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Abstract

By analyzing different plantations in Nur-Sultan, screening comprehensive
health evaluation indicators, and establishing a comprehensive health evalua-
tion model, this study provides a theoretical foundation for the comprehensive
health evaluation of plantations in Nur-Sultan and its surrounding areas. The
study investigated 25 plantation sample plots and 2 natural forest sample plots
in Nur-Sultan, selecting a total of 14 indicators including understory vegetation
Shannon-Wiener index (X1), Pielou index (X2), Simpson index (X3), stand
spatial comprehensive structure index (X4), soil organic matter (X5), total
nitrogen (X6), total phosphorus (X7), pH (X8), mass water content (X9),
average tree height (X10), average DBH (X11), average height under branch
(X12), average crown width (X13), and understory regeneration (X14). Using
multivariate statistical analysis methods such as factor analysis, cluster anal-
ysis, discriminant analysis, and stepwise regression analysis, a comprehensive
evaluation of the health status of plantations in Nur-Sultan was conducted.
Through factor analysis, the 14 individual indicators were transformed into
4 mutually independent comprehensive indicators with contribution rates of
30.482%, 24.374%, 19.711%, and 8.646%, respectively, representing 83.212%
of the total information. The comprehensive health score was obtained by
combining the factor score coefficient matrix with the weight of each factor.
Cluster analysis was performed on the comprehensive health scores, dividing
the selected sample plots into 5 categories: excellent health ( ), good health (),
moderate health (), sub-health (), and unhealthy (). Discriminant analysis
was used to verify the effectiveness of the cluster analysis, with self-validation
and cross-validation accuracies of 100% and 85.185%, respectively. Stepwise
regression analysis was employed to establish the optimal mathematical model
for plantation health evaluation in Nur-Sultan: H= 0 4+ 0.293X13 +0.186X5
+ 0.079X3 + 0.100X2 + 0.038X7 (R2=0.987), screening out 5 indicators for
determining plantation health status: average crown width, soil organic matter,
Simpson index, Pielou index, and soil total phosphorus. Average crown width,
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soil organic matter, Simpson index, Pielou index, and soil total phosphorus
can serve as indicators for determining the health status of plantations in
Nur-Sultan. These 5 indicators can be measured under the same conditions to
calculate the comprehensive health evaluation value and predict their health
status.
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Abstract

This study analyzes different plantations in Nursultan to screen comprehensive
health evaluation indicators and establish a health assessment model, provid-
ing a theoretical foundation for health evaluation of plantations in Nursultan
and surrounding areas. We investigated 25 plantation plots and 2 natural for-
est plots in Nursultan, evaluating 14 indicators: Shannon-Wiener index (Xj),
Pielou index (X,), Simpson index (X3), stand spatial structure comprehensive
index (X,), soil organic matter (X;), total nitrogen (Xg), total phosphorus (X,),
soil pH (Xg), mass water content (Xg), mean tree height (X;,), mean diame-
ter at breast height (X;;), mean height under branches (X;,), mean canopy
width (X;3), and understory regeneration (X;,). Using multivariate statistical
methods including factor analysis, cluster analysis, discriminant analysis, and
stepwise regression, we conducted a comprehensive health assessment of Nursul-
tan plantations.

Factor analysis converted 14 individual indicators into 4 independent compre-
hensive indicators with contribution rates of 30.482%, 24.374%, 19.711%, and
8.646%, respectively, representing 83.212% of the total information. Health com-
posite scores were calculated using factor score coefficient matrices and factor
weights. Cluster analysis of these scores classified sample plots into five cate-
gories: high-quality health (7.407%), good health (11.111%), moderate health
(44.444%), sub-health (29.630%), and unhealthy (7.407%). Discriminant anal-
ysis validated the clustering results with self-verification and cross-validation
accuracies of 100% and 85.185%, respectively. Stepwise regression established
the optimal mathematical model for plantation health assessment: H = 0 +
0.293X,5 + 0.186X; + 0.079X; + 0.100X, + 0.038X, (R? = 0.987). Five key
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indicators were selected: mean canopy width, soil organic matter, Simpson in-
dex, Pielou index, and soil total phosphorus. These indicators can be measured
under similar conditions to calculate comprehensive health evaluation values
and predict plantation health status.

Keywords: plantations; factor analysis; cluster analysis; discriminant analysis;
stepwise regression analysis; health assessment

1. Introduction

Forests constitute a major component of many terrestrial ecosystems, provid-
ing not only important economic products including timber, pulp, fiber, and
food, but also diverse ecosystem services. Forest health is crucial for main-
taining services upon which humans depend and for effectively protecting forest
organisms. Plantations currently cover a significant portion of global forest area
and may account for an increasing share by the end of this century. However,
plantations often feature single-species cultivation and intensive management,
making monoculture stands more vulnerable to health problems. Although ex-
isting forests have adapted to certain degrees of disturbance, all forests now face
new pressures, necessitating the development of systems to assess forest health
conditions. Plantation health assessment forms the foundation for plantation
construction and sustainable development, providing references for plantation
management to ensure continuous service delivery.

Numerous studies on forest health assessment have been reported, though defi-
nitions of forest health vary among researchers, as do evaluation indicators and
methods. No standardized evaluation model has yet been established. Some
scholars argue that healthy forests must be structurally sustainable and meet
ecological or economic management objectives without compromising sustain-
ability. Others contend that healthy forests maintain ecosystem stability with
strong self-regulation capacity while fully and continuously delivering ecological,
social, and economic benefits. Forest health is also associated with biodiversity,
ecosystem services, and forest economic value, requiring consideration of mul-
tiple factors including temperature, precipitation, CO, concentration, nitrogen
deposition, air pollutants, pathogens, and pests when assessing current and fu-
ture forest health.

Recent studies have employed various methods for forest health evaluation.
Some used neural networks to assess forest health in Hunan Province using
structural integrity, functional stability, system vitality, and sustainability indi-
cators. Others applied cloud models to evaluate forest health around Dongting
Lake using structural, vitality, sustainability, and resistance indicators. Despite
these efforts, current research faces several challenges: evaluation indicators are
diverse and overly complex; forest value target achievement receives insufficient
consideration; and assessments focus primarily on static health conditions with
limited attention to dynamic trends.
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To address these issues, this study employs multivariate statistical methods to
evaluate Nursultan plantations using five categories of indicators: tree growth,
stand spatial structure, understory plant diversity, soil physicochemical proper-
ties, and regeneration. We aim to establish a health assessment mathematical
model for Nursultan plantations, identify key indicators for health determina-
tion, and provide a theoretical foundation for predicting plantation health status
and sustainable management.

1.1 Study Area Overview

The study area is located in and around Nursultan, the capital of Kazakhstan.
The region has a typical continental climate, with Nursultan known as the world’
s second-coldest capital. Winters are long, cold, and snowy, while summers are
hot and dry. The winter season extends for 5-6 months with a snow cover period
of 130-140 days. The average annual temperature is 3.2°C, with July averaging
20.8°C and January averaging -14.2°C. Annual sunshine duration is 2,200 hours.
The average annual precipitation is 299.55 mm, with summer accounting for
the largest share (59.74% of annual precipitation) occurring during the growing
season from April to September. The multi-year average potential evapotran-
spiration is 721.23 mm, and the multi-year average dryness index is 2.8. The
average wind speed is 3.4 m - s~!, with minimum speeds in July and maximum
in March (average 3.9 m+s~!). Prevailing winds are southerly and southwesterly
in autumn-winter, shifting to northeasterly in summer.

The study area represents a typical combination of grassland and plantations,
with plantations primarily consisting of mixed forests. Representative plan-
tation species include Scots pine (Pinus sylvestris), Russian olive (Flaeagnus
angustifolia), boxelder maple (Acer negundo), white birch (Betula platyphylla),
Siberian elm (Ulmus pumila), raspberry (Rubus), blackcurrant (Ribes nigrum),
and red-barked dogwood (Cornus alba). Before afforestation, the area was a
vast grassland.

1.2 Data Sources and Processing

To scientifically assess plantation health conditions, we selected 27 sample plots
(25 plantations and 2 natural forests) following comprehensive, representative,
and typical principles based on plantation growth and distribution, remote sens-
ing imagery, and forest compartment divisions from the Kazakhstan Forestry
Committee. Field surveys were conducted in July-August 2019 using plot sam-
pling methods.

Plot sizes were flexibly set according to actual site conditions while adhering to
these principles: (1) total plot area > 600 m?; (2) minimum plot specification
> 10 m x 10 m; (3) each plot contained > 3 herbaceous subplots > 1 m x 1
m; (4) each subplot was replicated 3 times. Survey content included: (1) basic
plot information (coordinates, elevation, species composition, age group classi-
fication); (2) tree measurements for every individual (species, location, height,
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DBH, height under branches, crown width) plus understory regeneration status;
(3) stand spatial structure characteristics using structured forest management
survey protocols to eliminate systematic edge effects; (4) herbaceous layer sur-
veys using the French-Swiss school method to record frequency, coverage, height,
dominance, and aggregation; (5) soil samples collected via soil pits and augers at
0-300 cm depth for moisture and 0-60 cm for other properties, with 3 replicates
per plot. Soil physicochemical properties were measured in the laboratory.

Data processing was performed in Excel 2010 and SPSS 26.0.

1.3.1 Evaluation Index System Construction

Based on four value dimensions—ecological, living, aesthetic, and cultural—we
selected 14 representative, quantifiable indicators following scientific, objective,
systematic, operational, and applicable principles:

(1) Tree growth indicators: Mean DBH, mean tree height, mean canopy
width, and mean height under branches, calculated as plot averages.

(2) Understory plant diversity indicators: Shannon-Wiener index, Pielou
index, and Simpson index calculated following Fang et al.” s methods.

(3) Soil physicochemical property indicators: Soil organic matter, total
nitrogen, total phosphorus, pH, and mass water content, with water content
averaged across soil depths.

(4) Understory regeneration indicator: Quantified according to continuous
forest inventory technical regulations.

(5) Stand spatial structure comprehensive index: Calculated as:

Stand spatial structure index = /(M A —0.25)2 + (UA — 0.25)2 + (WA — 0.5)2 4+ (K — 1)2

where MA is stand average mingling, UA is stand average size ratio, WA is
stand average angular scale, and K is mean stand crowding. MA, UA, and WA
calculations follow structured forest management protocols, while K follows Hui
et al.” s methods.

Tree growth reflects plantation development patterns and management effective-
ness, representing ecological, living, and aesthetic values. Understory diversity
forms the foundation of ecosystem integrity, representing ecological value while
enhancing living and aesthetic values. Soil properties, as essential ecological
factors, influence material cycling and energy flow. Natural regeneration relates
to sustainable management goals and future value realization. Stand spatial
structure reflects interspecific patterns, crucial for stability and management,
representing ecological, living, and cultural values.

1.3.2 Analysis Methods

This study integrated four multivariate statistical methods: factor analysis, clus-
ter analysis, discriminant analysis, and stepwise regression.
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Factor Analysis: Indicators were classified as positive (higher values = bet-
ter health), negative (lower values = better health), or bidirectional (optimal
range). Negative indicators were transformed to their opposites. All data were
Z-score standardized (bidirectional indicators also standardized). Factor analy-
sis reduced dimensionality, with KMO and Bartlett’ s tests verifying suitability.
Principal components were extracted based on eigenvalues > 1. The health
composite score formula was:

4 14
H, = Zmezlvmixzij

m=1 i=

where H; is the health score for plot j, W, is the weight of factor m, V,,,; is the
score coefficient of indicator ¢ for factor m, and Z;; is the standardized value of
indicator ¢ for plot j.

Cluster Analysis: System clustering classified plots into five health levels:
high-quality, good, moderate, sub-health, and unhealthy.

Discriminant Analysis: Fisher’ s discriminant functions validated clustering
results.

Stepwise Regression: Established a predictive health assessment model.

2. Results and Analysis

Given the complexity of plantation ecosystems, individual indicators exhibit
varying correlations, creating information overlap and indicating that plantation
health is a multifaceted concept. Indicators also contribute differently to health
status, making direct evaluation inaccurate. Multivariate statistical methods
address these limitations.

2.1 Screening and Analysis of Plantation Health Evaluation Factors

Factor analysis of 14 indicators was conducted. KMO (0.715) and Bartlett’ s
test (P < 0.05) confirmed data suitability. Using eigenvalues > 1 and scree
plot analysis [Figure 1: see original paper], four factors were extracted with ro-
tated variance contributions of 30.482%, 24.374%, 19.711%, and 8.646%, cumu-
latively explaining 83.212% of variance . Factor weights were 36.632%, 29.291%,
23.688%, and 10.390%, respectively.

The rotated component matrix showed: - Factor F; correlated highly with
tree height, DBH, height under branches, and canopy width, representing tree
growth. - Factor F, correlated with Shannon-Wiener, Pielou, Simpson indices
and stand spatial structure index, representing understory diversity and spatial
structure. - Factor F; correlated with soil total nitrogen, total phosphorus, pH,
and moisture, representing soil properties. - Factor F, correlated highly with
understory regeneration.
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Factor score equations were:

F, = —0.050X, 4 0.315X,, + 0.233X,, + 0.043X,, + 0.231.X
F, = 0.319X, + 0.298X, + 0.330X, + 0.318X,, + 0.021X,,

Fy = 0.169X; + 0.076X, + 0.180X;, + 0.063 X, + 0.111X,

F, = —0.060X; 4 0.004X, + 0.785X,,

Composite health scores were calculated for each plot . The highest score be-
longed to a natural birch forest (plot 2), indicating optimal health with complex
vertical structure, high species richness, abundant regeneration, and tallest trees.
It also had the highest soil organic matter, total nitrogen, and total phosphorus.
The lowest score was a young Scots pine plantation (plot 25) lacking herbaceous
understory and regeneration.

2.2 Plantation Health Level Classification

Based on composite health scores, cluster analysis classified plots into five cat-
egories : - High-quality health (I): 2 plots (7.407%), H > 0.773 - Good
health (II): 3 plots (11.111%), 0.267 < H < 0.773 - Moderate health (III):
12 plots (44.444%), -0.107 < H < 0.267 - Sub-health (IV): 8 plots (29.630%),
-0.400 < H < -0.107 - Unhealthy (V): 2 plots (7.407%), H < -0.400

Overall, 62.963% of plantations were in good or better condition.

Discriminant analysis validated these results. Fisher’ s linear discriminant func-
tions were:

Y, = 1.433F, +0.773F, + 0.127F; + 0.398F),

Y, = 0.751F, + 1.837F, + 1.091F, + 1.684F,

Y, = —0.100F; + 0.806F, + 1.433F; + 0.398F}

Y, = —0.110F; — 0.100F, 4+ 0.773F; + 1.091F),

The first discriminant function strongly distinguished classes (R = 0.864) [Figure
2: see original paper]. Validation showed 100% self-verification and 85.185%
cross-validation accuracy, with misclassifications only between adjacent health
levels, confirming the clustering validity.

2.3 Plantation Health Prediction

To simplify fieldwork while maintaining accuracy, stepwise regression identified
key indicators. Using health composite scores as the dependent variable and
standardized indicator values as independent variables, the optimal model was:

H = 0+0.293X,3+0.186 X ;+0.079X;+0.100X,+0.038X, (R? = 0.987, F = 381.471, P = 0.000)

Five indicators were selected: mean canopy width (X;3), soil organic matter
(X5), Simpson index (Xj), Pielou index (X,), and soil total phosphorus (X;).

chinarxiv.org/items/chinaxiv-202109.00024 Machine Translation


https://chinarxiv.org/items/chinaxiv-202109.00024

ChinaRxiv [$X]

Applying this model to original data, 85.185% of predicted scores fell within
correct health intervals. Misclassifications occurred mainly between high-quality
and good health categories, likely due to small sample sizes, but this has minimal
practical impact as management prioritizes sub-health and unhealthy stands.

Comparative analysis revealed: - Tree growth: High-quality plots had signifi-
cantly greater height and DBH than sub-health plots. - Understory diversity:
High-quality plots showed 51.770% higher Shannon-Wiener and 35.974% higher
Pielou indices than sub-health plots. - Soil properties: High-quality plots had
45.947% higher organic matter, 123.917% higher total nitrogen, and 65.093%
higher total phosphorus than sub-health plots. Moisture content was slightly
lower in high-quality plots, likely due to greater water consumption by older
trees. - Regeneration: High-quality plots demonstrated substantially higher
regeneration than sub-health plots.

Age-related patterns showed young plantations (mostly moderate/sub-health)
have disadvantages in growth compared to older stands. Mature plantations
(good /high-quality health) exhibited improved understory diversity, regenera-
tion, and soil properties. Two unhealthy plots lacked both herbaceous under-
story and tree regeneration, resulting in very low soil nutrients, possibly due to
anthropogenic disturbance.

3. Discussion

Plantation health is a complex concept interpreted differently by scholars. Plan-
tations provide social, economic, and ecological services, with health status
determining service quality and sustainable management viability. Different
indicator selection and evaluation methods yield varying results and emphasis.

As complex systems, plantations exhibit multivariate data with interrelated
variables. This study combined multiple multivariate statistical methods to
address current limitations: inconsistent indicators, insufficient consideration of
forest value targets, and static rather than dynamic assessments. We focused on
objective indicator selection aligned with health concepts, quantitative weight
assignment, result validation, and predictive capability.

From four value perspectives (ecological, living, aesthetic, cultural), we selected
14 easily measurable indicators reflecting different value targets. We incorpo-
rated future development trends by evaluating different age classes together to
predict future health trajectories under similar site conditions. Factor analysis
objectively weighted indicators, avoiding subjective expert scoring limitations.
Discriminant analysis validated clustering reliability. Stepwise regression sim-
plified the indicator set to five key metrics—mean canopy width, soil organic
matter, Simpson index, Pielou index, and soil total phosphorus—practical for
field application.
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The results demonstrate that multivariate statistical methods provide a sci-
entific approach for Nursultan plantation health assessment. Current overall
health is good, with optimistic future prospects. The five selected indicators
can effectively evaluate and predict health status for other plantations in the
region.

4. Conclusion

This study classified 27 Nursultan sample plots into five health categories: high-
quality (7.407%), good (11.111%), moderate (44.444%), sub-health (29.630%),
and unhealthy (7.407%). Overall, 62.963% of plantations were in good or bet-
ter condition. The optimal health assessment model (R? = 0.987) identified
five key indicators: mean canopy width, soil organic matter, Simpson index,
Pielou index, and soil total phosphorus. These indicators enable calculation of
comprehensive health scores to predict plantation health status. The method-
ology addresses current research limitations and provides practical guidance for
plantation management in Nursultan and similar regions.
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