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To run a sampling inventory, first it is necessary to 
define the variables of interest, which are the popula-
tion characteristics that will be estimated. Subsequently, 
it is necessary to define the sampling unit so that the 
population is divided into small portions from which 
can be obtained a unique observed value of the vari-
ables of interest (Avery and Burkhart 1983; Shiver and 
Borders 1996). The sampling units can be equal-area 
or variable-area plots, or non-surface sampling units, 
such as lines and points (e.g., the trees themselves)
(Jaenson et al. 1992; Alvarez et al. 2005; Nagendra 
and Gopal 2010; Nowak et al. 2015).

In sampling inventories of street tree populations, 
variables of interest are usually defined per sidewalk 
length, like trees per kilometer of sidewalk. The sam-
pling unit is a block or street, and its edges are side-
walks. In this way, it is easy to identify and determine 
which plants should be considered (Jaenson et al. 
1992; Alvarez et al. 2005; Nagendra and Gopal 2010; 
Nowak et al. 2015).

INTRODUCTION
Forest inventories are necessary to quantify the bene-
fits provided by street trees, such as air purification, 
thermal comfort, reduction of heat island and storm-
water effects, landscape and habitat connectivity, bio-
diversity conservation, carbon sequestration potential, 
and others (Kim 2016; Tan et al. 2021; Cavender-Bares 
et al. 2022).

The inventory scope, variables of interest, precision, 
and process are determined by goals, limited by time 
and resources, and can be influenced by specific fea-
tures of an area and study population (Avery and Bur-
khart 1983; Shiver and Borders 1996). Concerning 
street tree populations, sampling inventories can pro-
vide adequate information for many projects and are 
less costly than a census. The sample is sufficient to 
acquire an overview of a population, though it does 
not provide specific data on all trees (Grey and Deneke 
1992; Miller 1996).
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However, systematic samples assure greater spatial 
balance and, therefore, have a greater probability of cov-
ering the range of variable values in the population.

The main potential difficulty of systematic sampling 
is associated with the periodicity of the population, 
which may occur if there are heterogeneous regions 
in the area. Of course, this will only be noted if the 
sampling units intersect those regions. Under these 
conditions, estimates of variables of interest will be 
inaccurate, and variance will be underestimated, since 
this sample may not specifically resemble the popula-
tion. On the other hand, stratified systematic sampling 
seems to be more efficient in heterogeneous popula-
tions because the estimates are separately made for 
each stratum rather than for the entire population. This 
results in lower standard errors, assuming strata are 
correctly defined and the homogeneous subpopulations 
are properly delimited (Avery and Burkhart 1983; 
Shiver and Borders 1996). 

If the stratification is proper, the stratified systematic 
sample will be smaller than the simple systematic sam-
ple, i.e., a sample with fewer sampling units (Avery and 
Burkhart 1983; Shiver and Borders 1996). Regarding 
the stratification of street tree population by sociopo-
litical variables, like socioeconomic level, administra-
tive division, and occupancy date, no previous research 
examining a correlation between those variables and 
the distribution of street trees throughout the city was 
found. Although such stratification could contribute 
to characterizing city zones, it does not reduce sample 
size (Jaenson et al. 1992; Alvarez et al. 2005). 

Nevertheless, Nagendra and Gopal (2010) obtained 
efficient stratification using a quantitative variable: 
road width. The percentage of street tree cover is a 
quantitative variable as well, and using it as a stratifi-
cation variable seems to be suitable, given its positive 
correlation with tree crown area, diameter at breast 
height, total height, and number of trees (Brix and 
Mitchell 1983; Sanders 1984; Nowak 1994; O’Brien 
et al. 1995; Tonini and Arco-Verde 2005).

Traditionally, a street tree inventory is used as a 
source of data for planning their management in the 
urban space, collecting variables that capture charac-
teristics like the distribution of species and diameters, 
plant health, and distance from other urban elements 
(Grey and Deneke 1992; Miller 1996). However, the 
expansion of urban ecology and interest in ecosystem 
services derived from street trees drives the demand 
for knowledge about efficient processes for accurately 

Sampling units of efficient size are those that pro-
vide estimates with low variance (S2), which means 
that the sampling units have little variability between 
each other and values closer to the sample mean. 
Increasing sampling unit size can decrease their vari-
ability once they become more like the population, 
but it is necessary to find the size that is cost effective 
(Avery and Burkhart 1983; Shiver and Borders 1996).

The sample comprises a set of selected sampling 
units using a determined sampling process. The most 
common are: simple random sampling (sampling units 
are randomly obtained within the population); system-
atic sampling (sampling units are selected at a constant 
interval from a selected sampling unit that is initially 
sampled randomly); and stratified systematic sam-
pling (a population is initially divided into strata, also 
called homogeneous sub-populations, and the sample 
is thus composed of sub-samples from each stratum)
(Avery and Burkhart 1983; Shiver and Borders 1996).

The distribution and composition of street tree pop-
ulations are influenced by factors such as degree of 
urbanization, zoning, road infrastructure, municipal 
investment and management, educational level, and 
residents’ affinity with plants. For example, city street 
trees are often grouped in monospecific plantings 
locally for aesthetic or cost reasons. This is one reason 
for spatial heterogeneity (Jim 1998; Nagendra and 
Gopal 2010; Lo and Jim 2012).

Therefore, woody regions occur throughout the 
city, and variables of interest are grouped in spatial 
distributions accordingly. In this context, systematic 
sampling is presented as a suitable process for sample 
selection, as the sampling units are evenly spaced and 
can be proportionally distributed in the regions of the 
area. Thus, a systematic sample assures greater spa-
tial balance and is more likely to cover the range of 
variable values than a random sample. Another advan-
tage of systematic sampling is that the location of a 
systematic sampling unit is usually easily identifiable 
(Avery and Burkhart 1983; Shiver and Borders 1996). 
Several previous studies about street tree inventory-
ing have used random samples. Still, it is generally 
accepted that the sampling units may be concentrated 
in certain areas, and that the sample might omit, 
underrepresent, or overrepresent large regions of the 
city (Jaenson et al. 1992; Maco and Mcpherson 2003; 
Alvarez et al. 2005).

Systematic samples do not necessarily represent 
the population more than simple random samples. 
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Simple Systematic Sampling
Simple systematic sampling was carried out using the 
georeferenced grid of 90 cells. Then, a grid of points 
was used to mark the center of the cells, and each 
point served to locate the nearest set of 4 blocks with-
out squares or parks that were preferably arranged 
around a crossroad. Using different configurations of 
the sampling unit, 4 samples with 90 sampling units 
were determined: 1, 2, 3, and 4 blocks (Figure 2).

The total number of blocks in the study area was 
3,759, so for each sampling unit size, the population 
(N) corresponds to 3,759 sampling units (1-block size); 
1,879 sampling units (2-block size); 1,253 sampling 
units (3-block size); and 940 sampling units (4-block 
size). Thus, the sampling intensity (i.e., the percent-
age of the population that has been sampled) from 
each sampling unit size was, respectively, 2.4%, 4.8%, 
7.2%, and 9.6%.

For this study, the following estimates of simple 
random sampling for finite populations described by 
Shiver and Borders (1996) were used:

	 (1)

	 (2)

	 (3)

	 (4)

	 (5)

	 (6)

	 (7)

estimating underexplored quantitative variables, such 
as crown area, volume, and biomass of populations or 
species. These are essential to managing street trees 
to understand better how to augment their ecosystem 
services (Nowak et al. 2008; Speak et al. 2018).

The estimation of ecosystem services has been made 
using allometric equations obtained by regression 
analysis, in which the dependent variable is the eco-
system service, and the independent variables are 
measurable characteristics of the population (Wood-
all et al. 2011; Pretzsch et al. 2023). There is also soft-
ware developed for this purpose, such as i-Tree, which 
requires variables like diameter at breast height (DBH) 
and tree species in its calculations (Bagstad et al. 2013; 
Zięba-Kulawik 2021).

This manuscript deals with a case study comparing 
systematic sampling with stratified systematic sam-
pling using the percentage of street cover as a stratifi-
cation variable for street tree inventory in Piracicaba 
City, Brazil. Four different sampling unit sizes are 
also compared to estimate five variables of interest.

MATERIALS AND METHODS
Study Area
Piracicaba is a medium-sized city located in the Bra-
zilian state of Sao Paulo. The city has an overall area 
of 221 km2, a human population of 356,743 (1,614 
people/km2), and 1,575 km of public streets (IBGE 
2010; IPPLAP 2015). The study area covers only the 
most densely urbanized area of Piracicaba (22°39ʹ23ʺS 
and 22°46ʹ51ʺS, 47°34ʹ49ʺW and 47°42ʹ16ʺW), which 
is at 554 m in elevation and has an Aw Köppen class–
tropical savanna climate with dry winter. It covers 
only 82 km2 (37% of the city’s overall size) and 991 
km of public streets (63% of the total length).

To delimit the study area, we used an image of the 
overall area of Piracicaba that was captured on 2011 
April 22 by the WorldView II satellite (0.5-m spatial 
resolution) composed of R, G, B, and NIR bands, 
merged, orthorectified, and georeferenced to WGS 
1984 datum and Universal Mercator system (UTM) 
Zone 23 South coordinates. A georeferenced grid with 
cells of 0.75 km2 (862 m × 862 m) was laid over the 
image in QGIS software, and cells that had more than 
50% of the urbanized area and formed a continuous 
area were selected for inclusion in the study area, 
amounting to 90 cells or 66.8 km2 (Figure 1).
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where xi is the value of ith sampling unit, n is the total 
number of sampling units in the sample, N is the total 
number of sampling units in the population, t is Stu-
dent’s t-value for α obtained from the 2-tailed table, 
and 1 – α is the probability that the confidence inter-
val will capture the true mean. 

The sample size (ne) was determined for 95% and 
90% confidence intervals (α equal to 0.05 and 0.1, 
and ta equal to 1.99 and 1.66, respectively) with 10%, 
15%, and 20% of allowable error (AE%). 

Stratified Systematic Sampling
Stratification of the Study Area by the Percentage 
of Street Tree Cover
First, the urbanized area in each of the 90 cells was 
separated to stratify the study area by the percentage 
of street tree cover. For this portion, the ArcGIS soft-
ware vectorized areas are not considered part of that 
urban structure. They were: (1) unoccupied areas 
(non-urbanized areas); (2) new housing developments 
(despite having urban infrastructure, these areas do 
not contain a developed population of street trees, i.e., 
their circumference at breast height is less than 12 cm); 
(3) mining and agriculture areas are generally much 

Figure 1. The study area: the densely urbanized area of Piracicaba City, São Paulo, Brazil (66.8 km2).
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larger than one block and are in industrial areas or 
suburbs of a city; and (4) riparian forests and rivers are 
protected areas, such as the Piracicaba River. These 
areas were subtracted from the area of the cells, leaving 
only what we called the urbanized area.

Next, the cover area of the street trees only was 
obtained. The same software was used to delete the 
vegetation not included from the cells, i.e., (1) central 
block vegetation (garden vegetation); and (2) parks 
and squares (including their sidewalks). The image 
contained only streets, sidewalks, avenue medians, 
and vegetation. Supervised Classification was run with 
an image processing software called Multispec to 
map the following land cover classes: street tree cover, 
asphalt, and exposed soil. Fifteen samples (with a size 
of approximately twenty pixels) of each land cover 

class were delimited in the image, shown by the class 
of spectral signature, and each pixel was classified 
(Multispec 2017). Finally, the percentage of street tree 
cover in each cell was calculated by the ratio of street 
tree cover area to urbanized area.

To identify the strata, the cells were categorized 
into the following street tree cover percentages: 1% to 
2% (10 cells); 2% to 3% (31 cells); 3% to 4% (18 
cells); 4% to 5% (10 cells); 5% to 6% (3 cells); 6% to 
7% (8 cells); 7% to 8% (5 cells); 8% to 9% (2 cells); 
and 9% to 12% (3 cells). The 9% to 12% cells were 
grouped into the same category so that all categories 
had more than one cell (Figure 3a).

Two strata were delimited through visual interpre-
tation of the cluster of cells with approximate street 
tree cover. So, most cells with more than 5% of street 

Figure 2. Scheme of sampling units’ selection.
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Figure 3. Stratification of the study area: (a) class percentage of street tree cover into cells; (b) stratification of cells via percentage of 
street tree cover.

B
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tree cover were placed into Stratum 1 and less than 
5% into Stratum 2 (Figures 3a and 3b). A mix of cells 
remained. For example, cell #80, which has 6.76% 
tree cover, is in the middle of Stratum 2, although it 
has a value that would put it in Stratum 1. We distrib-
uted the cells with values between 4% and 5% into 
the 2 strata using the neighborhood criterion based on 
our best judgment of the tree cover. The certain mix 
of cells was useful in maintaining the continuity of 
the strata. The stratum continuity is not obligatory but 
can facilitate fieldwork in everyday situations.

Estimates of Stratified Systematic Sampling
The following estimates of stratified systematic sam-
pling for finite populations were used for the 4 differ-
ent samples (Shiver and Borders 1996):

	 (9)

	 (10)

	 (11)

	 (12)

	 (13)

	 (14)

	 (15)

	 (16)

	 (17)

	 (18)

	 (19)

where xh,i is the value of the ith sampling unit within 
stratum h, nh is the number of sampling units from 
stratum h included in the sample, Nh is the total number 
of sampling units in stratum h, N is the number of sam-
pling units in the entire population, L is the number of 
strata, t is the Student’s t-value for α obtained from the 
2-tailed table, 1 − α is the probability that the confi-
dence interval will capture the true mean, and wh is the 
proportion of sampling units in the stratum h ( ).

Sample size (ne) was determined for 95% and 90% 
confidence intervals (α equal to 0.05 and 0.1, and t  
equal to 1.99 and 1.66, respectively) with 10%, 15%, 
and 20% allowable error (AE%), as in the simple sys-
tematic sampling. There is no coefficient of variation 
for the population, only for strata.

Collecting Data, Calculating Variables, 
and Determining Form Factor of Trunk 
from Street Tree Population
The data to calculate the variables of interest were 
collected from March to May 2013 (for 3 months). 
Only public street plants with a circumference at 
breast height (CBH) ≥ 12 cm that were planted on 
sidewalks or avenue medians up to 3 m wide were 
included (larger avenue medians were considered 
squares). It is important to note that shrub species are 
used as street trees in the study area. In Brazil, they 
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● Coefficient of variation for stratum h (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥ℎ): 
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𝑥̅𝑥𝑥𝑥ℎ
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(11) 

 

  

 

 

● Standard error of subsample mean for stratum h (𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥ℎ): 
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2
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� (12) 
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● Standard error of subsample mean for stratum h (𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥ℎ): 
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● Mean for stratified sample (𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆): 

𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = ��
𝑁𝑁𝑁𝑁ℎ
𝑁𝑁𝑁𝑁
� 𝑥̅𝑥𝑥𝑥ℎ

𝐿𝐿𝐿𝐿

ℎ=1

 (13) 

 

  

 

 

● Mean for stratified sample (𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆): 

𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = ��
𝑁𝑁𝑁𝑁ℎ
𝑁𝑁𝑁𝑁
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𝐿𝐿𝐿𝐿
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 (13) 

 

  

 

 

● Variance of mean for stratified sample (𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
2 𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
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𝑁𝑁𝑁𝑁ℎ
𝑁𝑁𝑁𝑁
�
2
𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥ℎ
2

𝐿𝐿𝐿𝐿

ℎ=1

 (14) 

 

  

 

 

● Variance of mean for stratified sample (𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
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𝑁𝑁𝑁𝑁
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● Variance of mean for stratified sample (𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
2 𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 ): 
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𝑁𝑁𝑁𝑁ℎ
𝑁𝑁𝑁𝑁
�
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𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥ℎ
2

𝐿𝐿𝐿𝐿

ℎ=1

 (14) 

 

  

 

 

● Standard error of mean for stratified sample (𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆): 

𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = �𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
2  (15) 

 

  

 

 

● Standard error of mean for stratified sample (𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆): 

𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = �𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
2  (15) 

 

  

 

 

● Upper bound on the error of estimation for sample mean (𝐵𝐵𝐵𝐵𝑀𝑀𝑀𝑀): 

𝐵𝐵𝐵𝐵𝑀𝑀𝑀𝑀 = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴% × 𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) (16) 

 

  

 

 

● Upper bound on the error of estimation for sample mean (𝐵𝐵𝐵𝐵𝑀𝑀𝑀𝑀): 

𝐵𝐵𝐵𝐵𝑀𝑀𝑀𝑀 = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴% × 𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) (16) 

 

  

 

 

● Upper bound on the error of estimation for sample mean (𝐵𝐵𝐵𝐵𝑀𝑀𝑀𝑀): 

𝐵𝐵𝐵𝐵𝑀𝑀𝑀𝑀 = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴% × 𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) (16) 

 

  

 

 

● 1 − α Confidence interval (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶): 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ± 𝑡𝑡𝑡𝑡𝛼𝛼𝛼𝛼 × 𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (17) 

 

  

 

 

● 1 − α Confidence interval (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶): 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ± 𝑡𝑡𝑡𝑡𝛼𝛼𝛼𝛼 × 𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (17) 

 

  

 

 

● Sample size (𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒): 

𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒 =
∑

𝑁𝑁𝑁𝑁ℎ2𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥ℎ
2

𝑤𝑤𝑤𝑤ℎ
𝐿𝐿𝐿𝐿
ℎ=1

𝑁𝑁𝑁𝑁2𝐵𝐵𝐵𝐵𝑀𝑀𝑀𝑀2
4 + ∑ 𝑁𝑁𝑁𝑁ℎ𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥ℎ

2𝐿𝐿𝐿𝐿
ℎ=1

 (18) 

 

  

 

 

● Sample size (𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒): 

𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒 =
∑

𝑁𝑁𝑁𝑁ℎ2𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥ℎ
2

𝑤𝑤𝑤𝑤ℎ
𝐿𝐿𝐿𝐿
ℎ=1

𝑁𝑁𝑁𝑁2𝐵𝐵𝐵𝐵𝑀𝑀𝑀𝑀2
4 + ∑ 𝑁𝑁𝑁𝑁ℎ𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥ℎ

2𝐿𝐿𝐿𝐿
ℎ=1

 (18) 

 

  

 

 

● Sampling intensity (𝐶𝐶𝐶𝐶%): 

𝐶𝐶𝐶𝐶% =
𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒
𝑁𝑁𝑁𝑁

× 100 (19) 

 

  

 

 

● Sampling intensity (𝐶𝐶𝐶𝐶%): 

𝐶𝐶𝐶𝐶% =
𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒
𝑁𝑁𝑁𝑁

× 100 (19) 
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𝑛𝑛𝑛𝑛ℎ − 1
 

 

𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 =
∑

𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖
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𝑖𝑖𝑖𝑖=1
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● Variance of mean for stratified sample (𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
2 𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 ): 

𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
2 = ��

𝑁𝑁𝑁𝑁ℎ
𝑁𝑁𝑁𝑁
�
2
𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥ℎ
2

𝐿𝐿𝐿𝐿

ℎ=1

 (14) 
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are pruned to have only one stem and to reach about 
3 m in height.

The following data were stored in a spreadsheet 
software using hardware in the field: location, species, 
circumference at breast height (CBH, m), total height 
(Ht, m), and height of first fork (Hf, m). A sequential 
number was assigned to each sampling unit, block, 
and plant, and the street name was recorded; botani-
cal identification was carried out in the field or when 
necessary by an expert in plant taxonomy using 
botanical material (a collected branch, preferably with 
flowers and fruits); CBH (m) was measured from the 
trunk at 1.30 m using a tape (0.1-cm accuracy), but if 
the plant fork was below 1.30 m, all branches with 
CBH ≥ 12 cm were measured; Ht (m) was measured 
from the base to the top of the plant using a hypsom-
eter (measurement error up to 0.3 m; Vasilescu 2013); 
and Hf (m) was measured from the base to the first 
fork of the trunk or until the trunk tapered to 5.0 cm 
in diameter using a hypsometer. The perimeter of 
blocks (m) was measured along curbs using a wheel 
tape (0.1-m accuracy).

The following variables were calculated for each 
street tree:

	 (20)

	 (21)

	 (22)

	 (23)

where g (m2) is the basal area of the trunk or the sum 
of basal areas of branches; b is the number of 
branches; DBH (m) is the diameter at breast height of 
the trunk or each branch, which was calculated from 
the CBH; CBH (m) is the circumference at breast 
height of the trunk or each branch, which was mea-
sured from the street tree; i is the counter of 

circumferences and diameters at breast height from 
the branches; DBHc (m) is the corresponding diame-
ter from the basal area of the trunk or sum of basal 
areas of branches; V (m3) is the estimated volume of 
the trunk using fc; Ht (m) is the total height of the 
plant; and fc is the form factor of the trunk from the 
street tree population, which was equal to 0.5178 as 
calculated below. Data analyses were conducted 
using statistical software (R Core Team 2019).

The form factor (fc) was established from the 10 
most frequent species representing 56.6% of the sam-
pled street trees. They were: (1) Murraya paniculata 
(L.) Jack (16.26%); (2) Licania tomentosa (Benth.) 
Fritsch. (10.36%); (3) Poincianella pluviosa (DC.) 
L.P.Queiroz (6.44%); (4) Lagerstroemia indica L. 
(6.42%); (5) Schinus molle L. (3.13%); (6) Magnolia 
champaca L. (3.05%); (7) Handroanthus chrys-
otrichus (Mart. ex DC.) Mattos (2.94%); (8) Syagrus 
romanzoffiana (Cham.) Glassman. (2.92%); (9) Cal-
istemon viminalis G. Don ex Loud. (2.73%); and (10) 
Terminalia catappa L. (2.54%)(Table S1).

The range of basal areas (cross section at breast 
height areas) obtained for those species was divided 
into 3 classes, and 2 plants that forked above 1.30 m 
were randomly selected from each class. For those 60 
plants (10 species × 3 basal area classes × 2 plants), 
the trunk scaling was determined using an electronic 
dendrometer (Laser Technology, Inc., USA), which 
provides estimates of height and diameter along the 
trunk with an accuracy up to 0.635 cm (Laser Tech-
nology 2016). Cross-section diameters of each 
selected plant trunk were measured from the base up 
to 5 cm or up until some obstruction arose, such as the 
canopy or where there were many forks. The actual 
volume of the trunks was calculated using Smalian’s 
Formula, as described by Husch et al. (2002), who 
claimed that it is necessary to measure diameters to 
0.1 m, 0.3 m, 0.7 m, and 1.3 m from the ground, and 
thereafter at 1-m intervals to obtain accurate data of 
volume. Finally, form factor (fc) was established by 
the following formula (Prodan et al. 1997):

	 (24)

	 (25)

 

 

● Transversal area of the trunk or sum of transversal areas of branches (g, m2): 

𝑔𝑔𝑔𝑔 = �
𝜋𝜋𝜋𝜋
4

× 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖2
𝑏𝑏𝑏𝑏

𝑖𝑖𝑖𝑖=1
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● Transversal area of the trunk or sum of transversal areas of branches (g, m2): 

𝑔𝑔𝑔𝑔 = �
𝜋𝜋𝜋𝜋
4
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𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 =
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖
𝜋𝜋𝜋𝜋
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● Corresponding diameter from the transversal area or the sum of transversal area 
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𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐 = ��
4
𝜋𝜋𝜋𝜋

× 𝑔𝑔𝑔𝑔� (22) 

 

  

 

 

● Estimated volume of trunk (𝐶𝐶𝐶𝐶, m3): 

𝐶𝐶𝐶𝐶 =
𝜋𝜋𝜋𝜋
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𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖

60
 

(24) 

 

𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐 = 𝑔𝑔𝑔𝑔 × 𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡 (25) 

 

  

Page 7: 

𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 

𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = �𝑆𝑆𝑆𝑆𝑥̅𝑥𝑥𝑥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
2  

 

𝑆𝑆𝑆𝑆𝑥𝑥𝑥𝑥ℎ
2 =  

∑ (𝑥𝑥𝑥𝑥ℎ,𝑖𝑖𝑖𝑖 −  𝑥̅𝑥𝑥𝑥ℎ)2𝑛𝑛𝑛𝑛ℎ
𝑖𝑖𝑖𝑖=1

𝑛𝑛𝑛𝑛ℎ − 1
 

 

𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 =
∑

𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖

60
𝑖𝑖𝑖𝑖=1

60
 

 

Corresponding diameter from the basal areas

 

 

● Transversal area of the trunk or sum of transversal areas of branches (g, m2): 

𝑔𝑔𝑔𝑔 = �
𝜋𝜋𝜋𝜋
4

× 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖2
𝑏𝑏𝑏𝑏

𝑖𝑖𝑖𝑖=1

 (20) 

 

𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 =
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖
𝜋𝜋𝜋𝜋

 (21) 

 

 

  

 

 

● Transversal area of the trunk or sum of transversal areas of branches (g, m2): 

𝑔𝑔𝑔𝑔 = �
𝜋𝜋𝜋𝜋
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× 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖2
𝑏𝑏𝑏𝑏

𝑖𝑖𝑖𝑖=1

 (20) 

 

𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 =
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖
𝜋𝜋𝜋𝜋

 (21) 

 

 

  

 

 

● Transversal area of the trunk or sum of transversal areas of branches (g, m2): 

𝑔𝑔𝑔𝑔 = �
𝜋𝜋𝜋𝜋
4

× 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖2
𝑏𝑏𝑏𝑏

𝑖𝑖𝑖𝑖=1
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𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖
𝜋𝜋𝜋𝜋

 (21) 
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RESULTS
Some 5,744 plants were cataloged throughout 360 
blocks within the city, corresponding to 9.6% of the 
total 3,759 blocks. If that value is extrapolated, the 
study area population could be estimated at approxi-
mately 60,000 street trees. From the 360 selected 
blocks, the mean perimeter was 428.31 m, the small-
est perimeter was 155.1 m, and the largest perimeter 
was 1,164.2 m; the 99% probability range was 428.31 
± 280.23 m, and the coefficient of variation was 32.9%.

We observed that 1,599 individuals (27.83%) are 
shrubs and, therefore, belong to species that branch 
from the base, must be repeatedly pruned to acquire 
the shape of small trees, and have low wood density. 
The other 4,145 individuals (72.16%) belong to arbo-
real species, which have bigger dimensions than 
shrubs, only 1 or 2 stems, and vary in wood density.

Corresponding diameter at breast height (DBHc) 
and total height (Ht) show frequency concentration in 
lower class values, with DBHc up to 25 cm and Ht up 
to 6 m. The mean DBHc  was 21.04 cm, the median 
was 17.51 cm, and the coefficient of variation was 
65.16%, while the mean Ht was 6.20 m, the median 
was 5.10 m, and the coefficient of variation was 
55.59% (Figure 4 and Table 1).

The Results from Variables of Interest
Here, we will reference the estimates of the variables 
of interest from 4-block sampling units and α = 5% 
because they have the lowest error (Table 2).

First, the mean total height of sampling unit (𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 ) 
shows a low sample mean value (x

_    
= 6.04 m) and the 

lowest variability among all variables of interest (Sx
_  
 
= 

0.13 and CV% = 21.73 from SSS). The same behavior 
remains with the population stratification (x

_   
= 6.76 m, 

Sx
_   
 
= 0.31 and CV% = 24.38 to Stratum 1; x

_    
= 5.75 m, 

Sx
_  
 
= 0.12 and  CV% = 17.86 to Stratum 2)(Table 2).
The number of street trees per kilometer of side-

walk (DF) shows a mean value (x
_   

= 38 plants/km 

where fc is the form factor; Va (m3) is the actual volume 
of the trunk by Smalian’s formula; Vc (m3) is the cylin-
drical volume of the trunk; g (m2) is the basal area of 
the trunk; Ht (m) is the total height of the plant; and 60 
is the number of trunk scaling.

Variables of Interest of Forest Inventory
The following variables of interest were calculated 
for each sampling unit (Table S2):

	 (26)

	 (27)

	 (28)

	 (29)

	 (30)

where f (u) is the number of plants in the sampling unit; 
P (km) is the length of the sampling unit, which is the 
sum of perimeters of its blocks; g (m2) is the basal 
area of the trunk; Ht (m) is the total height of the plant; 
V (m3) is the estimated volume of the plant; and e (u) 
is the number of species in the sampling unit.

Table 1. Statistics of corresponding diameter at breast height (DBHc) and total height (Ht) of street trees in the densely urbanized 
area of Piracicaba (Sao Paulo, Brazil), where f is the total number of street trees, x

_
   is the mean, min is the minimum value, 

max is the maximum value, 1st q is the first quartile, med is the median, 3rd q is the third quartile, S is the standard deviation, 
and CV is the coefficient of variation.

Variable
f = 5,744 street trees

x
_

min max 1st q med 3rd q S CV (%)
DBHc (cm) 21.04 3.82 95.81 11.46 17.51 25.79 13.71 65.16
 Ht (m) 6.20 1.50 27.90 3.75 5.10 7.80 3.45 55.59

 

 

● Number of trees per kilometer of sidewalk (𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹, u/km): 

𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹 =
𝑓𝑓𝑓𝑓
𝑃𝑃𝑃𝑃

 (26) 

 

  

 

 

● Number of trees per kilometer of sidewalk (𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹, u/km): 
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● Transversal area per kilometer of sidewalk (𝐷𝐷𝐷𝐷𝑔𝑔𝑔𝑔, m2/km): 

𝐷𝐷𝐷𝐷𝑔𝑔𝑔𝑔 =
∑ 𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖
𝑓𝑓𝑓𝑓
𝑖𝑖𝑖𝑖=1
𝑃𝑃𝑃𝑃

 (27) 

 

  

 

 

● Transversal area per kilometer of sidewalk (𝐷𝐷𝐷𝐷𝑔𝑔𝑔𝑔, m2/km): 
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● Transversal area per kilometer of sidewalk (𝐷𝐷𝐷𝐷𝑔𝑔𝑔𝑔, m2/km): 
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𝑓𝑓𝑓𝑓
𝑖𝑖𝑖𝑖=1
𝑃𝑃𝑃𝑃

 (27) 

 

  

 

 

● Mean total height of sampling unit (𝐷𝐷𝐷𝐷�𝑡𝑡𝑡𝑡, m): 
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● Volume per kilometer of sidewalk (𝐷𝐷𝐷𝐷𝑉𝑉𝑉𝑉, m3/km): 
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● Volume per kilometer of sidewalk (𝐷𝐷𝐷𝐷𝑉𝑉𝑉𝑉, m3/km): 

𝐷𝐷𝐷𝐷𝑉𝑉𝑉𝑉 =
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● Number of species per kilometer of sidewalk (𝐷𝐷𝐷𝐷𝐸𝐸𝐸𝐸, u/km): 

𝐷𝐷𝐷𝐷𝐸𝐸𝐸𝐸 =
𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃
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Results of increasing the sampling unit show sim-
ilar trends in error estimates from the variables of 
interest volume per kilometer of sidewalk (DV), basal 
area per kilometer of sidewalk (Dg), street trees per 
kilometer of sidewalk (DF), and mean total height of 
sampling unit (𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 ). For each, there is a decrease in 
error estimates from the 1-block sampling units to the 
2-block sampling units (decrease in CV value for  
DF from 54.32% to 45.84%; Dg from 102.97% to 
87.62%; DV from 144.07% to 127.90%; and 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡  from 
33.80% to 26.67%)(Table 2). 

After that, the 3 error estimates became quite sta-
ble, reflected in the approximate sample mean values 
(x
_ 

) found in sampling units of 2, 3, and 4 blocks 
(except for 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 , where sample mean values are similar 
among all sampling unit sizes). For Dg and DV, the 
sampling unit increase of 1 to 2 blocks causes a 
greater impact on decreasing error estimates. For DF 
and 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 , the 2-block sampling units give us great pre-
cision for the 3 error estimates (Table 2).

For the number of species per kilometer of side-
walk (DE), the greatest decrease in error estimates 
occurs from the 2- to 3-block sampling unit size, and 
the stability of sample mean value occurs from the 3- 
to 4-block sampling unit size.

Now, we will observe the results of sample size 
(ne) and sampling intensity (I%) according to the 
increase in sampling unit size. For this, we will focus 
on 10% allowable error and 95% confidence interval 
(α = 5%), which require the greatest sample size and 
let us better note the change in ne and I% due to sam-
pling unit size increase (Table 3).

from both sampling processes) that could represent one 
street tree every 26.5 m if they have a homogeneous 
distribution. This variable of interest shows interme-
diate variability compared with the others, even with 
stratification. It obtained a reduction of approximately 
5% on the coefficient of variation of strata compared 
with the entire population (CV% = 34.08 from Stratum 
1, CV% = 35.94 from Stratum 2, CV% = 40.40 of the 
whole population)(Table 2).

Basal area per kilometer of sidewalk (Dg) and vol-
ume per kilometer of sidewalk (DV) present greater 
variability and much more noticeable reduction of the 
coefficient of variation due to the stratification, more 
than 15% to Dg (Dg presents CV% = 81.54 from entire 
population, CV% = 68.48 from Stratum 1,  CV% = 
55.93 from Stratum 2) and more than 24% to DV (DV 
presents CV% = 115.39 from entire population,  CV% = 
87.09 from Stratum 1, CV% = 77.44 from Stratum 2)
(Table 2).

The number of species per kilometer of sidewalk 
(DE) demonstrates mean value associated with a high 
diversity of species around the city (x

_   
= 12 species/km 

from entire population; x
_  

 = 14 species/km from Stra-
tum 1; x

_  
= 12 species/km from Stratum 2)(Table 2). 

We identified 165 species belonging to 122 genera 
and 53 families (Table S1).

The Results from Increasing Sampling 
Unit Size
Now, we will consider only the results of increasing 
the sampling unit and not that of stratification (Table 2). 
However, similar behavior of error estimates can be 
identified from both strata.

Figure 4. Histograms of dendrometric variables of street trees: corresponding diameter at breast height (cm) and total height (m).
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Table 2. Estimates of Simple Systematic Sampling (SSS) and Stratified Systematic Sampling (StSS) for the stratified sample 
and strata by variable of interest: street trees per kilometer of sidewalk (DF); basal area per kilometer of sidewalk (Dg); volume 
per kilometer of sidewalk (DV); mean total height (Ht); and number of species per kilometer of sidewalk (DE), where su is the 
sampling unit of 1, 2, 3, and 4 blocks; Stratum 1 is that with a high % of street tree cover; Stratum 2 is that with a low % of 
street tree cover; x

_
   is the mean; Sx

_  is the standard error of the mean; CI is the confidence interval; CV is the coefficient of 
variation; f is the number of street trees; and e is the number of species.

SSS
Sample

StSS
Sample

StSS
Stratum 1

StSS
Stratum 2

su x
_

Sx
_ CI

α% = 5
CI

α% = 10 CV% x
_

Sx
_ CI

α% = 5
CI

α% = 10 x
_

Sx
_ CV% x

_
Sx

_ CV%

DF

f
km

1 39.52 2.24 x
_
  ±

4.44
x
_
  ±

3.71 54.32 39.73 1.96 x
_
  ±

3.90
x
_
  ±

3.26 56.44 4.65 42.54 32.64 1.98 49.01

2 37.52 1.77  x
_
  ±

3.51
x
_
  ±

2.94 45.84 37.66 1.62 x
_
  ±

3.21
x
_
  ±

2.69 48.96 3.42 36.46 32.87 1.79 44.64

3 37.35 1.62 x
_
  ±

3.21
x
_
  ±

2.68 42.61 37.48 1.47 x
_
  ±

2.92
x
_
  ±

2.44 48.19 3.15 34.57 32.94 1.61 40.66

4 37.44 1.52 x
_
  ±

3.01
x
_
  ±

2.52 40.40 37.58 1.34 x
_
  ±

2.68
x
_
  ±

2.24 64.39 4.10 34.08 32.83 1.40 35.94

Dg

m2

km

1 1.99 0.21 x
_
  ±

0.42
x
_
  ±

0.35 102.97 2.00 0.19 x
_
  ±

0.38
x
_
  ±

0.32 3.59 0.56 81.20 1.34 0.13 76.78

2 1.80 0.16 x
_
  ±

0.32
x
_
  ±

0.27 87.62 1.81 0.14 x
_
  ±

0.28
x
_
  ±

0.23 3.14 0.41 68.28 1.25 0.10 63.75

3 1.80 0.15 x
_
  ±

0.30
x
_
  ±

0.25 82.51 1.82 0.13 x
_
  ±

0.26
x
_
  ±

0.22 3.02 0.40 69.51 1.31 0.09 55.26

4 1.84 0.15 x
_
  ±

0.30
x
_
  ±

0.25 81.54 1.85 0.13 x
_
  ±

0.26
x
_
  ±

0.22 3.06 0.39 68.48 1.34 0.09 55.93

DV

m3

km

1 11.20 1.68 x
_
  ±

3.34
x
_
  ±

2.79 144.07 11.37 1.48 x
_
  ±

2.93
x
_
  ±

2.46 24.67 4.71 98.55 6.05 0.66 92.78

2 9.52 1.25 x
_
  ±

2.49
x
_
  ±

2.08 127.90 9.66 1.07 x
_
  ±

2.13
x
_
  ±

1.78 20.37 3.42 87.57 5.12 0.48 76.48

3 9.49 1.15 x
_
  ±

2.28
x
_
  ±

1.91 119.21 9.61 1.01 x
_
  ±

2.00
x
_
  ±

1.67 19.04 3.19 88.57 5.62 0.47 69.62

4 9.71 1.12 x
_
  ±

2.23
x
_
  ±

1.87 115.39 9.83 0.99 x
_
  ±

1.97
x
_
  ±

1.65 18.88 3.07 87.09 5.99 0.55 77.44

𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 

m

1 5.91 0.21 x
_
  ±

0.41
x
_
  ±

0.35 33.80 5.92 0.19 x
_
  ±

0.39
x
_
  ±

0.33 7.01 0.43 32.00 5.46 0.21 31.34

2 5.93 0.16 x
_
  ±

0.32
x
_
  ±

0.27 26.67 5.93 0.15 x
_
  ±

0.30
x
_
  ±

0.25 6.95 0.41 30.52 5.51 0.13 19.29

3 6.01 0.14 x
_
  ±

0.28
x
_
  ±

0.23 22.73 6.02 0.13  x
_
  ±

0.26
x
_
  ±

0.22 6.78 0.35 26.92 5.70 0.12 17.30

4 6.04 0.13 x
_
  ±

0.26
x
_
  ±

0.22 21.73 6.05 0.13 x
_
  ±

0.25
x
_
  ±

0.21 6.76 0.31 24.38 5.75 0.12 17.86

DE

e
km

1 19.01 0.82 x
_
  ±

1.62
x
_
  ±

1.35 41.23 19.06 0.78 x
_
  ±

1.55
x
_
  ±

1.29 23.12 1.66 37.14 17.34 0.85 39.83

2 15.16 0.60 x
_
  ±

1.20
x
_
  ±

1.00 38.60 15.19 0.59 x
_
  ±

1.17
x
_
  ±

0.98 17.55 1.28 38.08 14.19 0.64 36.85

3 12.97 0.45 x
_
  ±

0.89
x
_
  ±

0.71 32.71 12.98 0.42 x
_
  ±

0.85
x
_
  ±

0.71 14.34 0.87 32.06 12.41 0.48 32.16

4 11.66 0.37 x
_
  ±

0.74
x
_
  ±

0.62 31.80 11.67 0.36 x
_
  ±

0.72
x
_
  ±

0.60 13.18 0.78 30.92 11.03 0.40 30.72
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Table 3. Sample size (ne) and sampling intensity (I%) estimates of Simple Systematic Sampling (SSS) and Stratified Systematic 
Sampling (StSS) for given allowable error (AE%) and probability of the confidence interval to contain the true mean (1 − α%), 
where su is the sampling unit of 1, 2, 3, and 4 blocks; f is the number of street trees; and e is the number of species. Street trees 
per kilometer of sidewalk (DF); basal area per kilometer of sidewalk (Dg); volume per kilometer of sidewalk (DV); mean total 
height (Ht); and number of species per kilometer of sidewalk (DE)

1 − α% = 95 1 − α% = 90
AE% = 10 AE% = 15 AE% = 20 AE% = 10 AE% = 15 AE% = 20

su ne I% ne I% ne I% ne I% ne I% ne I%

DF

f
km

S
S
S

1 114 3.0 52 1.4 29 0.8 80 2.1 36 1.0 21 0.6
2 80 4.3 37 2.0 21 1.1 57 3.0 26 1.4 15 0.8
3 68 5.4 32 2.6 18 1.4 49 3.9 22 1.8 13 1.0
4 61 6.5 28 3.0 16 1.7 43 4.6 20 2.1 12 1.3

S
t
S
S

1 87 2.3 39 1.0 23 0.6 61 1.6 28 0.7 16 0.4
2 67 3.6 31 1.6 18 1.0 46 2.4 22 1.2 12 0.6
3 57 4.5 26 2.1 15 1.2 40 3.2 19 1.5 11 0.9
4 49 5.2 22 2.3 13 1.4 35 3.7 16 1.7 9 1.0

Dg

m2

km

S
S
S

1 378 10.1 178 4.7 102 2.7 272 7.2 126 3.4 72 1.9
2 262 13.9 126 6.7 73 3.9 191 10.2 90 4.8 52 2.8
3 222 17.7 110 8.8 64 5.1 164 13.1 79 6.3 46 3.7
4 206 21.9 104 11.1 62 6.6 154 16.4 75 8.0 44 4.7

S
t
S
S

1 301 8.0 140 3.7 81 2.2 216 5.7 99 2.6 57 1.5
2 200 10.6 94 5.0 54 2.9 144 7.7 67 3.6 38 2.0
3 177 14.1 85 6.8 50 4.0 129 10.3 61 4.9 35 2.8
4 166 17.7 82 8.7 48 5.1 121 12.9 59 6.3 34 3.6

Dv

m3

km

1 677 18.0 333 8.9 195 5.2 499 13.3 239 6.4 138 3.7
2 481 25.6 250 13.3 149 7.9 364 19.4 182 9.7 107 5.7
3 388 31.0 208 16.6 127 10.1 299 23.9 153 12.2 91 7.3
4 338 36.0 188 20.0 116 12.3 264 28.1 139 14.8 84 8.9

S
t
S
S

1 530 14.1 255 6.8 148 3.9 386 10.3 182 4.8 105 2.8
2 370 19.7 185 9.8 109 5.8 275 14.6 133 7.1 77 4.1
3 316 25.2 162 12.9 97 7.7 238 19.0 118 9.4 70 5.6
4 283 30.1 151 16.1 91 9.7 217 23.1 110 11.7 66 7.0

𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 

m

S
S
S

1 45 1.2 20 0.5 12 0.3 32 0.9 14 0.4 8 0.2
2 26 1.4 13 0.7 7 0.4 20 1.1 9 0.5 5 0.3
3 21 1.7 9 0.7 6 0.5 15 1.2 7 0.6 4 0.3
4 19 2.0 9 1.0 5 0.5 13 1.4 6 0.6 3 0.4

S
t
S
S

1 40 1.1 18 0.5 11 0.3 28 0.7 13 0.3 8 0.2
2 24 1.3 11 0.6 7 0.4 17 0.9 8 0.4 5 0.3
3 19 1.5 9 0.7 5 0.4 13 1.0 6 0.5 4 0.3
4 17 1.8 8 0.9 5 0.5 12 1.3 6 0.6 3 0.3

DE

S
S
S

1 66 1.8 30 0.8 17 0.5 47 1.3 21 0.6 12 0.3
2 58 3.1 26 1.4 15 0.8 41 2.2 19 1.0 11 0.6
3 41 3.3 19 1.5 11 0.9 29 2.3 13 1.0 8 0.6
4 39 4.2 18 1.9 10 1.1 28 3.0 13 1.4 7 0.7
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For DE and 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 , the strata are as heterogeneous as 
the population (DE: CV% = 41.23 from the entire pop-
ulation, CV% = 37.14 from Stratum 1, CV% = 39.83 
from Stratum 2; 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 : CV% = 33.80 from the whole 
population, CV% = 32.00 from Stratum 1, CV% = 
31.34 from Stratum 2). A heterogeneity continues 
comparing other sampling unit sizes DE, while for 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 , 
the heterogeneity is concentrated in Stratum 1, which 
has a high percentage of street tree cover.

Again, we will focus on the 10% allowable error 
results and 95% confidence interval (α = 5%)(Table 3). 
The sample size and sampling intensity are reduced 
to at least 20% when the stratification is applied to 
1-block sampling units for DF, Dg, and DV. For 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡  and 
DE, the reduction is smaller, no greater than 11%.

The Results from Both Increasing 
Sampling Unit Size and Stratification by 
Cover Area
The use of stratified systematic sampling and 2-block 
sampling units, for 10% available error and 95% con-
fidence interval, provided a reduction in the sample 
size (ne) by 41% for DF (114 to 67 sampling units), by 
47% for Dg (378 to 200), by 45% for DV (677 to 370). 
In contrast, the sampling intensity (I%) was kept quite 
stable when compared with the use of simple system-
atic sampling and 1-block sampling units.

It is noted that the highest reductions in sample 
size (ne) and sampling intensity (I%) were obtained by 
changes in the allowable error (AE% from 10% to 15% 
and to 20%) and the confidence intervals (1 − α from 
95% to 90%)(Table 3).

DISCUSSION
Background of Street Tree Population
The study area encompassed residential, commercial, 
and industrial settlements of old and recent occupa-
tions in Piracicaba, the foundation of which dates 

We note for DF, Dg, and DV that the increase in 
sampling unit size from 1 to 2 blocks causes a rela-
tively larger decrease in sample size ne (29.82% to 
DF, 30.69% to Dg, 28.95% to DV from SSS; 22.99% to 
DF, 33.55% to Dg, 30.19% to DV from StSS). For the 
3-block sampling units, the decrease in ne is not as 
large (15% to DF, 15.27% to Dg, 19.33% to DV from 
SSS; 14.93% to DF, 11.5% to Dg, 14.59% to DV from 
StSS), and I% almost doubles compared with a 1-block 
sampling unit. Thus, 3-block and 4-block sampling 
unit sizes cause high increases in sampling intensity.

For 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 , we see the same trend of sample size and 
sampling intensity values due to the sampling unit 
size increase, although the variability of the estimates 
is much lower than in those other variables. For DE, 
the increase in the sampling unit causes a small 
decrease in ne and a large increase in I% from sampling 
unit size increases.

The Results from Stratification by Cover 
Area
We will focus on the behavior of error estimates from 
1-block sampling units to analyze their decrease as a 
function of stratification once the 1-block sampling 
units have greater variability between them and the 
other sampling unit sizes (Table 2). 

In fact, the strata are much more homogeneous 
than the population for DV (CV% = 144.07 from entire 
population, CV% = 98.55 from Stratum 1, CV% = 92.78 
from Stratum 2) and Dg (CV% = 102.97 from entire 
population, CV% = 81.20 from Stratum 1, CV% = 76.78 
from Stratum 2), and more homogeneous for DF  
(CV% = 54.32 from entire population, CV% = 42.54 
from Stratum 1, CV% = 49.01 from Stratum 2). The 
stratification also promoted a decrease in values of 
the other error estimates (Sx

_ 
 
and CI). The error esti-

mates for the other sampling units’ sizes follow the 
same trend as the 1-block sampling unit.

e
km

S
t
S
S

1 60 1.6 27 0.7 16 0.4 42 1.1 19 0.5 11 0.3
2 55 2.9 25 1.3 14 0.7 39 2.1 18 1.0 10 0.5
3 40 3.2 18 1.4 11 0.9 29 2.3 13 1.0 8 0.6
4 37 3.9 17 1.8 10 1.1 26 2.8 12 1.3 7 0.5

Table 3. (continued)
1 − α% = 95 1 − α% = 90

AE% = 10 AE% = 15 AE% = 20 AE% = 10 AE% = 15 AE% = 20
su ne I% ne I% ne I% ne I% ne I% ne I%
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sampling processes, representing one street tree every 
26.5 m if they have a homogeneous distribution. This 
is a low quantity of street trees, according to the max-
imum distance of 12 meters between them, which is 
recommended for some cities in Brazil (RGE 2001; 
Secretaria Municipal do Verde e do Meio Ambiente 
2022). This variable of interest shows intermediate 
variability, which indicates a heterogeneous distribu-
tion of the number of street trees in the area.

That heterogeneous distribution gains prominence 
when we think about stratification by a percentage of 
street tree cover, since the number of street trees and 
the tree cover area are variables that are directly pro-
portional. In fact, with stratification, there is a reduc-
tion of approximately 5% in the coefficient of 
variation of strata DF compared with the entire popu-
lation (Table 2).

At the same time, the cover area is influenced by 
the stage and species of the plants. Basal area per 
kilometer of sidewalk (Dg) and volume per kilometer 
of sidewalk (DV) are variables that express the charac-
teristics of each plant. Because of this, they present 
greater variability and a much more noticeable reduc-
tion of the coefficient of variation due to the stratifica-
tion (more than 15% to Dg and 24% to DV). The 
variation between them can be explained, since Dg is 
calculated from only 2 spatial dimensions, while DV 
is derived from 3, resulting in the highest variability 
among all variables of interest.

Other characteristics that influence the variability 
of DV include the homogeneity of total heights, 
wherein a wide range of basal areas are related to a 
narrow range of heights. If these plants could grow 
with fewer prunings to avoid the canopy’s contact 
with the power lines and more prunings to shape the 
trunk, removing lower branches and forming cano-
pies above the electrical wires, the basal area and total 
height would be better correlated, and volume would 
show less variability for the population.

The number of species per kilometer of sidewalk 
(DE) demonstrates mean values associated with a high 
diversity of species around the city (x

_   
= 12 species/km 

from the entire population). On the other hand, this 
variable of interest was not sensitive to the frequency 
distribution of species, since only M. paniculata and 
L. tomentosa jointly represent more than 25% of the 
street tree total, the 4 more frequent species make up 
40%, and the top 10 almost 60% (Table S1).

back 250 years. Over time, the city did not have a 
well-defined urbanization pattern of territorial expan-
sion. One of the results of the lack of planning for the 
urban space occupation is that great differences in the 
distribution of street trees and a wide range of block 
perimeters are observed throughout the city. This is 
the case in many cities around the world.

No surveys were found for Piracicaba regarding 
the percentage of trees in streets, parks, squares, and 
private properties. However, in Brazil, residential lots 
tend to have less room for trees (i.e., yard space) than 
in North America, and one of the reasons is the 
unplanned urban development.

A motivation to study street trees in cities like Pira-
cicaba is the Municipality’s ability to manage the 
street tree population and implement public policy. 
Furthermore, the inventory of street trees is a niche 
for calculating ecosystem services and tree benefits, 
such as biomass estimation, carbon accounting, cool-
ing effects, rainfall interception, and air quality, which 
are important to urban areas and urban planning. Spe-
cifically, in developing countries, carbon accounting 
could be used for Clean Development Mechanism 
projects. However, in the case of Brazil, the estima-
tion of ecosystem services is not yet widespread 
among the municipalities.

In Piracicaba, the street tree population mainly 
comprises mature plants (i.e., in the reproductive 
stage). Most of them have small dimensions due to 
the abundance of shrubs used as street trees (28%), 
which reach about 3 m in height. The pruning is used 
to avoid the contact of the canopy with the electrical 
network at 5 m, which is executed by the electric 
company. So, a low value of total height mean and 
median (6.2 m and 5.1 m, respectively) was found. 
Young trees from new plantings and more mature and 
post-mature trees were also present (Table 1 and Fig-
ure 4).

Estimates from both sampling processes to the 
variables of interest can tell us more about the vari-
ability in the street tree population across the area 
(Table 2). The mean total height of the sampling unit 
(𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 ), the low mean value (approximately 6.0 m for 
both sampling processes), and low variability, even if 
the population is stratified, show us that the pruning 
practice and shrub planting has been applied around 
the entire city.

The number of street trees per kilometer of sidewalk 
(DF) presents a mean value of 38 plants/km from both 
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Effects of Sampling Unit Size on 
Accuracy and Error Estimates
The sampling error is the estimated value of the sample 
and is associated with the variability among sampling 
units. The accuracy is the difference between the 
sampling error and the true value of the population 
parameter. One way to reduce this error is to increase 
the size of sampling units because it is expected that 
they will become more homogeneous compared to 
each other.

Many factors may affect street tree distribution, 
and different situations are possible. For example, an 
unvegetated street block may exist beside another 
heavily wooded one. Thus, a sampling unit that com-
prises more than one block will more effectively 
encompass population heterogeneity. Standard error 
of the mean (Sx

_ ), confidence interval (CI), and coeffi-
cient of variation (CV) are estimates sensitive to sam-
pling error and make it possible to assess whether 
using one sampling unit size is better than another.

We can see the behavior of the error estimates as a 
function of sampling unit size for each variable of 
interest. Error estimates from the variables of interest 
volume per kilometer of sidewalk (DV), basal area per 
kilometer of sidewalk (Dg), street trees per kilometer 
of sidewalk (DF), and mean total height of sampling 
unit (𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 ) show a similar trend. For each, there is a 
decrease in error estimates from the 1-block sampling 
units to the 2-block sampling units (Table 2). 

After that, the 3 error estimates became quite sta-
ble, reflected in the approximate sample mean values 
(x
_ 

) found in sampling units of 2, 3, and 4 blocks 
(except for 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 , where sample mean values are similar 
among all sampling unit sizes). Nevertheless, Dg and 
DV present very high variability within the sample, 
and the sampling unit increase causes a greater impact 
on decreasing error estimates. Thus, using 2-block 
sampling units reveals itself to be the best procedure 
for these variables. 

For DF and 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 , the variability within a sample is 
not as pronounced as in DV and Dg, but even so, using 
the 2-block sampling units gives us great precision 
for the 3 error estimates and proves to be the best 
option.

The number of species per kilometer of sidewalk 
(DE) demonstrates low variability compared with DV 
and Dg, but it displays a peculiar behavior for the 
error estimates because, for them, the greatest decrease 
occurs from between the 2-block and 3-block 

sampling unit size, and the stability of sample mean 
value occurs between 3-block and 4-block sampling 
unit size. Although the variability is not so high for 
this variable, the stability of the sample mean value 
shows us that the best procedure was to use the 
3-block sampling units. On the other hand, other 
aspects make using 3-block sampling units a bad 
option, as we shall discuss later.

Effects of Stratification on the Accuracy 
and Error Estimates
With respect to stratification, it is important to note 
that the street tree population strata are not clearly 
defined, i.e., the tree cover does not have an exact dif-
ferentiation between regions of the study area. Thus, 
within the cells that divide the study area, a range of 
tree cover values from 1.01% to 11.56% was dis-
cerned, but boundaries for grouping by class were not 
evident. In addition, the definition of the strata 
becomes subjective once the boundary of each stra-
tum is determined by our visual interpretation of the 
tree cover distribution (Figure 3).

Despite the subjectivity of the process, stratifica-
tion by tree cover percentage was an effective strat-
egy to improve precision, especially given that the 
variable of interest had high variability. Now, we will 
focus on the behavior of error estimates from 1-block 
sampling units in Table 2 to analyze their decrease as 
a function of stratification. After this, we will analyze 
their values relative to other sampling unit sizes. 

In fact, the strata are much more homogeneous 
than the population of the variables DV and Dg and 
more homogeneous than DF. As expected, the stratifi-
cation also showed a decrease in values of the other 
error estimates (Sx

_  and CI). The error estimates for the 
other sampling units’ sizes follow the same trend as 
the 1-block sampling unit.

For DE and 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 , the strata are as heterogeneous as 
the population. A heterogeneity continues comparing 
other sampling unit sizes in DE, while for 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 , the het-
erogeneity is concentrated in Stratum 1. But for these 
variables, the stratification turned out to be of little use.

Indeed, we have achieved quality results stratify-
ing for variables of interest that are directly correlated 
with tree cover area according to the literature (i.e., 
number, basal area, and volume of trees). The mean 
total height would be better correlated with tree cover 
area if the street trees had not been pruned as heavily, 
thereby reducing height.
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efficiency of the inventory procedure. For 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡 , we see 
the same trend, although this variability is much 
lower than in DF, Dg, and DV. For DE, the increase of 
sampling units is inefficient, because it causes a small 
decrease in ne and a large increase in I% from 1-block 
to 2-block sampling units.

With regard to the stratification effect, assuming 
the sampling unit does not change, sample size and 
sampling intensity are directly proportional. We see 
that the sample size and sampling intensity are 
reduced to at least 20% when the stratification is 
applied to 1-block sampling units for DF, Dg, and DV  
(Table 3). For 𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡  and DE, the reduction is smaller, no 
greater than 11%, and the stratification is not as effi-
cient. We expected this would be the case, because  
𝐻𝐻𝐻𝐻�𝑡𝑡𝑡𝑡   and DE were not well correlated with street tree 
cover percentage (the variable of stratification), 
unlike DF, Dg, and DV. Thus, in the case where vari-
ability in the variables of interest is high and is cor-
related with the variable of stratification, stratified 
systematic sampling can be really useful to reduce the 
sampling effort.

In fact, using stratified systematic sampling and 
2-block sampling units, for 10% available error and 
95% confidence interval, is an efficient strategy to 
reduce the sample size (ne) by 41% for DF, by 47% 
for Dg, by 45% for DV. In contrast, the sampling inten-
sity (I%) was kept quite stable when compared with 
the use of simple systematic sampling and 1-block 
sampling units. 

Implementing a stratification scheme presents trade-
offs between the different time and monetary costs of 
computer-based work and field work. In this study, 
for example, stratification required high-resolution 
multispectral images, free and owned software, a 
computer, specialized staff, and time sufficient to run 
geoprocessing computations. As an advantage, how-
ever, working inside an office may be more comfort-
able and safer than doing fieldwork on city streets. 
The weather may be variable, subjecting staff to sun 
overexposure, heavy rainfall, or other events, and 
staff are also subject to hazards common in the city, 
including theft and car accidents. Beyond these con-
siderations, field work necessitates a more complex 
level of organization, with considerations such as trans-
port, fuel, measuring devices, data sheets, suitable 
clothing, food, and water. Therefore, reducing field 
time can be advantageous despite the expense of 
stratification. 

Effects of Sampling Unit Size and 
Stratification on Sample Size and 
Sampling Intensity
In general, the motivation for increasing the sampling 
units or stratifying the population is to reduce the 
variability between sampling units, as reducing vari-
ability decreases the error estimates and increases the 
precision of the mean and variance statistics. Another 
consideration is the cost and time required to execute 
the sampling. In short, the sampling unit with optimal 
size and the most adequate sampling process will be 
one that gives the desired precision with the shortest 
time requirements and lowest cost. Thus, it is worth 
evaluating the effects of both sampling processes on 
the behavior of sample size and sampling intensity.

Sample size and sampling intensity are controlled 
by the researcher and are not directly dependent on 
sampling unit size and stratification. However, sam-
pling unit size and stratification can affect the sample 
size and sampling intensity necessary to achieve 
desired levels of precision.

With regards to the increase in sampling unit size, 
it is expected that a larger sampling unit will com-
prise more of the variability of a population (Avery 
and Burkhart 1983; Shiver and Borders 1996). Less 
variability means that a smaller number of sampling 
units (or a smaller sample size) will be sufficient to 
represent the population to a specific allowable error. 
On the other hand, when we increase the sampling 
unit size, the sampling intensity will be larger per 
sampling unit once it will occupy a more extensive 
area. Therefore, in this case, sample size (ne) and 
sampling intensity (I%) are inversely proportional 
(Table 3).

To understand the effect of increased sampling 
unit size, we will focus on the sample size and the 
sampling intensity for 10% allowable error and 95% 
confidence interval (α = 5%)(Table 3). For DF, Dg, 
and DV, we noted that the increase in sampling unit 
size from 1 to 2 blocks causes a relatively larger 
decrease of ne (29.82% to DF, 30.69% to Dg, 28.95% 
to DV for SSS; 22.99% to DF, 33.55% to Dg, 30.19% 
to DV for StSS). When using the 3-block sampling 
units, the decrease of ne is not as large (15% to DF, 
15.27% to Dg, 19.33% to DV for SSS; 14.93% to DF, 
11.5% to Dg, 14.59% to DV for StSS) and I% doubles 
compared with a 1-block sampling unit. Thus, 3-block 
and 4-block sampling unit sizes can cause high 
increases in sampling intensity that compromise the 
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at 5 m. If these trees could grow without frequent 
pruning, the mean total height of the sampling unit 
and volume per kilometer of sidewalk would cor-
relate better to the street tree cover; therefore, the 
sampling effort would be even lower. Number of spe-
cies per kilometer of sidewalk demonstrated low vari-
ability among the sampling units in the city and 
among the strata.

In fact, the association of the stratification with 
increasing the sampling unit size from 1 block to 2 
blocks, for 10% allowable error and 95% confidence 
interval, provided a reduction on average of 48% in 
the sample size for the variables of interest that had 
good correlation with street tree cover.

Since they performed well in Piracicaba, the tested 
techniques can be used successfully in other cities 
worldwide to achieve less sampling effort. If there is 
heterogeneity in the distribution of street trees 
between regions of the city, stratification by street 
tree cover can lead to a reduction in the sample size, 
regardless of whether pruning is carried out to avoid 
contact of the crowns with power lines. Increasing 
the sampling unit size was only interesting up to 2 
blocks, as beyond that, the increase in sampling inten-
sity compromises the gain in efficiency by reducing 
the sample size.

A good follow-up study would compare the ran-
dom sampling units in the i-Tree software with strati-
fied systematic sampling units or even the weighted 
method. This could help analyze how certain charac-
teristics would suit i-Tree’s traditional ecological 
parameters (e.g., storm damage), since using its estab-
lished sampling units could lead to a miscalculation. 
Sometimes a lot of sampling effort can be expended 
in sampling areas with few or no trees.

Another issue to be addressed in future research is 
how the leaf area index (LAI), a variable heavily used 
for studies focused on measuring ecosystem services, 
might correlate with our variables of interest. It would 
be interesting to see how the volume per kilometer of 
sidewalk and the basal per kilometer of sidewalk, for 
example, are correlated with LAI.
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Zusammenfassung. Hintergrund: Die Bestandsaufnahme von 
Straßenbäumen hat aufgrund des Interesses an der Erbringung 
von Ökosystemleistungen neue Bedeutung erlangt. In diesem 
Beitrag werden daher systematische Stichproben mit geschichteten 
systematischen Stichproben verglichen, wobei verschiedene 
Größen von Stichprobeneinheiten verwendet werden, um die 
interessierenden Variablen zu schätzen: Anzahl der Bäume pro 
Kilometer Bürgersteig (DF), Querfläche pro Kilometer Bürger-
steig (Dg), mittlere Gesamthöhe (Ht), Volumen pro Kilometer 
Bürgersteig (DV) und Anzahl der Arten pro Kilometer Bürgersteig 
(DE). Ein innovativer Beitrag besteht darin, neue alternative 
Dichtevariablen zu testen. Methoden: In dem dicht besiedelten 
Gebiet von Piracicaba (Bundesstaat Sao Paulo, Brasilien) wurden 
systematisch 90 Gruppen von 4 Blöcken untersucht. Sie wurden 
zur Bildung von Stichprobeneinheiten von 1, 2, 3, und 4 Blöcken 
verwendet. Die Schichtung basierte auf dem prozentualen Anteil 
der Straßenbäume, der mit Hilfe von Geoprozessoren ermittelt 
wurde. Es wurden nur öffentliche Bäume mit einem Umfang in 
Brusthöhe von mindestens 12 cm berücksichtigt, die auf Gehwe-
gen oder in der Mitte von Alleen gepflanzt waren. Ergebnisse: 
Die Auswirkungen der Größe der Stichprobeneinheit und der 
Schichtung auf die Schätzgenauigkeit, den Stichprobenumfang 
und die Stichprobenintensität wurden analysiert. Die Ergebnisse 
zeigen, dass die geschichtete systematische Probenahme das 
genauere Verfahren war, insbesondere für DF, Dg, und DV. 
Schlussfolgerungen: Die Verringerung des Stichprobenumfangs 
war signifikanter, wenn geschichtete systematische Stichproben 
mit 2-Block-Stichprobeneinheiten verwendet wurden.

Resumen. Antecedentes: El inventario de las poblaciones de 
árboles de las calles ha adquirido una nueva importancia debido 
al interés en la provisión de servicios ecosistémicos. Dicho esto, 
este trabajo tiene como objetivo comparar el muestreo simple con 
el muestreo sistemático estratificado utilizando diferentes tamaños 
de unidades de medición para estimar las variables de interés: 
número de árboles por kilómetro de acera (DF), área basal por 
kilómetro de acera (Dg), altura total media (Ht), volumen por 
kilómetro de acera (DV) y número de especies por kilómetro de 
acera (DE). Una contribución innovadora en este sentido es la 
prueba de nuevas variables de densidad alternativas. Métodos: En 
la zona densamente urbanizada de Piracicaba (Estado de São 
Paulo, Brasil), se muestrearon sistemáticamente 90 conjuntos de 
4 bloques. Se utilizaron para unidades de muestreo de 1, 2, 3, y 4 
bloques. La estratificación se basó en el porcentaje de cobertura 
arbórea de las calles obtenida con herramientas de geoprocesa-
miento. Solo se incluyeron árboles públicos con una circunferen-
cia a la altura del pecho mayor o igual a 12 cm y plantados en 
aceras o avenidas. Resultados: Se analizó el efecto del tamaño de 
la unidad de muestreo y la estratificación sobre la precisión de la 
estimación, el tamaño de la muestra y la intensidad del muestreo. 
Los resultados muestran que el muestreo sistemático estratificado 
fue el proceso más preciso, especialmente DF, Dg, y DV. Conclu-
siones: Las reducciones en el tamaño de la muestra fueron más 
significativas cuando se utilizó un muestreo sistemático estratifi-
cado de unidades de muestreo de 2 bloques.

Zięba-Kulawik K, Hawryło P, Wężyk P, Matczak P, Przewoźna P, 
Inglot A, Mączka K. 2021. Improving methods to calculate 
the loss of ecosystem services provided by urban trees using 
LiDAR and aerial orthophotos. Urban Forestry & Urban 
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Résumé. Contexte: L’inventaire des populations d’arbres en 
alignement le long des rues a acquis une nouvelle importance en 
raison de l’intérêt porté à l’apport de services écosystémiques. 
Cela dit, cet article vise à comparer l’échantillonnage systéma-
tique à l’échantillonnage systématique stratifié en utilisant dif-
férents formats d’unités d’échantillonnage afin d’estimer les 
variables d’intérêt : nombre d’arbres par kilomètre de trottoir 
(DF), surface basal par kilomètre de trottoir (Dg), hauteur totale 
moyenne (Ht), volume par kilomètre de trottoir (DV) et quantité 
d’espèces par kilomètre de trottoir (DE). Une contribution innova-
trice consiste à tester de nouvelles variables de densité alterna-
tives. Méthodes: Dans la zone densément urbanisée de Piracicaba 
(état de Sao Paulo au Brésil), 90 ensembles de 4 pâtés de maisons 
ont été systématiquement échantillonnés. Ils ont été utilisés par la 
suite afin de constituer des unités d’échantillonnage de 1, 2, 3, et 
4 pâtés. La stratification était basée sur le pourcentage de canopée 
des arbres d’alignement obtenu à l’aide d’outils de traitement des 
données géospatiales. Seuls les arbres publics dont la circon-
férence à hauteur de poitrine était supérieure ou égale à 12 cm et 
plantés dans des fosses en trottoirs ou les terre-pleins des avenues 
ont été inclus. Résultats: L’effet du format de l’unité d’échantil-
lonnage et de la stratification sur la précision de l’estimation, la 
taille de l’échantillon et l’intensité de l’échantillonnage ont été 
analysés. Les résultats montrent que l’échantillonnage systéma-
tique stratifié est la méthode la plus précise, en particulier pour 
DF, Dg, et DV. Conclusions: Les réductions de la taille de l’échan-
tillon étaient plus significatives lorsque l’échantillonnage sys-
tématique stratifié d›unités d›échantillonnage avec deux pâtés de 
maison était utilisé. Appendix on next page
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Table S1. Frequency, family, and habit of the species raised in a densely urbanized area of the city of Piracicaba (Sao Paulo, 
Brazil). AF (absolute frequency); RF (relative frequency); AFc (absolute cumulative frequency); RFc (relative cumulative frequency); 
shr (shrub); str (small tree); ltr (large tree); pal (palm); ? (undetermined).

Species AF RF (%) AFc RFc (%) Family Habit

1 Murraya paniculata (L.) Jack 934 16.26 934 16.26 Rutaceae shr

2 Licania tomentosa (Benth.) Fritsch. 595 10.36 1,529 26.62 Chrysobalanaceae ltr

3 Poincianella pluviosa (DC.) L.P.Queiroz 370 6.44 1,899 33.06 Fabaceae ltr

4 Lagerstroemia indica L. 369 6.42 2,268 39.48 Lythraceae shr

5 Schinus molle L. 180 3.13 2,448 42.62 Anacardiaceae str

6 Magnolia champaca L. 175 3.05 2,623 45.67 Magnoliaceae ltr

7 Handroanthus chrysotrichus (Mart. ex DC.) Mattos 169 2.94 2,792 48.61 Bignoniaceae ltr

8 Syagrus romanzoffiana (Cham.) Glassman. 168 2.92 2,960 51.53 Arecaceae pal

9 Callistemon viminalis G. Don ex Loud. 157 2.73 3,117 54.27 Myrtaceae str

10 Terminalia catappa L. 146 2.54 3,263 56.81 Combretaceae ltr

11 Tibouchina granulosa (Desr.) Cogn. 139 2.42 3,402 59.23 Melastomataceae str

12 Nectandra megapotamica (Spreng.) Mez. 130 2.26 3,532 61.49 Lauraceae ltr

13 Eugenia uniflora L. 126 2.19 3,658 63.68 Myrtaceae str

14 Cinnamomum burmannii (Nees & T. Nees) Blume 120 2.09 3,778 65.77 Lauraceae ltr

15 Handroanthus heptaphyllus (Vell.) Mattos 117 2.04 3,895 67.81 Bignoniaceae ltr

16 Ficus benjamina L. 108 1.88 4,003 69.69 Moraceae ltr

17 Tabebuia roseoalba (Ridl.) Sandwith 98 1.71 4,101 71.40 Bignoniaceae ltr

18 Nerium oleander L. 94 1.64 4,195 73.03 Apocynaceae shr

19 Malpighia emarginata DC. 75 1.31 4,270 74.34 Malpighiaceae str

20 Ligustrum lucidum W.T.Aiton 68 1.18 4,338 75.52 Oleaceae ltr

21 Tipuana tipu (Benth.) Kuntze. 65 1.13 4,403 76.65 Fabaceae ltr

22 Bauhinia sp. 60 1.04 4,463 77.70 Fabaceae str

23 Hibiscus rosa-sinensis L. 60 1.04 4,523 78.74 Malvaceae shr

24 Psidium guajava L. 60 1.04 4,583 79.79 Myrtaceae str

25 Roystonea oleracea (Jacq.) O.F. Cook. 57 0.99 4,640 80.78 Arecaceae pal

26 Mangifera indica L. 50 0.87 4,690 81.65 Anacardiaceae ltr

27 Spathodea campanulata P. Beauv. 49 0.85 4,739 82.50 Bignoniaceae ltr

28 Tabebuia rosea (Bertol.) DC. 49 0.85 4,788 83.36 Bignoniaceae ltr

29 Pachira glabra Pasq. 48 0.84 4,836 84.19 Malvaceae ltr

30 Melaleuca alternifolia Cheel 44 0.77 4,880 84.96 Myrtaceae ltr

31 Thevetia peruviana (Pers.) Schum. 39 0.68 4,919 85.64 Apocynaceae shr

32 Grevillea banksii R. Br. 38 0.66 4,957 86.30 Proteaceae str

33 Handroanthus impetiginosus (Mart. ex DC.) Mattos 33 0.57 4,990 86.87 Bignoniaceae ltr

34 Syzygium smithii (Poir.) Nied. 25 0.44 5,015 87.31 Myrtaceae str

35 Dypsis lutescens (H. Wendl.) Beentje & J. Dransf 24 0.42 5,039 87.73 Arecaceae pal

36 Punica granatum L. 24 0.42 5,063 88.14 Punicaceae str

37 Morus nigra L. 23 0.40 5,086 88.54 Moraceae str

Pereira and do Couto: Systematic Sampling vs. Stratified Systematic Sampling in Brazil
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Table S1 continued on next page

Species AF RF (%) AFc RFc (%) Family Habit

38 Cupressus sp. (1) 22 0.38 5,108 88.93 Cupressaceae ?

39 Delonix regia (Bojer ex Hook.) Raf. 22 0.38 5,130 89.31 Fabaceae ltr

40 Duranta erecta L. 22 0.38 5,152 89.69 Verbenaceae shr

41 Caesalpinia echinata Lam. 21 0.37 5,173 90.06 Fabaceae ltr

42 Caesalpinia pulcherrima (L.) Sw. 21 0.37 5,194 90.42 Fabaceae str

43 Codiaeum variegatum Blume 21 0.37 5,215 90.79 Euphorbiaceae shr

44 Citrus reticulata L. 18 0.31 5,233 91.10 Rutaceae str

45 Ceiba speciosa (A. St. Hill) Ravenna 17 0.30 5,250 91.40 Malvaceae ltr

46 Persea americana Mill. 15 0.26 5,265 91.66 Lauraceae ltr

47 Plinia cauliflora (Mart.) Kausel 14 0.24 5,279 91.90 Myrtaceae ltr

48 Yucca elephantipes Regel 14 0.24 5,293 92.15 Agavaceae shr

49 Eriobotrya japonica (Thunb.) Lindl. 13 0.23 5,306 92.37 Rosaceae ltr

50 Livistona sp. 13 0.23 5,319 92.60 Arecaceae pal

51 Cocos nucifera L. 12 0.21 5,331 92.81 Arecaceae pal

52 Pachira aquatica Aubl. 12 0.21 5,343 93.02 Malvaceae ltr

53 Citrus × sinensis (L.) Osbeck. 11 0.19 5,354 93.21 Rutaceae str

54 Lafoensia glyptocarpa Koehne 11 0.19 5,365 93.40 Lythraceae ltr

55 Libidibia ferrea var. leiostachya (Benth.) L.P.Queiroz 11 0.19 5,376 93.59 Fabaceae ltr

56 Melaleuca leucadendron Linn. 11 0.19 5,387 93.78 Myrtaceae ltr

57 Muntingia calabura L. 11 0.19 5,398 93.98 Tiliaceae ltr

58 Triplaris americana L. 11 0.19 5,409 94.17 Polygonaceae ltr

59 Citrus × limon (L.) Burm. 10 0.17 5,419 94.34 Rutaceae str

60 Hibiscus tiliaceus L. 10 0.17 5,429 94.52 Malvaceae ltr

61 Koelreuteria bipinnata Franch. 10 0.17 5,439 94.69 Sapindaceae ltr

62 Carica papaya L. 9 0.16 5,448 94.85 Caricaceae str

63 Cassia fistula L. 9 0.16 5,457 95.00 Fabaceae ltr

64 Cordia superba Cham. 9 0.16 5,466 95.16 Boraginaceae str

65 Lafoensia pacari A.St.-Hil. 9 0.16 5,475 95.32 Lythraceae ltr

66 Plumeria rubra L. 9 0.16 5,484 95.47 Apocynaceae str

67 Syzygium cumini (L.) Skeels 9 0.16 5,493 95.63 Myrtaceae ltr

68 Psidium cattleianum Sabine 8 0.14 5,501 95.77 Myrtaceae str

69 Schefflera actinophylla (Endl.) Harms 8 0.14 5,509 95.91 Araliaceae str

70 Schinus terebinthifolius Raddi 8 0.14 5,517 96.05 Anacardiaceae str

71 Annona muricata L. 7 0.12 5,524 96.17 Annonaceae str

72 Brunfelsia uniflora (Pohl.) D. Don. 7 0.12 5,531 96.29 Solanaceae str

73 Cassia sp. 6 0.10 5,537 96.40 Fabaceae ltr

74 Cupressus sp. (2) 6 0.10 5,543 96.50 Cupressaceae ?

75 Dictyoloma vandellianum A. Juss. 6 0.10 5,549 96.61 Rutaceae ltr

76 Lagerstroemia speciosa Pers. 6 0.10 5,555 96.71 Lythraceae ltr

Table S1. (continued)
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77 Tecoma stans (L.) Juss ex. Kenth 6 0.10 5,561 96.81 Bignoniaceae shr

78 Bougainvillea glabra Choisy 5 0.09 5,566 96.90 Nyctaginaceae shr

79 Hovenia dulcis Thunb. 5 0.09 5,571 96.99 Rhamnaceae ltr

80 Leucaena leucocephala (Lam.) R. de Wit. 5 0.09 5,576 97.08 Fabaceae ltr

81 Ligustrum sinense Lour. 5 0.09 5,581 97.16 Oleaceae shr

82 Acacia podalyriifolia A.Cunn. ex G.Don 4 0.07 5,585 97.23 Fabaceae str

83 Annona squamosa L. 4 0.07 5,589 97.30 Annonaceae str

84 Callicarpa reevesii Wall. ex Walpers. 4 0.07 5,593 97.37 Verbenaceae str

85 Dypsis decaryi (Jum.) Beentje & J. Dransf 4 0.07 5,597 97.44 Arecaceae pal

86 Eucalyptus sp. 4 0.07 5,601 97.51 Myrtaceae ltr

87 Ficus microcarpa Linn. 4 0.07 5,605 97.58 Moraceae ltr

88 Holocalyx balansae Mich. 4 0.07 5,609 97.65 Fabaceae ltr

89 Labramia bojeri A. DC. 4 0.07 5,613 97.72 Sapotaceae ltr

90 Melia azedarach L. 4 0.07 5,617 97.79 Meliaceae ltr

91 Poecilanthe parviflora Benth. 4 0.07 5,621 97.86 Fabaceae ltr

92 Schefflera arboricola Hay. 4 0.07 5,625 97.93 Araliaceae shr

93 Spondias purpurea L. 4 0.07 5,629 98.00 Anacardiaceae ltr

94 Brugmansia suaveolens (Willd.) Bercht. & J. Presl. 3 0.05 5,632 98.05 Solanaceae shr

95 Cestrum nocturnum L. 3 0.05 5,635 98.10 Solanaceae shr

96 Citharexylum myrianthum Cham. 3 0.05 5,638 98.15 Verbenaceae ltr

97 Citrus bigaradia Loisel 3 0.05 5,641 98.21 Rutaceae str

98 Eugenia brasiliensis Lam. 3 0.05 5,644 98.26 Myrtaceae str

99 Eugenia sprengelii DC. 3 0.05 5,647 98.31 Myrtaceae shr

100 Euphorbia leucocephala Lotsy 3 0.05 5,650 98.36 Euphorbiaceae shr

101 Grevillea robusta A. Cunn. ex R. Br. 3 0.05 5,653 98.42 Proteaceae ltr

102 Hymenaea courbaril L. 3 0.05 5,656 98.47 Fabaceae ltr

103 Inga sp. 3 0.05 5,659 98.52 Fabaceae ltr

104 Litchi chinensis Sonn. 3 0.05 5,662 98.57 Sapindaceae ltr

105 Pinus sp. 3 0.05 5,665 98.62 Pinaceae ltr

106 Pterocarpus rohrii Vahl. 3 0.05 5,668 98.68 Fabaceae ltr

107 Bixa orellana L. 2 0.03 5,670 98.71 Bixaceae str

108 Chamaecyparis sp. 2 0.03 5,672 98.75 Cupressaceae ltr

109 Crescentia cujete L. 2 0.03 5,674 98.78 Bignoniaceae ltr

110 Diospyros kaki L. F. 2 0.03 5,676 98.82 Ebenaceae ltr

111 Erythrina indica Lam. 2 0.03 5,678 98.85 Fabaceae ltr

112 Ficus eximia Schott 2 0.03 5,680 98.89 Moraceae ltr

113 Gardenia augusta Merr. 2 0.03 5,682 98.92 Rubiaceae shr

Table S1. (continued)
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Table S1 continued on next page

Species AF RF (%) AFc RFc (%) Family Habit

114 Harpullia sp. 2 0.03 5,684 98.96 Sapindaceae ltr

115 Lecythis pisonis Camb. 2 0.03 5,686 98.99 Lecythidaceae ltr

116 Odontonema tubaeforme (Bertol.) Kuntze. 2 0.03 5,688 99.03 Acanthaceae shr

117 Plectranthus barbatus Andrews 2 0.03 5,690 99.06 Monimiaceae shr

118 Solanum sp. 2 0.03 5,692 99.09 Solanaceae ?

119 Swietenia macrophylla King 2 0.03 5,694 99.13 Meliaceae ltr

120 Syzygium jambos (L.) Alston 2 0.03 5,696 99.16 Myrtaceae ltr

121 Vernonanthura condensata (Baker) H. Rob. 2 0.03 5,698 99.20 Asteraceae shr

122 Acacia mangium Willd. 1 0.02 5,699 99.22 Fabaceae ltr

123 Acnistus arborescens (L.) Schltdl. 1 0.02 5,700 99.23 Solanacea str

124 Adenanthera pavonina L. 1 0.02 5,701 99.25 Fabaceae ltr

125 Albizia niopoides Benth. 1 0.02 5,702 99.27 Fabaceae ltr

126 Anacardium occidentale L. 1 0.02 5,703 99.29 Anacardiaceae ltr

127 Annona cherimola Mill. ×A. squamosa L. 1 0.02 5,704 99.30 Annonaceae str

128 Artocarpus heterophyllus Lam. 1 0.02 5,705 99.32 Moraceae ltr

129 Aspidosperma polyneuron Müll. Arg. 1 0.02 5,706 99.34 Apocynaceae ltr

130 Bunchosia armeniaca (Cav.) Rich 1 0.02 5,707 99.36 Malpighiaceae shr

131 Calliandra brevipes Benth. 1 0.02 5,708 99.37 Verbenaceae shr

132 Cariniana estrellensis (Raddi) Kuntze 1 0.02 5,709 99.39 Lecythidaceae ltr

133 Caryota urens L. 1 0.02 5,710 99.41 Arecaceae pal

134 Cassia javanica L. 1 0.02 5,711 99.43 Fabaceae ltr

135 Casuarina equisetifolia L. 1 0.02 5,712 99.44 Casuarinaceae ltr

136 Cecropia sp. 1 0.02 5,713 99.46 Urticaceae ltr

137 Cordia ecalyculata Vell. 1 0.02 5,714 99.48 Boraginaceae ltr

138 Dillenia indica L. 1 0.02 5,715 99.50 Dilleniaceae ltr

139 Dracaena angustifolia Roxb. 1 0.02 5,716 99.51 Ruscaceae shr

140 Dracaena fragrans (L.) Ker. Gawl. 1 0.02 5,717 99.53 Ruscaceae shr

141 Elaeocarpus serratus L. 1 0.02 5,718 99.55 Elaeocarpaceae ltr

142 Ficus sp. (1) 1 0.02 5,719 99.56 Moraceae ?

143 Inga laurina (Sw.) Willd. 1 0.02 5,720 99.58 Fabaceae ltr

144 Jacaranda mimosifolia D. Don. 1 0.02 5,721 99.60 Bignoniaceae ltr

145 Liquidambar styraciflua L. 1 0.02 5,722 99.62 Altingiaceae ltr

146 Lithraea molleoides (Vell.) Engl. 1 0.02 5,723 99.63 Anacardiaceae ltr

147 Macadamia integrifolia Maiden & Betche 1 0.02 5,724 99.65 Proteaceae ltr

148 Machaerium hirtum Vell. 1 0.02 5,725 99.67 Fabaceae ltr

Table S1. (continued)
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Species AF RF (%) AFc RFc (%) Family Habit

149 Manilkara zapota (L.) P. Royen 1 0.02 5,726 99.69 Sapotaceae str

150 Morus alba L. 1 0.02 5,727 99.70 Moraceae str

151 Roystonea regia (Kunth) O.F. Cook. 1 0.02 5,728 99.72 Arecaceae pal

152 Salix babylonica L. 1 0.02 5,729 99.74 Salicaceae ltr

153 Sambucus australis Cham. & Schlt. 1 0.02 5,730 99.76 Adoxaceae shr

154 Sapindus saponaria L. 1 0.02 5,731 99.77 Sapindaceae str

155 Solanum mauritianum Scop. 1 0.02 5,732 99.79 Solanaceae str

156 Solanum variabile Mart. 1 0.02 5,733 99.81 Solanaceae shr

157 Spondias mombin L. 1 0.02 5,734 99.83 Anacardiaceae ltr

158 Tabernaemontana catharinensis A.DC. 1 0.02 5,735 99.84 Apocynaceae ltr

159 Talisia esculenta (A. St.-Hil.) Radlk. 1 0.02 5,736 99.86 Sapindaceae ltr

160 Tamarindus indica L. 1 0.02 5,737 99.88 Fabaceae ltr

161 Tectona grandis L.f. 1 0.02 5,738 99.90 Verbenaceae ltr

162 Thuja sp. 1 0.02 5,739 99.91 Cupressaceae ?

163 Trema micrantha (L.) Blume. 1 0.02 5,740 99.93 Cannabaceae str

164 Zanthoxylum rhoifolium Lam. 1 0.02 5,741 99.95 Rutaceae ltr

165 Zanthoxylum riedelianum Engl. 1 0.02 5,742 99.97 Rutaceae ltr

166 ? 2 0.03 5,744 100.00 ? ?

Table S2. Observed values of the variables of interest: number of trees per kilometer of sidewalk (DF), basal area per kilometer 
of sidewalk (Dg), mean total height (Ht), volume per kilometer of sidewalk (DV), and number of species per kilometer of 
sidewalk (DE) of the sampling units per stratum, where su is the sampling unit of 1, 2, 3, and 4 blocks.

su
DF (u/km) Dg (m2/km) Ht (m) DV (m3/km) DE (e/km)

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Stratum 1

3 42.1 31.7 34.9 46.8 2.67 1.57 1.66 1.99 4.95 4.54 4.84 5.34 10.94 6.03 7.13 9.32 13.3 9.1 9.5 10.6
8 66.1 61.2 55.7 81.1 7.32 7.26 5.89 5.95 9.02 10.34 9.58 9.16 59.49 58.70 47.19 45.39 25.9 16.6 17.2 16.4
12 78.8 64.8 59.5 70.0 3.82 3.05 2.41 1.93 6.16 6.14 5.57 5.48 20.61 16.48 11.51 8.93 41.5 28.2 21.6 16.0
15 47.4 42.9 46.5 63.5 0.92 1.44 1.55 1.90 4.15 4.57 4.74 4.97 2.50 4.61 4.831 7.79 17.8 13.3 10.4 10.8
16 43.8 41.4 41.4 48.8 2.51 1.89 2.20 1.77 5.09 5.22 5.90 5.67 11.21 8.66 11.14 8.81 16.7 12.1 11.5 9.8
17 54.6 55.1 48.3 73.6 2.43 3.27 2.90 3.13 5.24 6.54 6.17 5.83 9.24 18.16 14.79 15.39 20.8 15.0 13.5 12.7

18 55.5 61.7 57.8 79.5 1.02 2.44 2.38 2.50 3.93 4.90 5.18 5.32 2.18 9.86 9.69 10.33 9.8 9.7 9.3 9.3

20 53.9 67.7 83.2 104.7 3.44 4.10 4.53 3.89 6.98 8.14 7.24 6.92 20.05 26.04 30.76 25.12 40.5 30.1 21.5 20.4
21 51.0 51.2 56.2 69.4 0.86 2.42 2.75 2.42 5.21 6.12 5.83 5.64 2.65 13.62 14.78 12.57 25.5 28.5 22.8 18.4
22 69.5 60.0 59.1 79.3 2.67 2.11 2.75 3.01 5.77 5.25 5.86 5.98 12.06 9.14 14.41 15.92 32.9 22.5 19.5 16.9
23 37.0 47.2 53.7 67.6 2.45 3.13 2.78 2.62 7.44 7.10 6.38 6.24 17.00 19.30 15.97 14.85 15.8 14.4 14.7 15.0
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Table S2 continued on next page

su
DF (u/km) Dg (m2/km) Ht (m) DV (m3/km) DE (e/km)

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Stratum 1

29 33.9 29.8 23.3 28.4 1.63 0.99 0.70 0.56 6.88 5.86 5.66 5.45 7.31 4.07 2.826 2.22 23.5 18.1 12.1 10.4
30 15.3 29.8 28.0 36.8 0.70 1.36 1.24 1.56 5.92 5.50 5.51 5.72 3.33 5.32 4.88 7.03 15.3 16.4 12.5 11.5
31 52.3 43.8 50.1 75.9 3.78 2.25 1.97 2.35 6.19 5.68 5.23 5.54 21.58 12.18 9.56 11.18 24.9 23.8 18.4 17.5
35 89.6 67.2 49.6 61.2 0.13 1.79 1.42 1.62 7.70 7.84 7.70 7.49 43.74 30.83 21.27 19.16 24.4 19.5 14.2 12.8
38 38.4 28.0 33.2 51.0 1.79 1.51 1.49 1.82 5.69 5.68 5.78 6.38 9.24 8.48 7.58 9.57 33.3 19.9 14.3 11.7
42 68.9 43.7 45.1 58.3 2.93 1.92 2.42 2.42 5.74 6.03 6.35 6.28 16.40 9.91 11.60 11.61 11.1 6.2 5.1 4.3
72 41.1 34.1 32.3 60.3 2.09 1.92 1.70 2.02 6.65 6.39 6.05 5.78 8.83 8.52 7.08 8.60 19.5 14.6 11.9 15.1
74 117.0 89.1 71.6 91.9 7.93 5.65 5.07 5.19 9.19 9.53 9.73 9.47 72.76 47.84 41.53 40.08 32.9 26.1 20.4 19.9
83 57.0 41.0 34.4 49.7 5.46 3.10 2.66 2.91 8.81 7.60 7.71 7.61 36.43 19.34 16.58 18.59 24.4 17.8 13.4 17.6
84 103.3 60.9 60.2 61.7 9.04 5.18 5.17 4.30 10.16 9.78 9.23 9.22 64.28 34.27 35.37 29.15 32.1 18.4 14.3 11.6
88 42.5 24.4 25.4 34.4 2.44 1.31 1.01 1.36 7.87 7.49 6.16 6.91 12.02 6.31 4.41 6.65 20.0 11.6 10.7 10.2
89 17.3 19.1 18.2 20.6 0.46 0.49 0.68 0.65 5.83 4.36 5.29 5.29 1.69 1.64 2.28 2.12 11.5 5.7 7.3 6.1
90 43.8 34.6 46.8 71.1 10.67 7.85 9.37 9.48 14.46 13.39 12.29 11.39 88.00 63.04 69.18 68.71 17.5 13.8 13.0 10.7

Stratum 2
1 70.9 54.3 52.1 51.1 1.70 2.30 1.99 2.28 4.46 5.49 5. 23 5.41 4.72 10.04 7.81 9.87 19.6 19.3 14.7 16.0
2 38.9 41.9 36.7 32.5 0.59 1.00 0.91 0.73 4.08 4.30 4.38 4.26 1.47 2.78 2.58 2.01 23.8 19.9 14.8 11.9
4 18.7 22.5 25.1 25.8 0.88 1.01 0.91 0.91 5.14 5.13 4.88 4.88 3.58 4.20 3.57 3.66 10.7 8.2 9.3 8.4
5 40.3 27.3 31.9 29.9 1.85 1.41 1.70 1.62 5.48 5.92 5.91 5.81 7.20 5.49 6.97 6.72 24.8 14.4 12.6 11.7
6 20.2 21.0 30.1 38.4 0.39 0.44 1.75 1.85 4.40 4.41 5.99 5.71 1.09 1.17 6.92 7.46 14.1 9.5 8.6 8.0
7 30.4 57.6 54.1 47.9 1.02 1.84 2.14 1.67 4.45 4.71 5.05 4.88 3.04 5.30 7.23 5.54 18.2 27.3 22.0 18.7
9 24.3 38.8 37.4 32.1 0.61 1.31 1.50 1.29 4.55 5.22 5.81 5.96 1.88 4.51 5.84 4.98 12.1 16.6 13.7 10.9
10 46.6 46.7 49.4 46.4 2.70 2.38 2.79 2.62 7.63 7.03 7.84 7.51 11.50 9.90 14.52 13.46 17.5 12.9 11.6 10.7
11 37.6 37.7 47.5 47.0 1.12 0.81 1.23 1.20 4.99 4.36 4.48 4.60 3.63 2.29 3.55 3.41 26.0 16.8 15.3 14.3
13 66.8 56.0 44.9 45.0 1.28 1.01 0.88 0.91 4.35 4.36 4.54 4.54 3.58 2.71 2.35 2.48 30.4 18.2 13.7 11.1
14 70.9 77.2 70.8 69.8 4.56 3.32 2.83 3.39 5.69 5.02 5.00 5.43 21.21 13.15 11.28 16.53 21.8 17.4 16.8 14.9
19 42.2 44.6 40.6 44.7 1.14 1.67 1.29 1.51 4.91 5.39 5.10 5.19 4.24 6.63 4.86 5.70 26.4 18.4 15.0 13.3
24 19.9 23.4 12.8 17.2 1.20 1.12 0.59 0.96 6.24 5.43 5.43 6.76 6.83 5.44 2.87 5.40 12.6 13.7 7.7 6.8
25 68.5 60.1 56.2 51.5 1.24 1.15 1.04 0.91 5.15 5.10 5.18 5.04 3.64 3.41 3.08 2.66 22.2 16.0 12.0 10.5
28 23.4 11.8 20.0 25.8 2.78 1.40 1.35 1.23 9.01 9.01 7.30 6.04 17.17 8.62 8.06 6.60 18.2 9.2 10.4 11.0
32 35.1 33.6 31.6 31.7 0.95 0.84 0.83 0.87 4.70 4.47 4.68 4.63 2.93 2.46 2.50 2.94 18.8 13.8 14.4 12.9
33 42.4 44.8 61.8 64.5 1.08 0.94 1.68 1.60 5.03 4.96 5.12 5.16 3.71 2.93 5.15 4.95 23.1 13.4 13.7 11.9
34 35.8 39.4 39.3 39.4 1.22 2.08 1.95 1.69 4.10 5.51 5.58 5.49 3.02 8.54 8.02 6.81 19.1 17.5 16.2 15.5
36 22.5 29.9 29.4 24.5 1.30 1.75 1.98 1.58 6.85 7.00 7.11 6.80 8.95 9.02 11.64 9.13 15.0 12.5 10.0 7.5
37 17.4 16.1 12.7 25.1 0.14 0.43 0.30 0.60 3.68 6.40 6.05 5.16 0.28 2.35 1.62 3.10 7.5 6.2 5.1 5.8
39 42.3 47.8 51.0 44.8 2.05 1.75 1.49 1.34 5.64 5.20 4.92 4.94 10.26 8.10 6.38 5.71 18.8 16.9 16.7 14.3
40 29.9 37.2 36.0 26.6 1.18 1.08 0.88 0.65 7.20 5.06 4.66 4.66 4.68 3.29 2.45 1.81 12.0 9.3 13.3 9.8
41 62.8 55.3 41.5 36.6 4.06 3.46 2.76 3.04 5.08 6.12 6.23 7.23 19.29 16.37 12.90 16.95 20.9 23.4 16.4 11.3
43 42.2 37.2 34.5 37.0 0.85 0.87 0.69 0.73 4.84 4.57 4.32 4.44 2.99 2.63 1.95 2.05 29.5 18.6 14.5 13.6
44 42.5 32.2 34.7 35.8 1.14 1.04 1.45 1.32 4.33 4.97 5.96 5.68 4.73 4.51 6.78 5.86 26.5 18.8 17.8 15.2
45 12.8 17.1 22.8 27.5 0.41 0.51 1.91 1.81 4.91 5.83 8.52 8.14 1.71 2.46 12.04 10.99 10.2 7.9 6.4 7.4

Table S2. (continued)
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Table S2. (continued)

su
DF (u/km) Dg (m2/km) Ht (m) DV (m3/km) DE (e/km)

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Stratum 2

48 16.9 21.6 29.9 21.6 1.07 1.31 1.37 0.98 6.84 6.18 5.92 5.90 8.03 8.46 7.52 5.31 16.9 18.0 14.4 10.8
49 61.3 52.8 39.8 33.4 4.26 3.23 2.46 1.93 7.41 6.72 6.82 6.56 20.46 13.77 10.38 8.02 30.6 26.4 19.9 15.2
50 14.3 16.5 20.6 19.4 0.17 0.25 0.37 0.35 4.50 4.76 5.15 5.21 0.38 0.63 1.05 1.01 11.9 9.6 7.8 7.3
51 19.0 14.5 18.6 28.1 0.88 0.65 0.61 0.81 5.43 6.08 5.24 5.76 3.12 2.49 2.15 3.17 14.2 11.2 9.3 10.6
52 0.0 15.5 14.4 16.5 0.00 0.11 0.23 0.25 0.00 3.91 5.27 4.96 0.00 0.24 0.95 0.91 0.0 2.7 3.5 2.6
53 24.4 4.0 19.1 21.6 1.53 0.81 0.93 1.00 7.19 6.82 7.76 6.99 7.73 3.89 4.35 4.61 16.3 11.4 10.0 10.2
54 26.5 25.6 28.2 30.1 2.24 1.67 1.44 1.68 9.86 8.08 6.82 6.69 11.79 9.37 7.37 8.84 13.3 10.5 13.6 12.7
55 23.0 26.9 36.2 32.7 0.68 0.77 0.94 0.99 5.12 4.64 5.40 5.72 2.40 2.34 3.14 3.81 20.4 14.7 19.0 15.3
56 22.0 17.5 24.0 32.1 0.29 0.18 0.43 0.63 4.41 4.36 4.62 5.48 0.71 0.44 1.21 2.15 19.2 12.1 14.2 13.4
57 38.0 29.5 27.2 35.5 2.45 1.80 2.32 2.39 7.21 7.00 7.76 7.49 11.82 8.75 13.90 12.89 12.7 11.5 12.6 11.4
58 15.2 21.1 21.3 33.2 0.27 0.55 0.53 0.99 4.07 5.60 5.36 5.64 0.64 2.32 2.08 3.79 10.1 13.7 11.4 10.7
59 23.2 15.9 21.9 20.2 0.39 0.27 0.64 0.57 5.04 4.60 5.05 5.17 1.08 0.67 1.81 1.70 16.6 11.1 10.4 8.5
60 18.6 23.2 23.4 28.7 0.85 0.79 0.74 0.92 9.17 6.00 5.78 5.44 4.05 2.82 2.65 2.96 12.4 10.3 9.8 11.5
61 0.0 2.4 6.7 5.4 0.00 0.08 0.48 0.39 0.00 3.67 6.36 6.36 0.00 0.15 5.41 4.38 0.0 1.6 4.1 3.3
62 5.7 22.0 25.3 27.6 0.25 0.37 0.53 0.99 6.30 5.30 5.44 5.44 0.81 0.89 1.67 3.55 5.7 13.8 14.5 11.7
63 47.5 36.9 33.4 37.2 1.38 0.95 1.19 2.20 6.15 5.70 6.03 6.96 5.70 3.70 4.80 10.90 20.0 17.1 15.3 18.6
64 36.5 37.1 45.8 44.3 0.67 0.80 1.08 1.03 4.14 4.03 4.57 4.44 1.64 1.99 3.12 2.83 25.1 20.6 19.1 15.8
65 24.4 29.5 28.7 25.5 0.69 0.99 1.09 1.11 4.96 5.32 5.18 5.42 2.47 3.47 4.45 4.77 13.1 9.8 9.3 7.5
66 36.1 33.4 33.8 28.9 1.75 1.48 1.78 1.55 5.62 5.57 6.29 6.52 7.65 6.21 7.83 6.87 18.0 18.2 17.4 13.7
67 28.6 26.5 21.9 23.6 1.37 1.20 1.01 1.45 6.06 5.90 6.21 7.04 5.93 4.89 4.40 6.94 13.5 8.0 6.6 5.4
68 14.5 26.7 28.6 26.2 1.12 1.78 1.75 1.42 9.24 8.05 6.84 6.39 5.58 8.25 6.80 5.35 11.6 14.8 11.4 10.3
69 34.2 27.4 24.1 24.9 2.56 1.68 1.55 1.63 3.84 4.48 4.90 5.81 6.54 4.71 6.09 7.03 7.3 8.3 8.0 7.3
70 33.0 22.3 24.8 24.8 1.03 0.70 0.93 1.27 4.56 4.55 5.05 5.50 4.03 2.47 3.64 6.85 17.4 10.1 8.8 8.8
71 40.9 43.3 42.1 36.7 2.74 2.47 2.29 2.14 5.62 6.04 6.06 6.18 10.73 9.94 9.12 9.14 29.2 23.3 16.4 13.4
73 37.4 41.9 42.4 39.2 0.61 0.98 1.17 1.05 3.81 4.36 4.92 4.91 1.46 2.59 3.64 3.28 8.8 12.9 10.8 9.5
75 38.1 36.8 32.6 31.7 1.65 1.58 1.53 1.22 5.28 5.82 6.11 5.70 6.91 6.17 7.07 5.27 20.8 13.2 10.9 9.5
76 35.5 28.4 27.8 24.3 1.34 1.17 1.20 1.07 6.50 5.93 6.10 6.08 6.64 5.06 5.12 4.49 20.9 11.5 8.6 8.1
77 18.4 11.8 10.9 9.9 0.80 0.55 0.36 0.30 6.43 6.66 5.82 5.62 3.98 2.67 1.59 1.28 15.8 10.3 7.8 6.8
78 18.8 24.2 22.0 26.8 0.64 0.87 1.66 3.75 5.74 5.68 7.09 9.45 2.39 3.80 8.91 26.31 16.1 14.2 11.0 9.6
79 42.4 28.5 25.4 25.8 0.18 0.19 0.19 0.24 3.45 3.67 3.73 3.98 0.34 0.39 0.40 0.57 3.7 4.9 5.5 5.5
80 21.5 29.0 33.5 33.2 0.53 1.18 1.15 1.06 4.96 5.82 5.34 5.19 1.67 4.53 4.03 3.52 16.1 15.2 14.0 13.7
81 44.6 47.8 41.3 37.2 1.32 1.28 1.10 0.96 6.24 5.66 5.86 5.59 5.22 4.67 3.96 3.27 20.7 18.2 13.2 11.0
82 47.5 45.8 40.5 38.4 2.11 1.79 1.51 1.44 5.76 5.86 5.54 5.56 7.51 6.79 5.45 5.12 21.6 22.9 17.0 14.6
85 28.0 40.0 35.8 37.6 0.71 0.82 0.66 0.68 5.70 4.92 4.58 4.72 2.77 2.66 2.03 2.05 15.6 17.9 13.9 13.3
86 26.4 26.5 21.1 21.2 1.18 0.93 0.79 0.71 5.38 5.19 5.33 4.85 4.22 3.07 2.76 2.28 21.1 15.1 10.9 10.0
87 28.4 18.5 19.4 22.1 1.55 0.93 0.74 0.77 6.40 5.89 5.50 5.09 6.05 3.28 2.51 2.42 22.1 11.6 13.9 13.0
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