C- and N-cycling enzyme activities in the >2 mm aggregates facilitated the decom-
position of soil OM, thereby promoting nutrient release and supply. Previous studies have
suggested that the variability in soil C- and N-cycling enzyme activities across aggregates
is governed by the distribution of soil OM content [45—47]. In the present study, however,
the spatial pattern of these enzyme activities did not coincide with that of soil OM content
(as indicated by soil organic C and total N contents). Specifically, both the >2 mm and 2-
1 mm fractions exhibited high organic C and total N contents (Table 2). Yet, while C- and
N-cycling enzyme activities were elevated in the >2 mm fraction, they remained compar-
atively low in the 2-1 mm fraction (Figure 2a—d). This mismatch may be explained by
variations in the distribution of OM availability within aggregates [48,49].

Table 2. Soil aggregate-associated organic C, total N, and microbial quotient in tea plantations. Dif-
ferent uppercase letters indicate significant (p < 0.05) differences among aggregate size fractions.

Different lowercase letters indicate significant (p < 0.05) differences among tea plantation ages.

Aggregate Size

Item Tea Plantation Age
>2 mm 2-1 mm 1-0.25 mm <0.25 mm

Organic C (g kg™) 3 years 1599+1.02cA 1526+1.03dA 1217+1.13cB  11.79+1.10aC
9 years 1834+143bA 17.76+0.87cA 1393+1.41bcB 12.52+1.54aC
16 years 2027 +2.17aA  19.61£096bA 1523+0.86bB 11.40+1.68 aC
24 years 21.49+1.80aA 2140+121aA 1844+0.79aB 12.44+0.98aC
Mean 19.02 18.51 14.94 12.04

Total N (g kg™) 3 years 0.88+0.08dA  0.83+0.08cA 0.74+0.07 B 0.77 +0.02 aB
9 years 094+0.06cA  095+0.06bA 0.77+0.11cB 0.82+0.06 aB
16 years 1.04+0.02bA  1.07+0.08aA 0.90+0.09 bB 0.79 +0.07 aC
24 years 113 £0.04 aA 1.12+0.04aA 1.03+0.05aB 0.83 £0.06 aC
Mean 1.00 0.99 0.86 0.80
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Microbial quotient (%)

3 years 222+0.08dA  1.77+0.07cB  1.70+0.08 cB 1.61+0.08 aC
9 years 311+0.12bA  219+0.16bB 2.04+0.14bB 1.64 +0.04 aC
16 years 3.39+0.06aA  248+0.08aB 2.45+0.16aB 1.60+0.11 aC
24 years 2.82+0.11 cA 1.80+0.07cB  1.95+0.09 bB 1.62+0.09 aC
Mean 2.88 2.06 2.04 1.62

Soil microbial quotient (microbial biomass C/organic C), an effective indicator of soil
fertility level and quality status, can accurately reflect changes in soil OM quality; a higher
quotient indicates higher OM availability [48,49]. Under different tea plantation ages, the
soil microbial quotient in the >2 mm aggregates was significantly (p < 0.05) higher than
that in the 2-1 mm fraction (Table 2). This suggests that substrate availability for soil mi-
croorganisms was relatively low in the 2-1 mm aggregates, leading to lower enzyme ac-
tivities in this fraction [21]. According to the theory of soil aggregate formation (the “hi-
erarchy model”), the 2-1 mm fraction represents a key transitional hub in aggregate turn-
over, where high OM content coexists with low availability [23]. The OM within this frac-
tion is more likely to be strongly associated with mineral surfaces (particularly Fe- and
Al-oxides, which are abundant in acidic Acrisols), rendering it less accessible to microbial
attack and enzymatic hydrolysis than the fresh, labile particulate OM that resides in the
macroaggregate interstices [23]. This physical and physicochemical protection effectively
decouples the “total C pool” from its “bioavailable fraction”, manifesting as a significantly
(p < 0.05) lower microbial quotient in the 2-1 mm fraction (Table 2). In contrast, the high
availability of soil OM in the >2 mm aggregates could provide more energy and nutrients
for microbial growth, thereby promoting microbial proliferation and enzyme activity [21].
The present findings further suggest that, within soil aggregates, the quality of OM played
a more critical role in shaping the distribution of C- and N-cycling enzyme activities than
did the content of OM.

Moreover, the elevated C- and N-cycling enzyme activities in macroaggregates also
reflect a synergistic combination of three interrelated factors. First, fungal dominance in
macroaggregates —where filamentous hyphae enmesh soil particles—favors the produc-
tion of C- and N-cycling enzymes, whereas microaggregates are more densely colonized
by bacteria with a narrower enzymatic repertoire per unit biomass [26]. Second, superior
aeration in macroaggregates, sustained by larger inter-aggregate pores, supports aerobic
hydrolase activities (e.g., f-glucosidase and urease), in contrast to the microaerophilic or
anaerobic microsites prevalent within microaggregates [20]. Third, these physical and bi-
ological advantages are reinforced by higher OM availability (as indicated by microbial
quotient in Table 2), which provides ample substrate for microbial enzyme production
[21]. Importantly, these three factors operate in a positive feedback loop: fungal hyphae
stabilize macroaggregates and maintain porous architecture, which sustains aerobic con-
ditions that, in turn, favor fungal activity over bacterial competition, thereby perpetuating
the functional differentiation between macro- and microaggregates.

No significant (p > 0.05) differences in acid phosphatase activity among aggregate
size fractions across all plantation ages (Figure 2e) distinguishes it from the C- and N-
cycling enzymes (Figure 2a—d). This uniformity suggests that acid phosphatase is less con-
strained by aggregate-scale physical protection or substrate accessibility, possibly because
phosphatases are predominantly secreted by microorganisms and plant roots in a rela-
tively diffusible form [15], and because organic P substrates are more evenly distributed
among aggregates than labile organic C and N [18]. This spatial insensitivity implies that
P mobilization in tea plantation soils is regulated more by bulk soil chemical properties
(e.g., pH and P sorption capacity) than by aggregate architecture, reinforcing the view that
P cycling operates under a distinct set of controls from C and N cycling [15,18].
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Notably, no-tillage management has profound implications for the spatial distribu-
tion and functional expression of soil enzymes [50]. In the absence of tillage, enzyme mol-
ecules secreted by microorganisms and plant roots tend to be retained within the same
aggregate microsites where they are produced, thereby forming hotspots of enzymatic
activity preferentially located in macroaggregates, which are rich in labile organic sub-
strates [51]. This may explain why we observed consistently higher C- and N-cycling en-
zyme activities in the >2 mm fraction compared with smaller aggregates (Figure 2a—d).
Conversely, in microaggregates, enzymes are more likely to be adsorbed onto organo-
mineral complexes and physically protected from degradation, which can decouple their
activity from substrate availability [51]. The contrasting behavior of acid phosphatase —
which showed no significant (p > 0.05) aggregate-size differentiation (Figure 2e) —may be
partly attributed to the fact that this enzyme is less physically protected and more respon-
sive to bulk soil chemical properties (e.g., pH and P deficiency), which are less influenced
by aggregate turnover under no-tillage [52].

4.2. Response of Soil Aggregate-Associated Enzyme Activities to Tea Plantation Age

Soil enzymes involved in C and N cycling (i.e., f-glucosidase, invertase, urease, and
protease) are key catalysts participating in the transformation and cycling of soil OM, and
can serve as sensitive indicators for evaluating the potential of soil OM sequestration and
decomposition [53]. In the present study, long-term tea cultivation contributed to soil OM
accumulation (Table 1). In contrast, the activities of soil C- and N-cycling enzymes first
increased and then decreased with increasing tea plantation age, peaking at 16 years (Ta-
ble 1). The observed peak of C- and N-cycling enzyme activities at 16 years can be tenta-
tively attributed to the following interrelated mechanisms. It is plausible that the low C/N
ratio of tea litter and increasing amount of litter inputs during the early (3-9 years) and
middle (9-16 years) stages enhanced enzyme activities [48], whereas the subsequent de-
cline in litter quality, coupled with potential accumulation of inhibitory polyphenolic
compounds [21] and progressive soil acidification [54], may have jointly suppressed en-
zyme activities in the late stage (16-24 years). Nevertheless, we acknowledge that these
mechanisms are inferred from indirect evidence rather than directly tested in the present
study; they should be viewed as testable hypotheses requiring future experimental veri-
fication (e.g., litter manipulation or pH adjustment experiments).

During the early and middle stages of tea cultivation, soil OM availability was rela-
tively high (as indicated by the higher soil microbial quotient) (Table 1), and soil C- and
N-cycling enzyme activities increased progressively (Table 1), indicating that the accumu-
lated OM was more readily mineralized and decomposed, thereby releasing more nutri-
ents for tea plant growth. In contrast, during the late stage of tea cultivation, soil OM
availability was relatively low (as indicated by the lower soil microbial quotient) (Table
1), accompanied by a progressive decline in soil C- and N-cycling enzyme activities (Table
1), suggesting that the decomposition rate of accumulated OM was lower at this stage,
which facilitated the sequestration of soil organic C and nutrients. Notably, the sensitivity
of C- and N-cycling enzyme activities to tea plantation age differed across aggregate size
fractions (Figure 2a—d). As plantation age increased, the enzyme activities associated with
the >2 mm aggregates reached a maximum at 16 years, whereas no significant (p > 0.05)
variation among ages was observed in the <0.25 mm fraction. This suggests that
macroaggregate-bound C- and N-cycling enzymes were more responsive to plantation
age than those residing in microaggregates.

Unlike the C- and N-cycling enzymes, which exhibited a unimodal response to tea
plantation age, acid phosphatase activity showed a progressive and sustained increase
with prolonged tea cultivation (Figure 2e). This contrasting pattern is mainly caused by
the following two reasons. First, the continuous accumulation of soil OM under long-term
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tea cultivation (Table 1) provides an increasingly abundant pool of organic P substrates
(e.g., nucleic acids, phospholipids, and phytate), which may act as a substrate-induced
driver for phosphatase production [14]. In acidic soils, where inorganic P is largely immo-
bilized by Fe®* and Al** through precipitation and strong adsorption, organic P constitutes
a major proportion of the available P pool [15]. Consequently, microorganisms and plant
roots in acid tea plantation soils are compelled to invest more energy in secreting acid
phosphatase to hydrolyze organic P esters, thereby acquiring inorganic phosphate for
growth [14,15]. This is consistent with the well-documented “resource allocation” theory,
which posits that microbial communities enhance the production of nutrient-acquiring
enzymes under conditions of limited nutrient availability [46,50]. Second, the pH-depend-
ent stability and catalytic efficiency of acid phosphatase itself should be considered. Un-
like alkaline or neutral phosphatases, acid phosphatase exhibits optimal activity at low
pH (typically pH 4.0-5.5), and its molecular conformation and active-site architecture are
evolutionarily adapted to acidic microenvironments [18]. As tea plantation age increased,
soil pH significantly declined from 4.58 to 4.32 (Table 1). This progressive acidification
may not only favor the conformational stability of acid phosphatase but also enhance its
substrate-binding affinity, thereby contributing to the observed upward trend in activity
[19].

4.3. Contribution Rates of Different Aggregate Size Fractions to Soil Enzyme Activities

During the aggregate fractionation process, all soil enzymes suffered losses to vary-
ing degrees, with average recovery rates ranging from 80.45% to 83.13% (Figure 3). This
occurred because the aggregates were disrupted during fractionation, causing the en-
zymes occluded within them to lose their physical protection and become inactivated,
thereby resulting in the loss of soil enzyme activities [33]. The recovery rates of soil C- and
N-cycling enzyme activities (i.e., f-glucosidase, invertase, urease, and protease) were sig-
nificantly (p < 0.05) lower at 16 years of tea cultivation than at the other plantation ages,
whereas the recovery rate of acid phosphatase activity did not differ significantly (p > 0.05)
among different plantation ages (Figure 3). In this study, the soil under 16-year tea culti-
vation contained a greater amount of >2 mm aggregates (Figure 1). Although the activities
of C- and N-cycling enzymes in these aggregates were relatively high (Figure 2a—d), these
enzymes were more susceptible to disruption because of the lower stability of larger ag-
gregates [33], which led to more severe losses of soil C- and N-cycling enzyme activities
during the aggregate fractionation process at 16 years of tea cultivation.

Integrating the mass proportions of different aggregate size fractions with their en-
zyme activities provides a comprehensive assessment of the contribution of each fraction
to soil enzyme activity [21]. In the present study, the relative contributions of aggregate
size fractions to total soil enzyme activities were ranked as: [>2 mm fraction] > [<0.25 mm
fraction] > [2-1 mm fraction] > [1-0.25 mm fraction] (Figure 4). Accordingly, the >2 mm
fraction functioned as the dominant reservoir of soil enzymes in the tea plantations. It is
noteworthy that, although the activities of C- and N-cycling enzymes were comparatively
low in the <0.25 mm fraction (Figure 2a-d), the high mass proportion of this fraction
within the soil led to a relatively large contribution to the overall C- and N-cycling enzyme
activities (Figure 4a—d). This finding further indicates that the contribution of each aggre-
gate fraction to soil enzyme activity is closely linked to its mass proportion.

In this study, the large contribution of the <0.25 mm fraction (14.77-23.08%) to total
enzyme activities, driven primarily by its high mass proportion rather than elevated unit
activity, carries practical implications for soil management. This finding reveals comple-
mentary functional roles of different aggregate fractions: macroaggregates serve as trans-
formation hotspots sustaining rapid C and N turnover, while microaggregates constitute
a large-volume physical reservoir that contributes baseline enzymatic function through
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sheer abundance [23]. Consequently, effective management should adopt a dual-target
strategy. For macroaggregates, maintenance of structural stability —through continuous
litter return and avoidance of mechanical disturbance—is paramount [23]. For mi-
croaggregates, however, management should emphasize chemical stabilization, particu-
larly mitigating the progressive acidification observed after 16 years (Table 1), which
threatens microaggregate integrity and their associated enzyme pools [23]. This differen-
tiated approach—physical preservation for macroaggregates versus chemical stabiliza-
tion for microaggregates—provides a more nuanced framework for sustaining soil en-
zyme functions in aging tea plantations.

Notably, the generalizability of our findings is constrained by the regional specificity
of our study system (subtropical Acrisols, Nanshanbaimao cultivar, no-tillage manage-
ment). At a mechanistic level, the observed functional differentiation between macro- and
microaggregates, the preferential enrichment of C- and N-cycling enzymes in
macroaggregates, and the distinct insensitivity of acid phosphatase to aggregate size are
grounded in established soil ecological principles that should be qualitatively transferable
to other tea-growing regions. However, the quantitative relationships and the specific 16-
year turning point may be modulated by regional factors such as climate (affecting de-
composition rates) [26], soil mineralogy (affecting P fixation and aggregation) [28], tea cul-
tivar polyphenol content (affecting enzyme inhibition) [45], and management intensity
[50]. We therefore recommend cautious extrapolation of the precise magnitudes and age
thresholds identified here, while considering the qualitative mechanistic framework as
broadly applicable. Site-specific validation is encouraged before applying our findings to
regions with contrasting environmental or management conditions.

5. Conclusions

In this study, the activities of soil enzymes involved in C and N cycling initially in-
creased and then decreased with increasing tea plantation age, reaching a relatively high
level at 16 years, whereas soil acid phosphatase activity increased progressively with plan-
tation age. Soil C- and N-cycling enzyme activities were relatively high in the >2 mm ag-
gregate fraction, while acid phosphatase activity was less affected by changes in aggregate
size. As the primary carrier of soil enzymes, the formation and stabilization of >2 mm
aggregates are of great importance for maintaining soil enzyme activity and promoting
soil organic C and nutrient cycling, thus supporting our hypothesis. In tea plantation man-
agement, attention should be directed to the breakdown and disruption of >2 mm aggre-
gates after 16 years of cultivation, so as to safeguard soil quality and sustain soil organic
C and nutrient use efficiency.

This study advances prior work on static nutrient stocks in aggregates by revealing
the functional dynamics of enzyme-driven C, N, and P transformations in tea plantation
soils. Three key findings emerge: (i) C- and N-cycling enzymes are consistently enriched
in macroaggregates (>2 mm) as “hotspots” of nutrient transformation, whereas acid phos-
phatase activity is insensitive to aggregate size—a functional differentiation not previ-
ously documented; (ii) C- and N-cycling enzyme activities peak at 16 years, revealing a
trade-off between organic matter accumulation and decomposability with increasing
plantation age, while acid phosphatase increases monotonically, suggesting P-acquiring
capacity is progressively reinforced rather than suppressed; and (iii) microaggregates
(<0.25 mm) contribute substantially to total enzyme activity through their high mass pro-
portion rather than elevated unit activity, underscoring their complementary role as phys-
ical reservoirs sustaining baseline enzymatic function.

In addition, several limitations point to future research priorities. The chronose-
quence approach requires long-term monitoring or reciprocal transplantation experi-
ments to disentangle age effects from site legacies. The proposed mechanisms for the post-
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16-year decline—polyphenol accumulation and acidification —need targeted manipula-
tive experiments (e.g., polyphenol addition or pH gradient incubations) to establish cau-
sality. Additionally, comparative studies across soil depths, climatic gradients, and man-
agement systems are necessary to test the generalizability of our findings. Addressing
these gaps will refine mechanistic understanding of soil functional evolution in aging tea
plantations and strengthen the scientific basis for sustainable soil management.

Supplementary Materials: The following supporting information can be downloaded at:

https://www.mdpi.com/article/10.3390/agronomy16131244/s1, Table S1: One-way ANOVA regard-

ing the effect of tea plantation age on the properties of litter and bulk soil, and repeated-measures

ANOVA regarding the effects of tea plantation age and aggregate size on the properties of soil ag-
*% %

gregates. **, *, and ns indicate significant differences at p <0.01, p <0.05, and p > 0.05 (not significant),
respectively.
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