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ABSTRACT
Background: Optimal sampling designs are crucial for accurate ecological and forestry assessments, 
particularly for regeneration studies in Amazonian secondary forests, which play an important role 
in biodiversity conservation and carbon sequestration. This study evaluated different sampling 
plot configurations for estimating regeneration diversity and structural attributes in a 30-year-old 
secondary forest in Belém, Brazil. Within a one-hectare permanent plot (100 × 100 m), all trees with 
a diameter at breast height (DBH) ≤ 10 cm were measured, identified, and geolocated, totaling 
3,003 individuals. Trees were classified into two diameter classes: DBH < 5 cm and 5 cm ≤ DBH ≤ 10 
cm. Resampling simulations using the bootstrap method subdivided the one-hectare plot into four 
sampling plot sizes (4 m², 25 m², 50 m², and 100 m²) with rectangular and square shapes. Simulations 
tested sample sizes ranging from four to (N − 1) units, with 1,000 iterations per configuration.

Results: Accuracy and precision for diversity metrics (species richness and Shannon–Weaver index) 
and structural attributes (tree density, stem density, and basal area) were evaluated using Mean 
Absolute Error (MAE) and Relative Sampling Error (RSE). Results indicated that 4 m² sampling plots 
were the most suitable for estimating diversity metrics across both diameter classes, regardless of plot 
shape. For structural variables, square 4 m² plots performed best for trees with DBH < 5 cm, whereas 
rectangular 50 m² plots were optimal for trees with 5 cm ≤ DBH ≤ 10 cm. The influence of plot shape 
varied depending on the variable analyzed and the sampling plot size.

Conclusion: Overall, sampling plots of 4 m² and 50 m² are recommended for efficient regeneration 
sampling in Amazonian secondary forests, as they provide better accuracy and precision for diversity 
and structural estimates across different diameter classes.

Keywords: Forest inventory; sampling simulation; urban forest; forest degradation.

HIGHLIGHTS

The permanent plot establishment enables monitoring of forest regeneration.
Simulations identify efficient sampling plot sizes to optimize inventory accuracy and precision.
Data analysis highlights regeneration patterns and forest structure dynamics.
Square plots of 4 m² and rectangular plots 50 m² enhance accuracy in forest inventory sampling.
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INTRODUCTION

Secondary forests are critical ecosystems undergoing 
regeneration after severe natural or anthropogenic 
disturbances (Chokkalingam and De Jong, 2001). These 
disturbances often compromise essential ecosystem 
services, such as biodiversity conservation (Arasa-Gisbert et 
al., 2024) and carbon sequestration (Bullock and Woodcock, 
2021; Pan et al., 2024). In the Amazon region, the transition 
from old-growth forests to less carbon-dense secondary 
forests, driven by deforestation and degradation (Smith et 
al., 2021), poses a significant challenge to the region’s role 
in mitigating climate change (Qin et al., 2021). Addressing 
these challenges requires an understanding of the ecological 
dynamics of forest regeneration and the development of 
strategies to optimize the restoration of ecosystem functions.

Forest restoration has emerged as a central 
approach to reestablishing the carbon storage capacity 
and biodiversity of secondary forests, thereby ensuring the 
long-term sustainability of ecosystem services (Bieng et al., 
2021). Restoration success is measured against benchmarks 
derived from mature or older secondary forests, which 
serve as reference points to guide the recovery process 
(Shackelford et al., 2024; Chazdon et al., 2023). Attributes 
such as species composition, biodiversity indices, tree 
density, basal area, biomass, and abiotic conditions 
underpin restoration objectives (Giles et al., 2024).

Regeneration, defined as the recovery of richness, 
structure, and functional traits in disturbed forests, is a 
pivotal aspect of forest restoration (Hanbury-Brown; Ward; 
Kueppers, 2022). Small-diameter trees play a crucial role 
in regeneration, often relying on canopy gaps for growth, 
although some species can persist under shaded conditions 
(Swaine; Whitmore, 1988). Evaluating the diversity and 
structural characteristics of regenerating trees helps 
determine the resilience of secondary forests and provides 
insights into whether they can retain their ecological 
integrity (Brasil Neto et al., 2021; Zébazé et al., 2023). 
However, one of the challenges in assessing regeneration is 
optimizing inventory methods to strike a balance between 
precision and efficiency.

Forest inventories are indispensable tools for 
quantifying forest regeneration and growth. Their 
effectiveness depends on appropriate sampling plot 
configurations, specifically size and shape, which directly affect 
sampling accuracy and cost efficiency (Lister; Leites, 2021; 
Pinto et al., 2021). Recent advancements in methodologies, 
such as UAV-borne laser scanning highlighted by Sferlazza 
et al. (2022), show promise for refining sampling techniques 
and enabling enhanced monitoring of forest dynamics. This 
study demonstrates how technology-based approaches can 
complement traditional inventories, particularly in areas with 
complex topographies and dense canopies.

Seedling growth stages and environmental 
conditions further influence the dynamics of tree 
regeneration. Harris et al. (2022) emphasize the importance 
of subdividing seedlings into height classes to better 
predict sapling recruitment, as taller seedlings are more 
likely to contribute to forest recovery. Incorporating this 

approach into regeneration assessments improves the 
accuracy of forecasting stand development trajectories. 
Additionally, permanent plots are essential for monitoring 
tree communities, allowing the capture of ecological and 
structural changes that can inform restoration strategies 
(Phillips, 2023). The relationship between seedling diversity 
and regeneration is also assessed using rarefaction and 
extrapolation techniques (Chiu, 2023). These statistical 
methods enhance the reliability of regeneration estimates 
and ensure adequate representation of tree species, even 
in highly diverse ecosystems like the Amazon. Integrating 
such advanced analytical tools into inventory designs can 
bridge gaps in understanding regeneration dynamics.

This study seeks to address the critical question: 
What are the optimal plot configurations for assessing 
regeneration diversity and structural variables in tropical 
secondary forests? Comparing optimal plot size and shape, 
and drawing on prior literature and recent advancements, 
the research hypothesizes that larger plot sizes minimize 
sampling errors and that square-shaped plots yield more 
consistent estimates of diversity and density. By focusing 
on regeneration processes and inventory optimization, 
the findings aim to inform evidence-based practices 
for restoring secondary forests and enhancing their 
contributions to mitigating global climate change.

MATERIAL AND METHODS

Study Area

The study area corresponds to a secondary urban 
forest that has undergone natural regeneration for 
approximately six decades following experimental land 
use and subsequent abandonment (Terezo, 2014; Guzmán, 
2022). Although exhibiting structural and compositional 
attributes typical of mid- to late-successional forests, the 
site remains subject to low-to-moderate anthropogenic 
disturbance due to its urban context. The forest located 
near the Institute of Agricultural Sciences (ICA) at the 
Federal Rural University of Amazonia (UFRA) in Belém, Pará, 
Brazil. The central point of the experimental area is situated 
at coordinates 1°27’24”S and 48°26’15”W. This forest 
represents a tropical humid ecosystem with an average 
annual temperature of 27°C and rainfall of approximately 
2,834 mm, classified as Af by the Köppen-Geiger system. The 
predominant soil type is a concretionary laterite alisol with 
low base saturation (Santos et al., 1983). The experimental 
area has been planned for a permanent plot establishment 
since 2017 and has been remeasured annually to monitor 
forest dynamics and regeneration.

Installation of the Experimental Area

An aerial georeferenced image produced by a drone 
in 2017 was used for inventory planning. The high-resolution 
image, with spatial resolution at the centimeter scale typical 
of UAV surveys, projected in UTM coordinates, facilitated 
the delineation and analysis of the study area. The site was 
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selected for its lack of flooding during rainy periods and its 
well-established natural regeneration. A permanent plot 
measuring 1-hectare (100 m x 100 m) was installed using 
a Ruide R2 Total Station to accurately define the external 
boundaries and internal subdivisions. The permanent plot was 
subdivided into 4 blocks (50 m x 50 m), each containing 25 
subplots (10 m x 10 m), for a total of 100 subplots. Topographic 
stakes were placed at each vertex to ensure durability and 
ease of relocation for future assessments. Subplot divisions 
were performed manually through geometric triangulation, 
using two 50 m measuring tapes simultaneously to position 
each vertex based on fixed distances to adjacent and 
perpendicular reference points, ensuring accurate 10 × 10 m 
subplot layout despite challenging field conditions

Data Collection

The inclusion criterion for the forest inventory 
was trees less than 1.3 m in height and with a diameter 
at breast height (DBH) ≤ 10 cm, classified as natural 
regeneration to distinguish these juvenile individuals from 
the mature population. Data collection was organized by 
grouping subplots into strips, with each strip consisting 
of five subplots (10 m x 50 m). Measurements followed 
a systematic path along these strips. In each subplot, we 
measured all stems meeting the inclusion criteria, and the 
subsequent analysis divided this data into the number of 
trees per hectare (D) and the number of stems per hectare 
(Ds), as some individuals had more than one stem.

A digital caliper was used for stems with a diameter 
at breast height (DBH) ≤ 5 cm, and a measuring tape was 
used for stems with a DBH > 5 cm. Measurements included 
quantitative variables (DBH, XY coordinates, basal area) and 
qualitative variables (health condition, crown illumination, 
stem classification). Each individual was marked with red 
oil-based paint at the measurement height for future 
remeasuring, and identification numbers were assigned 
using plastic tags. Botanical identification was primarily 
conducted in the field with the help of a parabotanist, and 
the trees not identified by this method were collected and 
dried for subsequent identification using field guides and 
other specialized literature.

Georeferencing and Sampling Simulations

All field data were digitized and subsequently 
organized into a geospatial database. Cartesian coordinates 
for each tree were adjusted to match their true positions 
within the plot. Georeferencing utilized “control points” 
placed at the plot vertices, ensuring spatial accuracy for 
further analysis. The geospatial database facilitated the 
visualization and manipulation of tree distribution and 
characteristics across the study area. For the regeneration 
sampling, we divided the database into two groups: trees 
with DBH < 5 cm and trees with 5 cm ≤ DBH ≤ 10 cm, 
to identify the best plot configuration for each diameter 
class. Resampling simulations using the bootstrap method 
were conducted with a fixed-area random sampling design, 

dividing the 1 ha plot into four smaller plot sizes (4 m², 25 
m², 50 m², and 100 m²), with square and rectangular plot 
shapes, resulting in eight different plot configurations. 
We selected these sampling plot sizes to optimize the 
1-ha permanent plot area and because they had already 
been used in previous studies. Simulations tested sample 
sizes from four to (N - 1) units, with 1000 iterations per 
configuration, and not discarding zero-plots, plots without 
trees, from the simulated samples. Simulations were 
performed using R, and statistical metrics, including mean, 
variance, mean absolute error (MAE), and relative sampling 
error (RSE), were calculated. The acceptable sampling 
error was 10%, a technical standard  widely used in tropical 
forest inventories and frequently required in environmental 
licensing processes in the Amazon.

Data Analysis

Five key variables were analyzed: the number of 
trees per hectare (D), the number of stems per hectare 
(Ds), basal area (G), richness, and the Shannon-Weaver 
index. Estimates were extrapolated for a 1-hectare scale. 
Statistical analyses were conducted to evaluate the 
accuracy and precision of various sampling designs, with 
the aim of optimizing efficiency while ensuring compliance 
with technical and ecological standards. The results were 
organized by creating graphs comparing the MAE and RSE 
with the sampled area to assess their impact on precision 
and accuracy. This allowed us to determine which plot 
required less sampling intensity to achieve the lowest MAE 
and an RSE of 10%, the standard in forestry practices for the 
Amazon. The diversity variables were compared with the 
sampled area for the same purpose.

RESULTS 

The total count of individual stems measured in 
the 1 ha plot was 4406, of which 3647 had DBH < 5 cm 
and 759 had 5 cm ≤ DBH ≤ 10 cm, while the basal area of 
the plot was equal to 4.51 m² ha¹ for all stems. These stems 
belong to 3003 trees in total, distributed across 40 botanical 
families, 67 genera, and 87 species (Table 1). The families with 
the highest richness were Fabaceae (18 species), Myrtaceae 
(6 species), and Annonaceae (4 species). Sapindaceae (4 
species) and Burseraceae (4 species). More than half of the 
families (22) had only one species in the 1-ha permanent plot. 
The genus with the most species was Inga Mill. (8 species), 
Protium Burm.f. (4 species) and Eugenia L. (4 species), with 
the remaining genera having two or one species. 

The families with the highest D were Lecythidaceae 
(552 trees), Nyctaginaceae (356 trees), Fabaceae (323 trees), 
Myrtaceae (205 trees), and Boraginaceae (203 trees). The 
genus with the highest D was Gustavia L. (533 trees), Neea 
Ruiz & Pav. (307 trees), Inga Mill. (225 trees), Cordia L. 
(203 trees) and Eugenia L. (200 trees). The species with the 
highest D value was Gustavia augusta L. (534 trees), and 
Neea floribunda Poepp. & Endl. (307 trees), Cordia bicolor 
A.DC. (202 trees), Guarea guidonia (L.) Sleumer (182 trees), 
and Siparuna guianensis Aubl. (170 trees).
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Table 1: Structural variables of the trees (DBH ≤ 10 cm) measured in the 1 ha plot of Amazon secondary forest situated 
in Belém, State of Pará, Brazil. D – Tree density, DS – Stem density, G – Basal area (m².ha-1), NI – Not identified.

Continue...

Family/Species D Ds G
Anacardiaceae 79 83 0.128553

Tapirira guianensis Aubl. 79 83 0.128553
Annonaceae 23 31 0.050151

Annona muricata L. 9 10 0.015343
Duguetia cauliflora R.E.Fr. 2 3 0.002701
Duguetia marcgraviana Mart. 1 1 0.007451
Guatteria punctata (Aubl.) R.A.Howard 11 17 0.024656

Apocynaceae 8 13 0.002788
Tabernaemontana siphilitica (L.f.) Leeuwenb. 8 13 0.002788

Araliaceae 5 5 0.01019
Schefflera morototoni (Aubl.) Maguire et al. 5 5 0.01019

Arecaceae 2 2 0.00007
Euterpe oleracea Mart. 2 2 0.00007

Bignoniaceae 5 5 0.008264
Jacaranda copaia (Aubl.) D.Don 5 5 0.008264

Boraginaceae 203 225 0.281599
Cordia bicolor A.DC. 202 224 0.280853
Cordia nodosa Lam. 1 1 0.000746

Burseraceae 18 24 0.019821
Protium altsonii Sandwith 3 4 0.000364
Protium amazonicum (Cuatrec.) Daly 10 14 0.017817
Protium apiculatum Swart 4 5 0.001541
Protium sp. 1 1 0.000099 

Calophyllaceae 4 4 0.005962
Calophyllum brasiliense Cambess. 4 4 0.005962

Caryocaraceae 1 1 0.000050
Caryocar glabrum (Aubl.) Pers. 1 1 0.000050

Chrysobalanaceae 25 28 0.030072
Licania guianensis (Aubl.) Griseb. 1 1 0.000845
Licania sp. 22 25 0.025686
Parinari excelsa Sabine 2 2 0.003541

Clusiaceae 3 3 0.000895
Garcinia gardneriana (Planch. & Triana) Zappi 2 2 0.000381
Symphonia globulifera L.f. 1 1 0.000515

Dichapetalaceae 1 1 0.000491
Tapura guianensis Aubl. 1 1 0.000491

Ebenaceae 2 2 0.003115
Diospyros artanthifolia Mart. 2 2 0.003115

Erythroxylaceae 1 1 0.000012
Erythroxylum acuminatum Ruiz & Pav. 1 1 0.000012

Euphorbiaceae 7 8 0.017128
Sloanea grandiflora Sm. 7 8 0.017128

Fabaceae 323 418 0.474309
Abarema jupunba (Willd.) Britton & Killip 2 2 0.000072

Apuleia leiocarpa (Vogel) J.F. Macbr. 8 8 0.033688
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Table 1: Continuation.

Continue...

Family/Species D Ds G
Calliandra surinamensis Benth. 67 105 0.095504
Cassia fastuosa Willd. ex Benth. 3 3 0.000436
Inga alba (Sw.) Willd. 35 36 0.015305
Inga cayennensis Sagot ex Benth. 54 76 0.131195
Inga edulis Mart. 54 65 0.054475
Inga heterophylla Willd. 41 46 0.040107
Inga rubiginosa (Rich.) DC. 26 31 0.048334
Inga sp. 8 16 0.016566
Inga thibaudiana DC. 1 1 0.000033
Inga velutina Wild. 6 6 0.004126
Pentaclethra macroloba (Willd.) Kuntze 2 5 0.007264
Pseudopiptadenia suaveolens (Miq.) J.W.Grimes 1 1 0.005215
Stryphnodendron pulcherrimum (Willd.) Hochr. 6 7 0.005169
Swartzia laurifolia Benth. 7 8 0.013031
Swartzia polyphylla DC. 1 1 0.000311
Tachigali myrmecophila (Ducke) Ducke 1 1 0.003476

Lacistemataceae 9 12 0.025476
Lacistema pubescens Mart. 9 12 0.025476

Lamiaceae 6 14 0.018251
Vitex triflora Vahl 6 14 0.018251

Lauraceae 114 177 0.208693
Nectandra cuspidata Nees 82 137 0.151681
Ocotea guianensis Aubl. 8 9 0.006893
Ocotea sp. 24 31 0.050119

Lecythidaceae 552 1242 1.272215
Gustavia augusta L. 534 1222 1.249252
Lecythis pisonis Cambess. 18 20 0.022963

Malvaceae 2 2 0.004568
Sterculia pruriens (Aubl.) K.Schum. 2 2 0.004568

Melastomataceae 100 135 0.138258
Bellucia sp. 1 1 0.000962
Miconia fallax DC. 99 134 0.137296

Meliaceae 182 279 0.288893
Guarea guidonia (L.) Sleumer 182 279 0.288893

Moraceae 19 20 0.012447
Brosimum lactescens (S.Moore) C.C.Berg 14 15 0.009134
Clarisia racemosa Ruiz & Pav. 4 4 0.003308
Ficus maxima Mill. 1 1 0.000005

Myristicaceae 77 82 0.14646
Virola sebifera Aubl. 42 43 0.088319
Virola surinamensis (Rol. ex Rottb.) Warb. 35 39 0.058142

Myrtaceae 205 247 0.189709
Eugenia biflora (L.) DC. 151 180 0.153703
Eugenia cupulata Amshoff 1 1 0.00019
Eugenia patrisii Vahl 28 39 0.023902
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Table 1: Continuation.

Family/Species D Ds G
Eugenia sp. 19 20 0.008535

Myrcia splendens (Sw.) DC. 6 7 0.00085

NI 218 269 0.099616

NI 218 269 0.099616

Nyctaginaceae 356 488 0.334749

Guapira opposita (Vell.) Reitz 49 76 0.021268

Neea floribunda Poepp. & Endl. 307 412 0.313481

Ochnaceae 3 6 0.002908

Ouratea castaneifolia (DC.) Engl 3 6 0.002908

Peraceae 8 11 0.000507

Chaetocarpus echinocarpus (Baill.) Ducke 8 11 0.000507

Piperaceae 9 11 0.000651

Piper aduncum L. 9 11 0.000651

Rubiaceae 5 5 0.000847

Coffea sp. 1 1 0.00038

Palicourea guianensis Aubl. 3 3 0.00045

Psychotria sp. 1 1 0.000017

Salicaceae 4 5 0.014394

Casearia arborea (Rich.) Urb. 4 5 0.014394

Sapindaceae 166 210 0.224668

Cupania scrobiculata Rich. 86 113 0.142803

Paullinia sp. 1 2 0.000257

Sapindus saponaria L. 63 77 0.065419

Talisia acutifolia Radlk. 16 18 0.016189

Sapotaceae 26 30 0.030639

Pouteria guianensis Aubl. 6 7 0.013796

Pouteria macrophylla (Lam.) Eyma 20 23 0.016843

Simaroubaceae 34 36 0.04525

Simarouba amara Aubl. 34 36 0.04525

Siparunaceae 170 233 0.387443

Siparuna guianensis Aubl. 170 233 0.387443

Urticaceae 11 18 0.03124

Cecropia distachya Huber 10 17 0.024822

Cecropia sp. 1 1 0.006418

Violaceae 16 19 0.006138

Paypayrola grandiflora Tul. 1 3 0.002732

Rinorea pubiflora (Benth.) Sprague & Sandwith 15 16 0.003407

Vochysiaceae 1 1 0.000085
Vochysia guianensis Aubl. 1 1 0.000085

Total 3003 4406 4.515274
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The species richness was 83 for trees with DBH < 
5 cm and 55 for trees with 5 cm ≤ DBH ≤ 10 cm. In both 
classes, species richness increased linearly with sampled area, 
with little variation in estimates across the sampling plot 
sizes and shapes tested (Figs. 1A and 2A). Regardless of the 
sampling plot configuration, a sampled area of 0.87 to 0.95 
ha for DBH < 5 cm, and 0.85 to 0.95 ha for 5 cm ≤ DBH ≤ 
10 was necessary to obtain the parametric value of richness. 

The Shannon–Weaver index was 3.21 nats/ind. for 
trees with DBH < 5 cm and 3.16 for trees with 5 cm ≤ DBH 
≤ 10 cm. In this variable, the sampling showed slightly more 
variation than in richness. For trees with DBH < 5 cm, to 
obtain the parametric value, an inventory using rectangular or 
square 4 m² sampling plots requires 0.66 ha of sampled area. 
In comparison, a rectangular or square 100 m² sampling plot 
requires around 0.85 – 0.86 ha (Fig. 1B). As for trees with 5 cm 
≤ DBH ≤ 10 cm there is a slight increase in sampling area, for a 
rectangular or square 4 m² plots 0.70 – 0.71 ha are necessary, 
while for rectangular or square 100 m² the sampled area is 
around 0.88 – 0.90 ha (Fig. 2B). Thus, plot shape also has little 
influence on the sampled area necessary for this variable.

The D of our 1 ha plot totaled 2389 trees with DBH 
< 5 cm, and MAE analysis showed that the 4 m² sampling 
plot yields the best results, with an increase in sampling plot 
size also showing an increase in error (Fig. 3A). Also, using 
rectangular or square plots has little influence on sampling 
accuracy. For the 5 cm ≤ DBH ≤ 10 cm diameter class, D 
was equal to 614 trees, and the 4 m² sampling plot also had 
the best results. However, unlike the DBH < 5 cm diameter 
class, the sampled area has a greater influence on accuracy 
(Fig. 4A). Again, the results are independent of plot shape.

The Ds for the trees with DBH < 5 cm were 3647 
stems; the smaller sampling plots were the most precise (Fig. 

3B), with the 4 m² sampling plot being the most accurate. In 
this case, plot shape influenced the results, with a square plot 
yielding better accuracy for all plot sizes. For trees with 5 cm ≤ 
DBH ≤ 10 cm, the Ds was 759 stems, and the results were quite 
different, with greater accuracy obtained by the rectangular 
50 m² sampling plot, while the 4 m² had the worse results, 
followed by the 25 m² and 100 m², for these the rectangular 
shape also had the best results, except for the 4 m² sampling 
plot where the square shape was better (Fig. 4B).

G for the DBH < 5 cm diameter class was 1.6077 m², 
and the smaller sampling plots performed better, with the 
square 4 m² sampling plot being the best. Except for this 
sampling plot size, the influence of plot shape was minimal 
(Fig. 3C). As for the 5 cm ≤ DBH ≤ 10 cm diameter class, G 
was equal to 2.9074 m², and the results were similar to the 
Ds variable, with the rectangular 50 m² sampling plot being 
the best overall, and the rectangular shape yielding better 
results for 100 m² and 25 m² sampling plots, and the square 
shape for the 4 m² sampling plot (Fig. 4C). For both diameter 
classes the accuracy of G is dependent on the total sampled 
area. However, for DBH < 5 cm, this occurs only with the 4 
m² sampling plots.

The RSE results of D for the DBH < 5 cm diameter 
class show that smaller sampling plots need less sampled 
area to achieve the 10% threshold, with 0.16 ha for the 4 
m² sampling plot and 1.79 ha for the 100 m² sampling plot 
(Fig. 5A). As for the diameter class of 5 cm ≤ DBH ≤ 10 cm, 
the sampling plot that needs less sampled area to achieve 
a RSE of 10% was the 25 m² sampling plot, with 0.39 ha, 
followed by the 50 m² sampling plot, 0.49 – 0.50 ha, the 4 
m² sampling plot, 0.53 ha, and lastly by the 100 m² sampling 
plot, 0.90 ha (Fig. 6A). For both diameter classes, there was 
little influence of the sampling plot shape.

Figure 1: Ecological variables of trees with DBH < 5 cm in a one-hectare sampled area. A – richness; B – Shannon–
Weaver index. The graphs are on a logarithmic scale to facilitate visualization, and the horizontal dashed black line 
indicates the parametric value of each variable.
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Figure 2: Ecological variables of trees with 5 cm ≤ DBH ≤ 10 cm in a one-hectare sampled area. A – richness; B – 
Shannon–Weaver index. The graphs are on a logarithmic scale to facilitate visualization, and the horizontal dashed black 
line indicates the parametric value of each variable.

Figure 3: Mean Absolute Error (MAE) of the structural variables of the DBH < 5 cm diameter class in the 1 ha plot in 
relation to the sampled area. A – Tree density, B – Stem density, and C – Basal area. MAE – Mean Absolute Error, D – Tree 
density, Ds – Stem density, G – Basal area. The graphs are on a logarithmic scale to facilitate visualization.

The results of Ds for trees with DBH < 5 cm (Fig. 
5B) follow the same trend: the 4 m² sampling plot requires 
only 0.08 ha to achieve an RSE of 10%, while the 100 m² 
sampling plot requires 1.81 – 1.83 ha to achieve the same 
precision. The influence of plot shape was minimal for this 
diameter class. As for the 5 cm ≤ DBH ≤ 10 cm diameter 
class, less sampled area is necessary, 0.01 ha for the 4 m² 
sampling plot and around 1.19 – 1.34 ha for the 100 m² 
sampling plot (Fig. 6B). There was a small influence of 
plot shape, with the biggest difference being in the 100 
m² where the square sampling plot needs 0.15 ha less to 
achieve the 10% threshold.

For G in the DBH < 5 cm diameter class, the 4 m² 
sampling plot needs 0.24 ha of sampled area, and the 100 m² 
sampling plot needs 1.80 ha (Fig. 5C). The plot shape also does 
not have much influence on its results. For the 5 cm ≤ DBH ≤ 
10 cm class, the most effective sampling plot was the square 4 
m² one with a total sampled area of 0.59 ha. This was followed 
by the rectangular 25 m² sampling plot with 0.61 ha and the 
rectangular 4 m² sampling plot with 0.64 ha (Fig. 6C). The 50 
m² sampling plot requires 0.78 ha independent of shape, and 
the 100 m² sampling plot requires 1.21 ha for the square shape 
and 1.46 ha for the rectangular shape. A summary of the RSE% 
results is presented at Table 2.
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DISCUSSION

Overall, the diameter distribution for natural 
regeneration followed a negative exponential curve, 
indicative of uneven-aged native forests, and the basal area 
of 4.51 m².ha-1 closely aligns with estimates from Vieira et al. 
(2021) in sites under regeneration in an ombrophilous dense 
forest (3.5 – 9.35 m².ha-1)). These findings corroborate the 
established patterns of regeneration dynamics under light 
and environmental constraints outlined by Swaine and 

Whitmore (1988). The results of families with the highest 
richness, Fabaceae, Myrtaceae, Annonaceae, Sapindaceae, 
and Burseraceae, show a common pattern in the Amazon 
region, notably for the Fabaceae family, which ranks first in 
several studies (Draper et al., 2021; Colli-Silva; Pirani, 2022). 

When considering the regeneration diversity, a 
single smaller plot will produce a less accurate estimate 
than a single larger plot; however, all plot sizes and shapes 
can accurately estimate the diversity variables with the 
appropriate sampled area. In this case, the decision regarding 

Figure 5: Relative Sampling Error (RSE) of the structural variables of the DBH < 5 cm diameter class in the 1 ha plot in 
relation to the sampled area. A – Tree density, B – Stem density, and C – Basal area. RSE – Relative Sampling Error, D – 
Tree density, Ds – Stem density, G – Basal area. The graphs are plotted on a logarithmic scale to facilitate visualization, 
and the horizontal black dashed line indicates a relative standard error (RSE) of 10%.

Figure 4: Mean Absolute Error (MAE) of the structural variables of the 5 cm ≤ DBH ≤ 10 cm diameter class in the 1 ha 
plot in relation to the sampled area. A – Tree density, B – Stem density, and C – Basal area. MAE – Mean Absolute Error, 
D – Tree density, Ds – Stem density, G – Basal area. The graphs are on a logarithmic scale to facilitate visualization.
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the ideal sampling plot size and shape is based on the time 
and cost constraints of the different plot configurations, as 
well as operational practicalities. Some studies agree with 
our findings of similarity in the estimation of forest diversity 
using different sampling plot sizes and shapes (Pinto et al., 
2021; Bernardes-da-Silveira, 2022), whereas others show 
a clear influence of plot configuration in forest diversity 
assessment, which recommends the use of large plot sizes 
because of their influence on obtaining more species and 
individuals, thus estimating diversity and evenness indices 
with greater precision (Chazdon et al., 2023; Kardgar et al., 
2024); therefore, these factors must be accounted if the study 
includes diversity analysis. As for plot shape, the literature is 
mixed, with some studies showing that rectangular plots can 
yield more species (Condit et al., 1996; Bacaro et al., 2015), 
while others indicate that this increase is modest (Laurance 
et al., 1998; Keeley; Fotheringham, 2005).

As for the forest regeneration structure, an increase 
in accuracy with an increase in sampled area for the G 
variable has been reported in other studies (Ubialli et al., 
2009; Augustynczik et al., 2013). Although, the same trend 
for D, in the 5 cm ≤ DBH ≤ 10 cm diameter class, appears 
to be a novelty of our study as a lack of influence of the 
sampled area on the accuracy of D is commonly registered 
(Augustynczik et al., 2013), similar to what happened to the 
DBH < 5 cm diameter class in our analysis. However, it is 
essential to note that these studies sampled different tree 
size classes and employed far fewer simulations than ours, 
making it challenging to discern general trends.

In the few studies regarding the ideal plot size for 
structural sampling in tropical forest regeneration, the larger 
plots yield the best results, with the optimal plot size being 
between 70 m² and 100 m² due to lesser gain in accuracy 
for sampling plots larger than this (Gnonlonfoun et al. 2015, 

Hounsode et al. 2015). Our results were somewhat mixed, 
with the use of a smaller 4 m² or a larger 50 m² sampling 
plot depending on the diameter class and variable sampled. 
The use of a larger plot has the advantage of producing a 
lower variance between plots, so fewer plots can achieve 
the same level of precision as several small plots, which 
reduces the commute time between plots (Zeide 1980; 
Evans and Viengkham, 2001; Bernardes-da-Silveira et al. 
2022); however, more time is spent inventorying trees 
within a larger plot (Zeide, 1980; Pinto et al., 2024).

Overall, the plot shape influenced the estimation 
of the regeneration structure across all plot sizes tested, 
with a square or rectangular plot being the most accurate, 
depending also on the diameter class, variable, and plot 
size sampled. The literature on this topic also has mixed 
conclusions, with greater efficiency found in square plots 
(Salako et al., 2013; Roveda et al., 2016), rectangular plots 
(Gnonlonfoun et al., 2015; Hounsode et al., 2015), and neither 
plot shape (Evans and Viengkham, 2001; Oliveira et al., 2014). 
These mixed findings are due to the ideal plot shape being 
dependent on factors such as the spatial distribution of trees 
and the forest’s environmental gradient (Gnonlonfoun et al., 
2015), which are beyond the scope of our study.

When considering sampling precision, our results 
indicate that smaller plots obtain estimates of the variables with 
a sampling error of 10% for a lower sampled area. Generally, 
in forest mensuration activities within natural forests, smaller 
plots tend to produce more variance than larger plots (Pinto 
et al., 2021; Musa et al., 2025). However, when using statistics 
such as the RSE and the standard error, which the former uses 
in its equation, at any sampled area, the variance in small plots 
is divided by more sample units than in large plots, which 
explains why smaller plots reach the desired RSE with less 
sampled area (Kershaw Jr. et al., 2016). 

Figure 6: Relative Sampling Error (RSE) of the structural variables of the 5 cm ≤ DBH ≤ 10 cm diameter class in the 1 
ha plot in relation to the sampled area. A – Tree density, B – Stem density, and C – Basal area. RSE – Relative Sampling 
Error, D – Tree density, Ds – Stem density, G – Basal area. The graphs are plotted on a logarithmic scale to facilitate 
visualization, and the horizontal black dashed line indicates a relative standard error (RSE) of 10%.
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Diameter Class Variable Plot Size (m²) Plot Shape Sampled Area (ha)

DBH < 5 cm

D

4
Rectangular 0,16

Square 0,16

25
Rectangular 0,52

Square 0,52

50
Rectangular 0,98

Square 0,98

100
Rectangular 1,79

Square 1,79

Ds

4
Rectangular 0,08

Square 0,08

25
Rectangular 0,56

Square 0,55

50
Rectangular 1,01

Square 0,98

100
Rectangular 1,83

Square 1,81

G

4
Rectangular 0,24

Square 0,24

25
Rectangular 0,67

Square 0,58

50
Rectangular 1,01

Square 1,11

100
Rectangular 1,80

Square 1,80

5 cm ≤ DBH ≤ 10 cm

D

4
Rectangular 0,53

Square 0,53

25
Rectangular 0,39

Square 0,39

50
Rectangular 0,50

Square 0,49

100
Rectangular 0,90

Square 0,90

Ds

4
Rectangular 0,01

Square 0,01

25
Rectangular 0,40

Square 0,48

50
Rectangular 0,68

Square 0,64

100
Rectangular 1,34

Square 1,19

G

4
Rectangular 0,64

Square 0,59

25
Rectangular 0,61

Square 0,68

50
Rectangular 0,78

Square 0,78

100
Rectangular 1,46

Square 1,21

Table 2: Sampled area (ha) necessary to obtain an Relative Sampling Error (RSE) of 10% for the variables D, Ds and G 
for the diameter classes DBH < 5 cm and 5 cm ≤ DBH ≤ 10 cm.
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The discrepancy between the MAE and RSE results 
shows the difference between the accuracy and precision 
in forest sampling. Accuracy refers to the closeness of an 
estimate to the actual value, whereas precision indicates 
how closely a series of measurements align with their 
mean (Kershaw Jr. et al., 2016). Sampling with smaller plots 
achieved a precision of 10%, covering a significantly smaller 
area compared to larger plots. However, owing to the strong 
bias in sampling D, Ds, and G, the accuracy of the estimates 
varied depending on the diameter class and plot size used.

Our findings showed that, for sampling ecological 
variables such as richness and the Shannon–Weaver index, 
the 4 m² sampling plot was the most effective, regardless 
of plot shape or diameter class. It is important to notice 
that 218 trees were not identified and therefore were 
not included in the ecological variables analysis (Table 
1). This limitation is likely due to challenges in identifying 
juvenile trees, including morphological plasticity between 
juvenile and mature trees, and the lack of field guides and 
botanical collections for this size class. These challenges are 
exacerbated when the species is rare and thus less familiar 
to parabotanists (Ferraz et al., 2019). 

The presence of unidentified trees among 
ecological variables primarily leads to an underestimation 
of forest diversity. This underestimation negatively impacts 
conservation policies because the actual diversity remains 
unknown, making it challenging to identify focal species 
for conservation, particularly during critical stages such 
as regeneration, and in monitoring forest development 
following disturbances (González-Oreja et al., 2013; Daru 
et al, 2024). In this case, we highlight the need to expand 
studies on the identification of juvenile trees and seedlings 
in the Amazon as an essential step in forest conservation 
and monitoring in the region.

For the structural variables, the square 4 m² sampling 
plot achieved the best accuracy when sampling the DBH < 
5 cm diameter class. The rectangular 50 m² sampling plot 
yielded the best results for the Ds and G variables for the 5 
cm ≤ DBH ≤ 10 cm diameter class, while for D, the best results 
were obtained with the 4 m² sampling plot, independent of 
shape. We emphasize the importance of accurate studies 
in forest mensuration, even in the face of difficulties in 
conducting a forest census, because they facilitate the 
development of truly effective sampling designs. Moreover, 
although we sampled a small area, inventorying all trees 
with a diameter at breast height (DBH) ≤ 10 cm required 
significant effort, and we believe this often-overlooked data 
will help improve forest regeneration assessments.

CONCLUSION

Sampling simulations highlighted the efficiency 
of square plots of 4 m² and rectangular plots with 50 m², 
particularly when several sampling units were used. These 
results not only validate the applicability of fixed-area sampling 
but also demonstrate the value of integrating spatial tools, 
such as GIS, for inventory optimization.  This study confirms 
that random sampling, combined with advanced geospatial 
technologies and sound statistical methodologies, can yield 

high-accuracy forest inventory data. Contrary to our initial 
hypothesis, we found that the largest sampling plot was 
not the most effective under all sampling conditions. This 
may be attributed to increased variability associated with 
larger plot sizes. Additionally, the influence of plot shape on 
accuracy depended on multiple factors, making it impossible 
to recommend a single plot shape for all scenarios. Lastly, the 
distinction between accuracy and precision was evident in 
our analysis, indicating that this relationship warrants further 
investigation in forest sampling.
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