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Abstract: Species richness and diversity substantially affect forest structures and function and are
critical indicators of sustainable forest management. Sampling surveys are widely used in forest
inventories because they efficiently assess forest characteristics. However, an appropriate sample plot
design is required. The objectives of this study were to evaluate the effects of plot design on estimating
species richness and species diversity using a simulation. A 20 ha census plot was established in a
temperate forest to obtain the true values of species richness and species diversity. One single plot
design and nine cluster plot designs were evaluated. The results indicated significant differences in
forest species richness and species diversity for different plot designs. The cluster plot design with a
square subplot configuration (SCONFIG) and extent of ground area covered by a cluster (EGROUND)
of 500 m2 exhibited the best performance (accuracy, precision) in estimating forest species richness.
In contrast, a rectangular cluster plot with an EGROUND of 1000 m2 was more suitable for assessing
species diversity. This study demonstrates that cluster plots outperform a single plot for evaluating
species richness and species diversity in temperate forests.
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1. Introduction

Forest ecological functions, such as water conservation, biodiversity conservation, and
carbon sequestration, have received increasing attention due to increasing ecological and
environmental problems, e.g., global warming, biodiversity loss, and landscape degrada-
tion [1–4]. Biodiversity refers to the variety of organisms (animals, plants, microorganisms,
etc.) within a certain time and space [5]. It is crucial to maintain the flow of energy, material,
and information in an ecosystem that significantly affects forest ecological functions [5,6].

Species richness and species diversity represent the core of biodiversity. They are criti-
cal for forest conservation and management and are closely related to ecosystem stability
and forest structure and function [7–9]. According to the niche complementarity theory,
communities with a variety of species are better able to obtain and exploit scarce resources
because they have species with a wide range of ecological characteristics [10]. For instance,
Huang, et al. [11] argued that species diversity is a key theoretical predictor of ecosystem
function. Liang, et al. [12] also reported that the positive correlation between species
diversity and productivity was dominant in global forests, and the loss of biodiversity
would lead to an accelerated decline in global forest productivity. Therefore, it is of great
significance to protect diversity and improve and restore ecosystem function [13].

Sustainable forest management requires monitoring species richness and species diver-
sity to prescribe a strategy for preserving and maintaining the integrity of ecosystems [14].
Many studies [13,15,16] have documented the importance of species diversity information
in forest management. For example, Zhu, et al. [13] analyzed the relationship between
tree species diversity and productivity and found that species diversity had a positive
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correlation with productivity, suggesting that forest productivity could be increased by
increasing species diversity. Pedro, et al. [17] found that increasing tree species diversity
could mitigate the effects of intensifying disturbance regimes on ecosystem functioning and
improve the robustness of forest carbon storage and the role of forests in climate change
mitigation. Furthermore, some studies [10,18] have shown a relationship between species
diversity and stand structural attributes, such as forest growth, tree recruitment, and mor-
tality, suggesting that species diversity indirectly influences forest structures and species
composition. Therefore, monitoring biodiversity has become an indispensable aspect of
forest inventories, especially for forests with a complex structure and species composition.

It is often impossible to conduct a census survey to derive forest attributes because it
is rather difficult, expensive, and time-consuming. On the other hand, a sampling survey
has high efficiency, low cost, and is widely applicable [19–21]; therefore, it is a promising
alternative to obtain forest attributes. Sampling surveys have been widely used for esti-
mating forest biodiversity [22,23], stand characteristics [24–27], forest productivity [28,29],
and forest mortality [30]. A sampling strategy has three design components: sampling
design, plot design, and estimation design [22,25,27,31]. Many studies have extensively
explored different plot designs in assessing forest attributes [22,23,25,31,32]. Two common
plot designs are single plot and cluster plot designs. A cluster plot consists of several
subplots located at a specific distance and with a specific configuration; this plot design
has been widely used [33]. A cluster plot is considered more efficient than a single plot for
capturing forest stand attributes, especially in heterogenous forest stands [22,32,34,35].

In this study, we assume that (1) a cluster plot will outperform a single plot under the
same conditions, and (2) different cluster plot designs are suitable for estimating different
forest attributes. Our objectives are to investigate how a cluster plot design, i.e., the subplot
configuration (SCONFIG) and the extent of ground area covered by a cluster (EGROUND),
affects the estimation of species richness and species diversity. We recommend potentially best-
suited plot designs for estimating species richness and species diversity within our study site.

2. Materials and Methods
2.1. Study Site

Our study was conducted on Dongling Mountain (39◦48′~40◦00′ N, 115◦24′~115◦36′ E)
in the Mentougou District of Beijing, China (Figure 1). Dongling Mountain is located in the
Yanshan subsidence zone in the central part of the North China plateau [36]. The area has a warm
temperate continental monsoon climate. The average annual temperature is 4.8 ◦C, the average
temperature in July is 18–25 ◦C, and the average temperature in January is−4–10 ◦C. The annual
precipitation is 500–650 mm. The terrain is undulating with valleys and ridges [37,38]. The soils
are alfisols [39,40]. The vegetation is warm temperate deciduous broad-leaved secondary forest,
and the stands are well developed with complex vertical stratification [41]. The deciduous
broad-leaved forest in the warm temperate zone of northern China, represented by the forest
ecosystem of Dongling Mountain in Beijing, is an important part of the forest ecosystem in the
middle latitude of the northern hemisphere.
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2.2. Data

The census dataset was collected in a 20 ha plot (400 m × 500 m) on Dongling Moun-
tain, Mentougou District, Beijing, China. It is a permanent plot established in 2010 to
monitor long-term forest dynamics. The vegetation at the experimental site is well pre-
served with high species diversity and distinct layers. The data obtained in 2010 were
used in this study. All trees with a DBH ≥ 5 cm in the plot were mapped, measured,
and the species identified. The plot had 16,249 trees belonging to 46 species, 27 genera,
and 18 families, and the most common species were Quercus mongolica Fisch. ex Ledeb,
Betula dahurica Pall., and Acer pictum subsp. mono (Maxim.) H. Ohashi (Table 1).

Table 1. Forty-six plant species in the 20 ha plot in Dongling Mountain.

Family Genera Species Relative Frequency (%)

Adoxaceae Sambucus Sambucus williamsii 0.0123
Araliaceae Eleutherococcus Eleutherococcus senticosus 0.0062

Betulaceae Betula
Betula chinensis 0.0062
Betula dahurica 14.8132

Betula platyphylla 4.4803
Corylus Corylus mandshurica 0.2400

Caprifoliaceae
Abelia Zabelia biflora 2.3448

Lonicera
Lonicera hispida 0.0246

Lonicera chrysantha 0.0308
Cornaceae Cornus Cornus bretschneideri 0.2216

Ericaceae Rhododendron
Rhododendron micranthum 0.1292

Rhododendron mucronulatum 0.0246
Fagaceae Quercus Quercus mongolica 27.0417

Hydrangeaceae Deutzia Deutzia parviflora 0.0123
Hydrangea Hydrangea bretschneideri 0.5354

Juglandaceae Juglans Juglans mandshurica 3.1140
Lamiaceae Vitex Vitex negundo 0.0062

Malvaceae Tilia

Tilia amurensis 0.1723
Tilia mandshurica 1.5755

Tilia mongolica 2.0494
Tilia tuan 0.0369

Oleaceae
Fraxinus

Fraxinus bungeana 0.2216
Fraxinus chinensis 4.0002

Syringa Syringa reticulata 0.0615
Syringa tomentella 1.0955

Pinaceae Larix Larix gmelinii 0.7139

Rhamnaceae Rhamnus
Rhamnus davurica 1.3601
Rhamnus globosa 0.0492

Rhamnus parvifolia 0.1108

Rosaceae

Malus Malus baccata 0.0800
Padus Prunus padus 0.1477

Prunus
Prunus davidiana 0.8431

Prunus sibirica 0.0985
Sorbus Sorbus discolor 3.4648
Spiraea Spiraea dasyantha 0.0062

Salicaceae

Populus
Populus cathayana 0.9970
Populus davidiana 8.3205
Populus tomentosa 0.0185

Salix

Salix babylonica 0.0369
Salix caprea 0.0062

Salix pseudotangii 0.0985
Salix schwerinii 0.8801

Sapindaceae Acer Acer pictum 15.4533

Ulmaceae Ulmus
Ulmus laciniata 0.9416

Ulmus macrocarpa 2.0247
Ulmus pumila 2.0924
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2.3. Methods
2.3.1. Plot Design

We considered the following three plot design factors: (1) plot configuration (PCON-
FIG), i.e., single plot versus cluster plot; (2) subplot configuration (SCONFIG); (3) extent
of ground area covered by a cluster (EGROUND) [33,42]. The combinations of the design
factors and their levels are shown in Figure 2. We used a circular plot in this study because
it is a standard shape most suitable for comparing species composition and diversity [43].
Additionally, the layout of the circular plot is convenient and has low labor costs [44]. Many
countries used circular plots in their national forest inventory (NFI), e.g., the United States,
Canada, France, and Switzerland [45].
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Figure 2. One single plot design and nine cluster plot designs. The locations of subplots are depicted by
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The sample location was in the center of the single circular plot and the cluster center
of the cluster plot. We used four subplots in a cluster plot, following the plot design used
in the NFIs of most countries [46]. The plot area (PAREA) was 667 m2; this size has been
extensively used in forest inventories in China, e.g., the Chinese NFI. In the cluster plot, the
PAREA was the total area of the four subplots. SCONFIG and EGROUND are parameters
of the cluster plot (Figure 2). We considered three types of SCONFIG, i.e., a square, an
equilateral triangle, and a rectangle with a length-to-width ratio of 3:1. Quon, et al. [22]
found that a rectangular subplot layout with an aspect ratio of 3:1 provided the optimum
performance for estimating species diversity. The sample location was in the cluster center,
and the four subplots were placed at the vertices in the square and rectangular design. In the
equilateral triangle design, three subplots were located at the vertices and one at the cluster
center [47]. The EGROUND could significantly affect the sampling efficiency and survey
cost because of the distance between the four subplots [22,48]. A larger EGROUND means
that the subplots are further apart. In this study, three EGROUND levels were considered,
i.e., 500, 1000, and 2500 m2. Quon, et al. [22] recommended that EGROUND should be
≤1000 m2 in tropical forests, which are far more complex than our warm temperate forests.
Therefore, an EGROUND of 2500 m2 was sufficient for our forests. We had 10 plot designs,
including 1 single plot design and 9 cluster plot designs.

2.3.2. Species Richness

The number of species observed in the sample (Sobs) typically underestimates the
actual number of species (S) [32]. Nonparametric extrapolation methods are the most
efficient for reducing bias. The first- and second-order Jackknife indicators [49] and the Chao
estimator [50], i.e., Jack1, Jack2, and Chao1, have been extensively used to estimate species
richness. These nonparametric estimators correct the Sobs in different methods with regard
to rare species. Jack1 and Jack2 used the number of one-cluster species and two-cluster
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species. In comparison, Chao1 corrects the Sobs using the number of one-individual species
and two-individual species [50,51]. These indices are calculated as follows:

Chao1 = Sobs +
a2

2b
(1)

Jack1 = Sobs + s1

(
f − 1

f

)
(2)

Jack2 = Sobs +

[
s1(2 f − 3)

f
− s2( f − 2)2

f ( f − 1)

]
(3)

where Sobs is the number of species observed in the sample, a is the number of one-
individual species, b is the number of twoindividual species, s1 is the number of one-cluster
species, s2 is the number of two-cluster species, and f is the number of sampling plots.

2.3.3. Species Diversity

Species diversity indices reflect the different types of species in a population. The
Shannon-Wiener and Simpson’s indices have been extensively used to quantify species
diversity [52,53].

Shannon−Wiener = −
S

∑
i=1

πi log2(πi) (4)

Simpson = 1−
S

∑
i=1

πi
2 (5)

where S is the species richness of the population, πi is the frequency of the ith species.

2.3.4. Simulation and Analysis Methods

Systematic sampling has been widely used in forest surveys because of its high
efficiency and representativeness of estimated results; moreover, researchers can easily
analyze and conduct samples using this method due to its structure [46]. We employed
systematic sampling (SS) to estimate species richness and species diversity. The initial
sample location was determined by randomly selecting x- and y-coordinates. Based on
the initial point, 500 sample locations were systematically generated at equal intervals.
Lin, et al. [23] used 1000 sample locations in one iteration and repeated the sampling
100 times to assess the effect of the plot design on species diversity and other attributes
in tropical and subtropical forests. Quon, et al. [22] conducted a simulation study to
evaluate species composition in tropical and subtropical forests in 25 ha and 50 ha census
plots; 500 sample locations were selected in one iteration, and the simulation was repeated
100 times. Yang, et al. [31] randomly generated 100 sample locations to study the effects
of plot size and shape on plant species composition in 50 ha and 25 ha census plots in
tropical and subtropical forests. Therefore, we assumed that 500 sample locations were
sufficient for our temperate forest, which has less species richness and diversity and a
simpler structure than tropical forests. We applied the reflection method to correct the
boundary slopover if a sample location was near to the boundaries of the study area [54].
At each sample location, all the plot designs were laid out, and the species richness and
species diversity were quantified. This approach ensured that we could compare the forest
attributes derived from the 10 plot designs at a single sample location. Additionally, the
simulation was repeated 100 times to derive the prediction interval.

Let θijk be an estimate of the forest structure indicator for the k-th plot design at the j-th
sample location in the i-th iteration, where k = 1, . . . , 10, j = 1, . . . , 500, and i = 1, . . . , 100.
Specifically, k = 1 refers to the single plot, and k = 2, . . . , 10 refers to the cluster plot designs.
The mean (θik) and standard error (SE(θ)ik) were calculated for each indicator θ and the
k-th plot design in the i-th iteration. The relative standard error (rSE(θ)) is the ratio of the
standard error to the mean. The efficiency (E f f iciencyik) of the k-th cluster plot design in
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comparison to the single plot design was defined as the ratio of the rSE of the k-th cluster
plot design to the rSE of the single plot design. The equations are as follows:

θik =
n=500

∑
j=1

θijk

500
(6)

SE(θ)ik =

√√√√√√
∑n=500

j=1

(
θijk − θik

)2

499

/500 (7)

rSE(θ) =
SE(θ)ik

θik
(8)

E f f iciencyik =
rSE(θ)ik
rSE(θ)i1

(9)

where n is the number of sample locations, rSE(θ)i1 is the rSE of the single plot design.
For each indicator θ and the k-th plot design, the 100 iterations produced 100 estimates

of θik and E f f iciencyik. The mean and the 2.5% and 97.5% quantiles of the 100 estimates
were calculated. The interval between the 2.5% and 97.5% quantiles was defined as the
empirical 95% confidence interval (95%).

A one-sample t-test was performed on estimators with the null hypothesis that the
estimated values of the indicator θ from a cluster plot design were not significantly different
from those of the single plot design, and otherwise for the alternative hypothesis. For the
j-th sample location in the i-th iteration, d(θ)ijk1 = θijk − θij1, for k = 2, . . . , 10, which
represented the difference in the estimated results of the indicator θ between the k-th cluster
plot design and the single plot design. d(θ)ijk1 was calculated for the 500 sample locations.
The one-sample t-test with α = 0.05 was carried out and the p-value extracted. With the
100 iterations, the 100 p-values were averaged and reported. The above procedure was
carried out in R 3.6.3.

3. Results
3.1. Species Richness

The true number of tree species with a DBH ≥ 5 cm in the 20 ha plot was 46. The
estimated tree species richness obtained from the 10 plot designs is shown in Figure 3.
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Figure 3. Species richness estimates obtained from 10 plot designs derived from systematic sampling.
Depicted means are calculated as the average of 500 means from the 100 iterations, while empirical
95% confidence intervals depicted by red error bars are constructed from 2.5% and 97.5% quantiles of
the 500 means.
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Regardless of the PCONFIG and the SCONFIG and EGROUND of the cluster plots,
Chao1 showed the best performance in estimating the true value (46), whereas Jack 1 exhib-
ited the worst performance, significantly overestimating the value. Sobs underestimated
the species richness.

Figure 3 showed that Chao1 was much closer to the true value for the cluster plots
than the single plot, regardless of SCONFIG and EGROUND, suggesting that cluster plots
outperform single plots in estimating species richness (Figure 3; Table 2). Additionally,
we observed that the measure of efficiency (rSE) was less than 1 in the cluster plots,
regardless of SCONFIG and EGROUND, suggesting that the cluster plot designs were
more efficient in estimating species richness (Table 3). For example, the efficiency increased
as the EGROUND increased, and the rSE of the cluster plot designs decreased to 85.5%
of that of the single plot, suggesting that increasing EGROUND could improve efficiency.
However, we did not observe any difference in efficiency for different SCONFIG with the
same EGROUND.

Table 2. p-value of t-test for the species richness estimate results of cluster plots and single plots.

Plot Design p-Value

PCONFIG SCONFIG EGROUND
(m2) Sobs Chao1 Jack1 Jack2

cluster

square 500 <0.001 *** 0.0258 * 0.0132 * 0.0156 *
rectangle 500 <0.001 *** 0.0204 * 0.0819 ** 0.0286 *
triangle 500 <0.001 *** 0.0416 * 0.0532 0.0182 *
square 1000 <0.001 *** 0.0115 * 0.0501 0.0149 *

rectangle 1000 <0.001 *** 0.0039 ** 0.0034 ** 0.0018 **
triangle 1000 <0.001 *** 0.0128 * 0.0474 * 0.0276 *
square 2500 <0.001 *** 0.0115 * 0.0227 * 0.0076 **

rectangle 2500 <0.001 *** 0.0247 * 0.0445 * 0.0340 *
triangle 2500 <0.001 *** 0.0114 * 0.0134 * 0.0011 **

* p-value shows the difference between the estimated species richness result of different cluster plot designs and
that of a single plot. Difference: p-value < 0.05 (*); significant difference: p-value < 0.01 (**); strikingly significant
difference: p-value < 0.001 (***).

Table 3. Efficiency of cluster plot designs compared to the single plot design for estimating
species richness.

Plot Design Efficiency (Species Richness)

SCONFIG EGROUND (m2) Sobs Chao1 Jack1 Jack2

square 500 0.930 0.902 0.796 1.035
rectangle 500 0.899 0.894 0.802 1.051
triangle 500 0.921 0.891 0.801 0.971
square 1000 0.887 0.888 0.797 1.038

rectangle 1000 0.860 0.854 0.763 0.869
triangle 1000 0.880 0.850 0.762 0.869
square 2500 0.842 0.820 0.740 0.925

rectangle 2500 0.797 0.787 0.706 0.781
triangle 2500 0.830 0.812 0.732 0.802

As the EGROUND increased for different SCONFIG, Chao1 exhibited different re-
sponses. For the square SCONFIG, Chao1 decreased and then increased with an increase in
EGROUND, and the lowest Chao1 occurred at EGROUND = 1000 m2. For the rectangular
SCONFIG, Chao1 showed a decreasing trend, and the estimated value closest to the true
value occurred at EGROUND = 500 m2 rather than at EGROUND = 2500 m2. For cluster
plots with a triangular SCONFIG, the estimated species richness reached the maximum at
EGROUND = 1000 m2 and the minimum at EGROUND = 2500 m2 (Figure 3). However, the
rSE showed a decreasing trend with the increasing EGROUND, regardless of SCONFIG,
suggesting that increasing EGROUND could improve sampling efficiency.
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When EGROUND = 500 m2, Chao1 obtained from the cluster plot with a square
SCONFIG was the closest to the true value, whereas the triangular SCONFIG resulted in
the worst performance. In addition, the Chao1 values obtained from the cluster plots with
a rectangular SCONFIG and an EGOUND of 500 m2 were accurate. However, when the
EGROUND value was fixed, the highest efficiency was obtained for the triangular plot using
the Chao1. Interestingly, the EGROUND affected the estimated species richness derived
from the rectangular cluster plot. However, the estimated species richness derived from a
triangular cluster plot showed a stable trend, suggesting that increasing EGROUND did
not improve the accuracy of species richness estimation. Chao1 had the smallest deviation
from the true value. In general, the optimum estimates were obtained for a square subplot
with EGROUND = 500 m2.

3.2. Species Diversity

The true values of the Shannon and Simpson indices derived from the census data were
1.99 and 0.76, respectively. The estimated species diversity (Shannon and Simpson) obtained
from the cluster plots was higher and closer to the true values than that derived from the
single plot, regardless of the SCONFIG and EGROUND. The estimated Shannon and
Simpson indices obtained from the cluster plots were 11.84% and 9.00% higher than those
obtained from the single plot (Figure 4; Table 4). In summary, the Shannon and Simpson
indices were underestimated, regardless of plot design. The cluster plots were also more
efficient than the single plot (Table 5). Table 5 shows that the sampling efficiency improved
with an increase in EGROUND. It was also found that the precision of a rectangular cluster
plot was higher than that of other SCONFIG.
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Figure 4. Species diversity estimators obtained from 10 plot designs derived from systematic sam-
pling. Depicted means are calculated as the average of 500 means from the 100 iterations, while
empirical 95% confidence intervals depicted by red error bars are constructed from 2.5% and 97.5%
quantiles of the 500 means.

Table 4. p-value of t-test for the species diversity estimate results of cluster plots and single plots.

Plot Design p-Value

PCONFIG SCONFIG EGROUND (m2) Shannon Simpson

cluster

square 500 0.0031 ** <0.001 ***
rectangle 500 0.1230 0.0084 **
triangle 500 0.0075 ** <0.001 ***
square 1000 0.0324 0.0340 *

rectangle 1000 0.0439 0.0567
triangle 1000 0.0500 0.0753
square 2500 0.0477 * 0.4074

rectangle 2500 <0.001 *** 0.0106 *
triangle 2500 0.0233 * 0.3073

* p-value shows the difference between the estimated species diversity result of different cluster plot designs and
that of a single plot. Difference: p-value < 0.05 (*); significant difference: p-value < 0.01 (**); strikingly significant
difference: p-value < 0.001 (***).
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Table 5. Efficiency of cluster plot designs compared to the single plot design for estimating species.

Plot Design Efficiency (Species Diversity)

SCONFIG EGROUND (m2) Shannon Simpson

square 500 0.918 0.902
rectangle 500 0.860 0.830
triangle 500 0.903 0.883
square 1000 0.839 0.804

rectangle 1000 0.775 0.727
triangle 1000 0.829 0.794
square 2500 0.730 0.673

rectangle 2500 0.662 0.598
triangle 2500 0.723 0.669

For a constant SCONFIG, the estimated species diversity increased with an increase
in EGROUND, approaching the true value. When EGROUND was fixed, the rectangular
cluster plot had the largest species diversity estimate and was closest to the true value
(Figure 4). A rectangular cluster plot with EGROUND = 2500 m2 had the largest estimated
Shannon and Simpson values and the lowest deviation from the true value. However, it
had a high cost.

4. Discussion
4.1. Effect of Plot Design on Sampling Performance

Many authors [22,32] have examined the effects of different sampling strategies on
estimating species richness and diversity in subtropical and tropical forests. For instance,
Quon, et al. [22] used a 25 ha plot in subtropical submontane evergreen broad-leaved forests
in Fushan, Taiwan Island. Gimaret-Carpentier, et al. [32] also employed a 25 ha plot in
the western part of the tropical primary-lowland rainforest of Pasoh in Malaysia. These
authors found that a 25 ha plot size provided the suitable estimates of species richness
and species diversity. As the warm-temperate deciduous broad-leaved forest in our study
has less species richness and a simpler structure than tropical forests, we assumed that a
20 ha plot would be suitable for estimating species richness and diversity and investigating
the performance of different sampling strategies, including plot design. To the best of our
knowledge, no similar studies have been conducted in northern China, although they are
needed for biodiversity conservation.

Due to cluster plots’ complex design, it has been assumed that the parameters of
interest for quantifying diversity could be accurately estimated with data obtained from a
cluster plot [22,32,34,35]. Our result supported this assumption and confirmed that cluster
plots had higher accuracy and precision than single plots for estimating species richness
and species diversity. Many authors [33,55] have drawn the same conclusion. For instance,
Yim, et al. [33] demonstrated that a suitable cluster plot design enabled the estimation
of growing stock, basal area, and plant species richness in different forest types in South
Korea. Green, et al. [55] also demonstrated the advantage of cluster plots and found that
small subplots with a larger distance captured more unique plant species than a single
large plot. Half of 36 countries with an NFI system use SS with cluster plots rather than
single plots [46].

The performance of cluster plots is highly dependent on the spatial heterogeneity of
forest stands [56]. Many authors [31,56,57] have demonstrated that cluster plots are highly
efficient in heterogeneous forest stands. The reason is that a cluster plot provides more
information on forest characteristics. Seidler, et al. [57] also observed that cluster plots were
more sensitive to spatial heterogeneity and efficiently captured spatial changes in forest
characteristics, resulting in higher performance than single plots. Ma, et al. [58] investigated
plant species distribution in our study area and found that conspecific individuals tended to
clump on a relatively small spatial scale, suggesting high spatial heterogeneity. Additionally,
Ye, et al. [56] investigated the effects of environmental gradients and forest heterogeneity on
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α-diversity in our study area. It was observed that species richness and diversity depended
on the scale, suggesting high spatial heterogeneity. Therefore, the high performance of the
cluster plot design could be explained by the high heterogeneity of forest characteristics in
our study area.

Furthermore, it was noteworthy that increasing the EGROUND improved the per-
formance of the cluster plots. The reason is that spatial autocorrelation between subplots
decreases as the EGROUND increases [33,59], suggesting that more information on species
composition was derived from cluster plots than from a single plot. Our study confirms
our expectations. The same finding was reported by Quon, et al. [22] and Thompson [35],
who observed that increasing the distance between subplots, i.e., EGROUND, increased
the accuracy and precision of the estimated species richness.

This spatial compactness of the cluster plot is defined as the ratio of EGROUND to the
perimeter of the geometric figure formed by the lines between the centers of subplots [22].
The compactness of plots has been extensively used to evaluate sampling performance.
For instance, Kleinn [60] found that a less compact cluster provided more information
because of the larger area. The square SCONFIG has the highest compactness, followed
by the triangle and rectangle, indicating that a rectangular cluster plot provides the most
information [22]. Our result confirms the effect of compactness on sampling performance.
A rectangular cluster plot with EGROUND = 500 m2 provided more information on species
composition and had higher efficiency.

Interestingly, we observed that the accuracy of the estimated value obtained from the
rectangular cluster plot decreased with the increasing distance between the subplots. The
likely reason may be the limited dispersal of plant seeds. Similarly, Ma, et al. [58] also
found that species information between two sites might not be captured when the distance
between subplots is large and attributed this result to the limited dispersal ability of plant
seeds. It is noteworthy that Ye, et al. [56] investigated forest diversity in our study area
using transect sampling; they demonstrated that the estimated species diversity reached
the maximum value when the transect was 60 m, and the estimated value fluctuated as the
transect continued to increase.

The increase in EGROUND generates an increase in the corresponding survey cost.
Although the EGROUND = 2500 m2 results were closest to the true value when we investi-
gated species diversity, we would highly recommend the EGROUND = 1000 m2 cluster plot
because the estimated results obtained from those did not differ much from those obtained
from the cluster plot with larger EGROUND. The perimeter of a square is smaller than a
rectangle of the same area, so when EGROUND is the same, the SCONFIG = square cluster
plot costs less, and the estimated results are not significantly different. So, when estimating
species richness, we would highly recommend a cluster plot with SCONFIG = square and
EGROUND = 500 m2, instead of a cluster plot with SCONFIG = rectangle.

We found that Sobs generally underestimated the true values (Figure 3), which is
consistent with previous studies [32]. The negative bias can be explained by the species–
area relationship. Condit, et al. [61] examined species-individual curves in a tropical forest
and found that the number of observed species was highly correlated with the sample
plot area. Additionally, the underestimation might be attributed to rare species, which are
difficult to quantify [32].

Many authors [49,50,62] have demonstrated that nonparametric extrapolation methods
are the most efficient for predicting population richness from samples. In this study,
three corrected estimators were used (Chao1, Jack1, and Jack2) to estimate species richness.
Although all three corrected estimators overestimated species richness in some plot designs,
Chao1 showed the best performance (Figure 3). Chao1 was corrected by the numbers of
one-individual and two-individual species [50,51]. Some authors [32,62] have reported the
same results. For example, Gimaret-Carpentier, et al. [32] investigated the forest vegetation
species richness in Uppangala and Pasoh and found that the Chao provided accurate
estimates of species richness using a small sample. They observed that the Chao had a
lower bias than the Jackknife estimators. In contrast, the Jackknife estimators, especially Jack1,
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exhibited the lowest performance in estimating species richness in this study (Figure 3).
The Jackknife estimators were corrected by the number of one-cluster and two-cluster
species [49,50], and they were more sensitive to rare species. Furthermore, some studies
have suggested that Jackknife estimators only perform well when the proportion of rare
species is relatively small [63,64]. Chazdon, et al. [62] defined rare species as those with 10 or
fewer individuals when all quadrats were pooled. In our study area, 15 tree species had less
than 10 individuals, accounting for 32.6% of all tree species, suggesting a large proportion
of rare species. As a result, the Jackknife estimators had relatively low performance.

The Shannon and Simpson indices had a negative bias, regardless of the plot design
(Figure 4). The underestimation might be attributed to the sample size, the spatial hetero-
geneity, and the characteristics of the species diversity indices. Gimaret-Carpentier, et al. [32]
found that the Simpson and Shannon indices were positively correlated with the sample
size. Lande [65] attributed the underestimation of the Shannon index to the frequently
occurring underestimation of species richness. The heterogeneity or variation in α-diversity
might also account for the biased estimation. For example, Ye, et al. [56] observed that
species composition varied significantly in forests with environmental gradients and low
spatial heterogeneity, making it difficult to prevent bias, even at a large sampling size.
Thus, Heltshe and Forrester [66] stated that numerous small subplots were preferable to a
few large ones with the same total area. Therefore, in future studies, we can try to change
the sampling method, such as stratified sampling, to reduce the impact of environmental
gradients on the estimation of species diversity; or, try to change the sample size.

4.2. Study Limitations and Future Perspectives

Although we observed that cluster plots with a large EGROUND had the best per-
formance for estimating species richness and diversity, this cluster plot design has higher
sampling costs [22]. It is highly recommended to quantify the relationship between the
sampling cost and accuracy/precision of the sampling results to determine the optimum
sampling design.

Although our study provided information on the optimal sampling plot design, the
plot design must also consider the survey objective, terrain, and heterogeneity of the
study area. Some studies [33,60] demonstrated the difficulty of determining the optimum
cluster plot design because of forest conditions, spatial structure, and cost. Further studies
of other types of forests are required to assess the influence of species composition and
environmental gradients on estimating species richness and species diversity [67].

Studies of forest structural diversity provide detailed information on forest stands and
have been extensively used to inform forest management [26,68–70]. In addition to tree
species diversity, forest structural diversity includes tree size and tree position, which can be
quantified by the Gini index, species intermingling index, and neighborhood pattern [71,72].
Thus, investigating optimal sampling strategies is suggested for these indices. Additionally,
future studies on plot design using other SCONFIG, e.g., L-shaped, T-shaped, and linear
configurations, are highly recommended.

5. Conclusions

In this study, we investigated the influence of different plot design factors on estimat-
ing species richness and species diversity in a warm temperate deciduous broad-leaved
secondary forest on Dongling Mountain in the Mentougou District of Beijing, China. A
significant advantage of the cluster plot was observed in this simulated sampling, and
different plot design combinations were required according to specific survey objectives, in-
dicating that SCONFIG and EGROUND had great influence on the estimated results. Based
on the estimated values of the species richness and species diversity, we drew the following
conclusions: (1) the cluster plot design with SCONFIG = square and EGROUND = 500 m2

exhibited the best performance in estimating forest species richness; (2) the rectangular
cluster plot with an EGROUND of 1000 m2 was more suitable for assessing species diversity.
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This study is one of few studies to comprehensively examine the effects of plot design
on species richness and species diversity in northern China. Importantly, our study was
conducted in a 20 ha plot to derive the true values of species richness and species diversity.
This strategy ensured the reliability of our results, providing a theoretical basis for sampling
forest species richness and diversity. Our results suggest that cluster plots are more suitable
than a single plot for estimating species richness and diversity. A larger EGROUND
provides more species information in forests with high spatial heterogeneity.
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