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Abstract

Long-term monoculture is a major driver of soil degradation A multiple regression model explained 76.4% of yield

in tropical agroecosystems, yet quantitative evidence on
critical thresholds governing soil functionality remains
limited. This study integrates field-based observations with
predictive modelling to characterize degradation dynamics
and identify threshold responses in long-term tea (Camellia
sinensis) systems in the Central Highlands of Vietnam.

Soils from plantations of different ages (5, 10, and 20 years)
were compared with native forest systems across key
physicochemical and biological indicators. Results show
substantial declines in soil organic carbon (SOC, —48%),
available phosphorus and potassium (—48%), and plant-
available water capacity (—36%), accompanied by increased
bulk density and severe biological degradation.

variability, highlighting SOC, available P, total K, and
PAWC as dominant predictors of productivity. Importantly,
piecewise regression revealed clear non-linear responses and
identified critical thresholds at SOC =~ 12 mg g and
available P = 6 pg g, below which yield and economic
returns decline abruptly.

These findings demonstrate that soil degradation follows a
threshold-driven process rather than a linear trajectory. The
study advances current understanding by providing a
quantitative framework for identifying tipping points in soil
systems and introduces threshold-based indicators as early-
warning tools for sustainable management of perennial
cropping systems in tropical highlands.
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1. Introduction

Soil degradation is a major constraint to sustainable agricultural production in tropical regions, particularly under long-term
monoculture systems. Tea (Camellia sinensis), one of the most widely cultivated perennial crops, is often grown continuously
for decades, leading to progressive deterioration of soil chemical, physical, and biological properties. Previous studies have
documented declines in soil organic carbon (SOC), nutrient availability, and biological activity in tea-growing regions (Guo et
al.,2010; Yan et al., 2018) > 171,

Soil organic carbon plays a central role in maintaining soil fertility, structure, and ecosystem functioning, and its depletion has
been widely linked to declining productivity and soil degradation (Lal, 2004; Six et al., 2002) ™ 31, In tropical soils, nutrient
depletion is further exacerbated by strong weathering processes and phosphorus fixation (Walker and Syers, 1976; Tiessen et
al., 1994) [16.15],

Despite these advances, most studies remain descriptive and fail to identify critical thresholds at which soil degradation
transitions from reversible to irreversible states. Ecological theory suggests that ecosystems may undergo abrupt changes when
key variables cross tipping points (Scheffer et al., 2001) 2. However, such threshold behavior has rarely been quantified in
agricultural soil systems.

In Vietnam, tea cultivation has expanded rapidly in the Central Highlands, where Ferralsols dominate. These soils are
inherently vulnerable due to low nutrient reserves and high weathering intensity (FAO, 2015) 2. A recent study demonstrated
significant declines in soil quality and productivity over a 20-year period, but did not provide a predictive framework for soil
degradation.
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Therefore, this study aims to quantify soil degradation
dynamics, identify key soil properties controlling
productivity, and determine threshold values for sustainable
management in tropical tea systems.

Despite increasing recognition of soil degradation under
perennial monoculture systems, quantitative identification of
critical thresholds remains largely unexplored. Most existing
studies focus on gradual changes in soil properties,
overlooking the possibility of abrupt transitions and tipping
points in soil functionality.

We hypothesize that soil degradation in long-term tea
systems exhibits non-linear dynamics, characterized by
critical thresholds beyond which productivity declines
disproportionately.

Therefore, this study aims to:

1. Quantify temporal changes in soil chemical, physical,

and biological properties under long-term tea
monoculture,

2. Identify key soil drivers controlling yield variability,
and

3. Determine critical threshold values that define

transitions from sustainable to degraded soil states.

2. Materials and Methods

2.1 Study Area

The study was conducted in Bao Loc City, Lam Dong
Province, located in the Central Highlands of Vietnam
(11°32'-11°36" N; 107°42'-107°47" E), at elevations ranging
from 850 to 950 m above sea level. The region is
characterized by a tropical monsoon climate, with a mean
annual rainfall of 2300-2500 mm and a distinct wet season
from May to October.

Mean annual temperature is approximately 21-23°C, with
relatively small seasonal variation. The dominant soil type is
Ferralsols derived from basaltic parent material, which are
typically characterized by high weathering intensity, low
nutrient reserves, and strong phosphorus fixation capacity.

2.2 Dataset and experimental design

The dataset comprises soil samples collected from four land-
use types representing a chronosequence of tea cultivation:
native forest (reference system) and tea plantations aged 5,
10, and 20 years.

At each site, five replicate plots (n = 5) were established,
and composite soil samples were collected from the topsoil
layer (020 cm depth) by mixing multiple subsamples
within each plot to ensure spatial representativeness.

The selected chronosequence approach allows for the
assessment of temporal changes in soil properties associated
with long-term monoculture under similar environmental
conditions.

The following soil physicochemical and biological variables
were measured:

Soil organic carbon (SOC), available phosphorus (P),
available potassium (K), total nitrogen (N), total phosphorus
(P), soil pH, bulk density, plant-available water capacity
(PAWC), and earthworm density.

2.3 Statistical analysis

All statistical analyses were performed using R software
(version X.X.X). Prior to analysis, data were tested for
normality and homogeneity of variance using the Shapiro—
Wilk and Levene tests, respectively.

www.multiresearchjournal.com

Differences among land-use types were evaluated using one-
way analysis of variance (ANOVA), followed by Tukey’s
honestly significant difference (HSD) test at a significance
level of p <0.05.

To identify key soil variables controlling tea yield, multiple
linear regression analysis was conducted. Multicollinearity
among predictors was assessed using variance inflation
factors (VIF), and variables with high collinearity were
excluded from the final model. Model performance was
evaluated based on the coefficient of determination (R?) and
statistical significance of predictors.

Threshold behavior in soil—yield relationships was analyzed
using piecewise (segmented) regression. Breakpoints were
estimated through iterative optimization, and model
improvement over linear regression was evaluated based on
residual reduction and goodness-of-fit criteria.

Multiple regression analysis was applied to identify soil
variables controlling tea yield. Model performance was
evaluated using R>.

Threshold analysis was conducted wusing piecewise
regression to identify breakpoints in soil—yield relationships.

3. Results

3.1 Soil degradation dynamics under long-term tea
monoculture

Long-term tea monoculture resulted in a consistent and
progressive deterioration of soil quality across chemical,
physical, and biological dimensions. The magnitude of
degradation increased with plantation age, indicating
cumulative and time-dependent effects (Table 1).

Soil organic carbon (SOC) declined markedly from 23.81
mg g! in native forest soils to 11.78 mg g in 20-year tea
plantations, representing a reduction of approximately 50%.
A similar declining trend was observed for available
phosphorus and potassium, both decreasing by nearly 48%
over the cultivation period.

In parallel, substantial physical degradation was observed.
Bulk density increased from 0.99 to 1.32 Mg m™, indicating
progressive soil compaction, while plant-available water
capacity (PAWC) declined from 14.79% to 9.38%,
reflecting reduced soil porosity and water retention capacity.
Biological degradation was particularly pronounced, with
earthworm density decreasing by more than 80% across the
chronosequence.

Importantly, the rate of degradation appeared to accelerate
beyond 10 years of cultivation, suggesting the presence of
non-linear feedback mechanisms.

Table 1: Changes in soil properties under long-term tea cultivation

Indicator | Unit |Forest (0 yr) Tea S yr|Tea 10 yr Tea 20 yr
SOC | ma gt 2381091/ 1693+ 1397+ [ 1178+
g8 a 1.03b | 1.12¢ | 0.74d
. 11.64+096 834+ | 684+ | 602+

-1
Available Pl pg g a 0.84b | 0.74c | 0.63d
Availabe 118621211398+ 1192+ | 9.63 =
He s a 1.07b | 096c | 0.82d
Bulk . LI+ | 123+ | 132+
density | M&™” 099£0.05d1 5500 | 606 | 0.05a
1479+053] 1128+ | 1005+ | 938+
0,

PAWC & a 0.61b | 052¢ | 047d
Earthworm| 2218 £225| 1401+ 878+ | 388+
density a 2.20b 1.70 ¢ 2.05d

Note: Values are mean + SD (n = 5). Different letters indicate
significant differences (p < 0.05).
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25 Table 2: Multiple regression model for tea yield
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Caption (d4n dwéi hinh trong bai):

Temporal changes in key soil indicators (SOC, available P,
bulk density, and PAWC) across plantation ages. Results
show progressive soil degradation characterized by
declining nutrient levels and increasing soil compaction.

3.2 Soil-yield relationships and key controlling factors
Strong relationships were observed between soil properties
and tea yield, indicating that soil quality is a dominant
determinant of productivity (Table 2). The multiple
regression model explained 76.4% of the variability in yield
(R#=10.764, p <0.001).

Among the predictors, SOC exhibited the strongest positive
effect on yield, confirming its central role in maintaining
soil fertility and structure. Available phosphorus and total
potassium were also significant contributors, highlighting
nutrient limitation in highly weathered soils.

Plant-available water capacity (PAWC) emerged as a key
physical driver, indicating that water availability is equally
critical as nutrient supply.
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Fig 2: Relationship between SOC and tea yield
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Caption:

Relationship between soil organic carbon (SOC) and tea
yield. The positive linear trend indicates that higher SOC
levels are associated with increased productivity.

3.3 Threshold behavior and identification of critical soil
limits

Piecewise regression analysis revealed clear non-linear
relationships between soil properties and tea yield,
indicating threshold-driven system behavior.

Two critical thresholds were identified:

= SOC=12mgg!

=  AvailableP=6 pg g™

Above these thresholds, yield declined gradually. However,
once crossed, yield decreased sharply, indicating a tipping
point in soil functionality.

Additional thresholds were identified for PAWC (~10%)
and bulk density (~1.30 Mg m™3), suggesting that both water
availability and compaction are critical constraints.

Table 3: Threshold values of key soil indicators

. S.ml Threshold| Unit Interpretation
indicator
SOC 12 mg g Rapid yield decline below this
level
Available P ~6 ug g Severe nutrient limitation
PAWC ~10 % Reduced water availability
Bulk density| ~1.30 | Mgm™ Root growth limitation

Y-Data
300

X-Data

Program Se at www waterlog.info/segreg htm

Fig 3: Threshold response (piecewise regression)

Caption:

Threshold response of tea yield to SOC. Piecewise
regression identifies a breakpoint at ~12 mg g', below
which yield declines sharply.

4. Discussion (Q1-upgraded version)

4.1 Threshold-driven and non-linear soil degradation
The results provide strong evidence that soil degradation
under long-term tea monoculture follows a non-linear
trajectory characterized by threshold behavior rather than
gradual decline. The identification of critical thresholds for
soil organic carbon (SOC = 12 mg g') and available
phosphorus (= 6 pg g') indicates the presence of tipping
points beyond which soil functionality deteriorates rapidly.
This finding aligns with ecological threshold theory, which
suggests that ecosystems can shift abruptly between
alternative stable states once critical limits are exceeded
(Scheffer et al., 2001) U2, In soil systems, SOC plays a
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fundamental role as a regulator of aggregate stability,
nutrient cycling, and microbial activity (Lal, 2004; Six ef al.,
2002) ™ 3, When SOC declines below a critical level,
reinforcing feedback mechanisms—such as reduced
biological activity, impaired aggregation, and increased
erosion—can accelerate soil degradation (Stockmann et al.,
2013; Sanderman et al., 2017) !4 111,

Similarly, phosphorus availability becomes a critical
constraint in highly weathered tropical soils, where P is
strongly sorbed by iron and aluminum oxides (Walker and
Syers, 1976; Tiessen et al., 1994) ['6 151 The identified
threshold (~6 pg g') likely represents a minimum
requirement for sustaining plant productivity and microbial
processes.

The sharp decline in yield observed below these thresholds
confirms that soil degradation is governed by tipping-point
dynamics, marking a transition from productive to degraded
system states.

4.2 Mechanisms of soil degradation in tropical tea
systems

The observed degradation patterns can be explained by the
interaction of chemical, physical, and biological processes
that collectively drive soil quality decline under long-term
monoculture. Among these, SOC depletion acts as a central
mechanism linking multiple degradation pathways.
Declining SOC reduces aggregate stability and soil
structural integrity, leading to increased bulk density and
reduced porosity. This, in turn, limits water infiltration and
decreases plant-available water capacity (PAWC), as
observed in older plantations. Reduced soil moisture
availability further constrains plant growth and microbial
activity, reinforcing the degradation process.

Nutrient depletion, particularly of phosphorus and
potassium, is primarily driven by continuous biomass
removal without adequate replenishment. In Ferralsols,
these losses are exacerbated by leaching and strong
phosphorus fixation, resulting in progressively declining
nutrient availability (Tiessen et al., 1994; Liu et al., 2013)
(15 71" The observed trends are consistent with previous
studies in long-term tea systems, where nutrient imbalance
is a major limitation to sustained productivity (Guo et al.,
2010; Yan et al., 2018) B3 17,

Biological degradation is also a critical component, as
evidenced by the substantial decline in earthworm density.
Soil fauna play essential roles in organic matter turnover,
aggregation, and nutrient cycling (Lavelle et al., 2006) B,
Their reduction indicates a disruption of soil ecological
functioning and a loss of system resilience.

Importantly, these processes are interconnected through
reinforcing feedback loops. SOC depletion reduces
biological activity and soil structure, which accelerates
nutrient loss and further limits plant growth. This self-
reinforcing cycle explains the progressive and accelerating
nature of soil degradation observed in long-term tea
monoculture systems.

4.3 Implications for tropical agroecosystems

The findings have broad implications for tropical
agroecosystems dominated by perennial monocultures. The
identification of critical soil thresholds provides a
quantitative framework for monitoring soil health and
predicting  productivity decline before irreversible
degradation occurs.
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Ferralsols are particularly vulnerable due to their inherently
low nutrient reserves and high weathering intensity (FAO,
2015) 1. Once soil properties fall below critical thresholds,
recovery becomes increasingly difficult, as demonstrated in
global studies on soil carbon loss and ecosystem degradation
(Oldfield et al., 2019; Poeplau and Don, 2015) 101,

The threshold-based approach proposed in this study
represents a shift from descriptive soil assessment toward
predictive and process-based management. Similar threshold
behavior has been reported in various agroecosystems
worldwide, suggesting that tipping-point dynamics may be a
general feature of soil degradation processes (Biinemann et
al.,2018) 1,

Although this study focuses on tea systems in Vietnam, the
underlying mechanisms and threshold responses are likely
applicable to other perennial cropping systems in tropical
regions, including coffee, rubber, and oil palm.

4.4 Management implications

The results highlight the importance of maintaining soil
properties above critical thresholds to ensure long-term
productivity and sustainability. Management strategies
should prioritize increasing soil organic matter inputs
through practices such as compost application, manure
incorporation, and biochar amendment, which enhance SOC
and improve soil structure (Lehmann and Joseph, 2015) ©],
Cover cropping and mulching can reduce soil erosion and
improve water retention, particularly in sloping tropical
landscapes. Additionally, reducing soil compaction through
controlled traffic and minimizing intensive mechanization
can help maintain soil porosity and root development.
Balanced fertilization strategies are essential to address
phosphorus limitation and sustain crop productivity.
Importantly, management interventions should be
implemented proactively, before soil properties fall below
critical thresholds, as restoration becomes increasingly
difficult once degradation advances beyond tipping points.

5. Conclusion

This study provides strong empirical evidence that soil
degradation under long-term tea monoculture in tropical
highlands is governed by threshold-driven dynamics rather
than gradual change. Significant declines in soil organic
carbon, nutrient availability, and biological activity,
combined with increased soil compaction, indicate a
progressive deterioration of soil quality with plantation age.

The identification of critical thresholds for SOC (~12 mg
g ') and available phosphorus (~6 ug g') represents a key
advancement in understanding soil system behavior. Below
these thresholds, both crop productivity and economic
viability decline sharply, indicating a tipping point in system
sustainability.

By integrating field observations with statistical and
threshold modelling, this study establishes a predictive
framework for identifying early warning signals of soil
degradation. This approach enables the development of
targeted management strategies aimed at maintaining soil
functionality and preventing irreversible decline.

From a practical perspective, maintaining soil organic
matter, improving nutrient management, and reducing soil
compaction are essential for sustaining long-term
productivity in tropical agroecosystems.

Overall, this research advances the understanding of soil
degradation processes in perennial cropping systems and
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provides a quantitative basis for threshold-based soil
management applicable to tropical highland environments.
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