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ABSTRACT: A key issue in large-area inventories is defining a suitable sampling design and the 
effort required to obtain reliable estimates of species richness and forest attributes, especially 
in species-diverse forests. To address this issue, data from 418 systematically distributed 0.4 
ha plots were collected. Estimators of nonparametric species richness were employed to assess 
the floristic representativeness of data collected in three forest types in the Brazilian Atlantic 
Forest. The sampling sufficiency of forest attributes was evaluated as a function of sample size. 
Altogether, 831 tree/shrub species were recorded. The data acquired through the systematic 
sampling design were representative of both species richness and basal area. The confidence 
intervals’ length would not substantially decrease by using more than 70 % of the reference 
sample (n = 364), thereby reaching a length of ~5 % of the sample mean. Nevertheless, reliable 
estimates of species richness for diverse forests demand a thorough sampling approach far 
more exacting so as to achieve acceptable population estimates of forest attributes. Though the 
study area is regarded as a biodiversity hotspot, the forest stands showed diminished species 
richness, basal area, stem volume and biomass when compared to old-growth stands. As re-
gards species richness, the data provided evidence of contrasting great γ-diversity (at the forest 
type level) and small α-diversity (at the forest stand level). Amongst anthropic impacts, illegal 
logging and extensive cattle grazing within stands are undoubtedly key factors that threaten 
forest conservation in the study area.
Keywords: forest attributes estimation, species richness, forest monitoring, systematic sam-
pling, secondary forests
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Introduction

The main target of forest inventories is to gener-
ate both quantitative and qualitative data about for-
ests and related ecosystems, taking a multi-temporal 
approach, and providing information for managers 
in terms of species composition, structure, growing 
stock, and forest dynamics (Vidal et al., 2008). Thus, 
many countries rely on continuously updated Nation-
al Forest Inventories (NFIs) with systematic sampling 
designs and multi-source approaches which integrate 
field data and remotely sensed imagery. 

Nevertheless, there are fewer (sub)tropical 
countries with completed NFIs (e.g., Mexico, Chile, 
and Tanzania) than European and North American 
countries (Tomppo et al., 2010). Many of these (sub)
tropical countries lack the support of a public forest 
administration and stable financial support. Addition-
ally, operational constraints (e.g., difficult access to 
remote areas, and lack of qualified personnel), and 
the vast―but scarcely known―flora, may hinder the 
implementation of NFIs. 

Two of the main challenges NFIs struggle with 
are the actual planning of the sampling design and de-
fining the number of field sample plots to be measured 
(Köhl et al., 2006). The sampling design should be able 
to generate solid data about structural attributes (e.g., 
basal area, and tree density) and species diversity 
metrics (McRoberts et al., 2013; Tomppo et al., 2010). 
Nonetheless, the sampling effort needed to achieve 

reliable population estimates of forest attributes and 
species richness may differ, at least in sub(tropical) 
forests, which, in turn, may be composed mostly of 
rare tree species (Caiafa and Martins, 2010; ter Steege 
et al., 2013). Given this, the Forest and Floristic In-
ventory of Santa Catarina (IFFSC), which is integrated 
into the NFI-Brazil (Freitas et al., 2010), creates an 
unprecedented opportunity to verify data variability, 
sampling sufficiency and floristic representativeness, 
at both the forest stand and forest type levels in the 
shrinking and threatened Atlantic Forest (Ribeiro et 
al., 2009).

This context leads to the main issues addressed 
in this paper, namely, (i) to estimate the species rich-
ness at both forest stand and forest type levels, and 
propose a straightforward algorithm to assess the 
floristic representativeness at the forest stand level, 
(ii) to evaluate the sampling sufficiency of forest attri-
butes by forest type and as a function of sample size, 
and (iii) to analyze the conservation status of forests.

Materials and Methods

Study area 
The study area was defined as the Brazilian state 

of Santa Catarina, located between latitudes 25°57’ and 
29°21’ S, and longitudes 48°62’ and 53°50’ W, covering 
an area of 95,738 km² (Figure 1). The state’s native for-
est area is estimated to be ~29 % of its total area, while 
forest plantations of exotic species cover another 10 % 
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(Vibrans et al., 2013). The land ownership structure is 
molded by an overwhelming number of smallholders 
owning less than 20 ha of land. Thus, the forest cover 
is highly fragmented; about 85 % of the total forest 
area consists of patches smaller than 50 ha. 

Three forest types can be found in Santa Cata-
rina: semi-deciduous forest (SF), Araucaria forest (AF), 
and evergreen rainforest (ERF) (Oliveira-Filho et al., 
2015). The altitude ranges (m a.s.l.) of each forest 
type considered in this study were 503–898 m (SF), 
514–1,560 m (AF), and 2–1,195 m (ERF), respectively. 

 According to the Köppen climate classifica-
tion system, Santa Catarina has two climate types: 
Cfa―humid subtropical climate with warm summers, 
and Cfb―humid subtropical climate with cool sum-
mers (Alvares et al., 2013). Average annual precipita-
tion varies between 1,100 and 2,900 mm, and annual 
average relative humidity varies between 74 and 88 % 
(Pandolfo et al., 2002). Long-term (> 30 years) average 
annual temperatures are 18.4, 16.4 and 18.9 °C for 
the SF, AF and ERF, respectively, and average annual 
precipitation is 1,646, 1,632 and 1,574 mm for the SF, 
AF and ERF, respectively.

Forest inventory data 
The IFFSC data were gathered between 2007 

and 2010 from 418 ground sample plots located at ev-
ery intersection of a 10 km × 10 km grid. For the 
highly fragmented SF, a 5 km × 5 km grid was used 
to guarantee representativeness. The sample plots 
were located in native forest land after land use pre-
stratification based on land cover maps; these maps 
were drawn up from medium resolution multispectral 
satellite images and their accuracy was assessed by 
Vibrans et al. (2013). Among the 418 sample plots, 
78 were located in the SF, 143 in the AF, and 197 in 
the ERF. The sample plot consists of a cluster of four 
crosswise subplots with an area of 1,000 m2 (20 m × 
50 m) each, located 30 m from the sample plot cen-
ter (Figure 1). Each subplot is composed of 10 sub-

units with an area of 100 m² (10 m × 10 m). Inside 
the sample plot’s limits, all living trees with dbh ≥ 
10 cm, including palms and tree ferns, except lianas, 
were identified; living and standing dead trees were 
calipered. 

The understory/regeneration layer in the SF 
and AF was assessed within one 5 m × 5 m subunit 
located at the end of each subplot (i.e., four under-
story subunits per sample plot), where all individuals 
with dbh < 10 cm and height (h) ≥ 1.5 m were mea-
sured. In turn, due to methodological adjustments, 
four subunits in each subplot were allocated in the 
ERF, resulting in 16 subplots per sample plot, where-
in individuals with dbh < 10 cm and h ≥ 0.5 m were 
measured.

Species identification was carried out by a net-
work of taxonomists; all vouchers are deposited at 
FURB Herbarium. The APG IV (2016) and PPG I 
(2016) classification systems were adopted for angio-
sperms and ferns, respectively; the list provided by 
JBRJ (2017) was used for spelling and synonymization 
of species names. The recorded species were classi-
fied into ecological groups (i.e., pioneer, secondary or 
climax species) according to Flora Ilustrada Catari-
nense (Reitz, 1965) and Swaine and Whitmore (1988), 
and into seed dispersal syndromes as per van der Pijl 
(1969).

Conservation status data
In each sample plot, field crews recorded the 

presence or absence of the following anthropic ac-
tivities: (i) clear cutting (even at small scale); (ii) ex-
otic tree species; (iii) cattle grazing/trampling; (iv) 
evidence of hunting; (v) exploitation of erva-mate tea 
leaves (Ilex paraguariensis A.St.-Hil.) in the AF, and 
palmito-juçara palm heart (Euterpe edulis Mart.) in the 
ERF; (vi) roads; (vii) selective logging; (viii) evidence 
of fire; (ix) understory mowing; and (x) surrounding 
land use classes. 

The field crews also evaluated forest structural 
attributes, such as the number of layers, presence of 
large-diameter trees (dbh > 50 cm), canopy closure 
(visual estimates), presence of vascular epiphytes and 
lianas, and general plant diversity. Subsequently, for-
est stands were assigned to one of four successional 
stages: (i) initial regeneration – few species (< 10), 
young trees (dbh < 10 cm, total height < 8 m); (ii) 
intermediate regeneration – more species (between 10 
and 30), but climax species are still missing in greater 
number; multiple layers and tall/large shade tolerant 
species are absent; (iii) advanced regeneration – great-
er species richness (> 30), presence of large-diameter 
trees and epiphytes―i.e., it is similar to the old-growth 
stage, although it presents signs of anthropic activi-
ties; and (iv) old-growth – similar to the advanced re-
generation stage, although many large-diameter trees 
of climax species have been found and no evidence of 
recent anthropic activities has been perceived.

Figure 1 – Forest type map of Santa Catarina (Southern Brazil) and 
the IFFSC sampling design and sample plot layout.
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Data analysis 

Assessing species richness and floristic 
representativeness

The species richness of each forest type (γ-diversity) 
was estimated by extrapolated sample-based rarefac-
tion curves (Colwell et al., 2012); therefore, the original 
sample (size) was doubled, as suggested by Chao et al. 
(2014). In addition, the total potential species richness 
was predicted by the Jackknife2 nonparametric esti-
mator (Magurran, 2004). This estimator outperformed 
other nonparametric estimators for Santa Catarina’s 
forest types considering bias and precision (Oliveira et 
al., 2016). Floristic similarity among forest types was 
assessed through the Venn diagram and the Sørensen 
index calculated on a species matrix considering both 
common and exclusive species in each forest type.

At the sample plot level (α-diversity), the repre-
sentativeness of the recorded species richness was in-
vestigated by differentiating a sample-based extrapo-
lated rarefaction curve, which was constructed as per 
Colwell et al. (2012). A conservative approach of the 
10/10 % criterion suggested by Cain and Castro (1959) 
was adopted. It conjectures that the sampling effort may 
be regarded as representative when an increase of 10 
% in the sampled area is reflected in less than 10 % of 
increase in new species. The steps of the algorithm to 
apply the 10/10 % criterion were:

i) Construct a sample-based extrapolated rarefaction 
curve for the ith sample plot;

ii) Record the number of species found in 4,000 m² (Sobs);

iii) Fit a mathematical model to the rarefaction curve, 
namely S(A);

iv) Differentiate S(A), apply the derivative for A = 4,000, 
and multiply it by 400 (ΔA) to obtain the theoretical spe-
cies richness increase (ΔS); 

v) If ΔS is smaller than 10 % of Sobs, the representative-
ness is achieved according to the 10/10 % criterion.

Estimates of forest attributes by forest type 
The generation of estimates of forest attribute 

means and confidence intervals by forest type con-
sisted of two major steps: (i) at the forest stand level, 
extrapolate the value obtained in a given sample plot 
to hectare; (ii) at the forest type level, calculate the 
variable mean and standard 95 % confidence interval 
based on the respective set of extrapolations generat-
ed at the forest stand level. It is important to state that 
the treatment of a systematic sampling design based 
on the simple random sampling assumption is valid. 
However, it is assumed that the sample variance may 
be overestimated, but never underestimated (Särndal 
et al., 1992).

In the process of extrapolating forest attributes 
to hectare, the sample plot was regarded as the sample 
space and each subunit (100 m²) was regarded as an ob-
servation. Therefore, the sample plot area was 4,000 m² 
when all subunits were classified as valid measurements, 
i.e., subunits which were accessible to field crews, re-
gardless of their land use class, or which were inaccessi-
ble but were not covered by forest. Conversely, subunits 
located in inaccessible sites (e.g., steep cliffs) were classi-
fied as invalid measurements when they were covered by 
forest. Thus, when invalid measurements were observed, 
the sample plot area considered in the extrapolation to 
hectare was less than 4,000 m². 

The following attributes were considered for both 
living and dead trees (dbh ≥ 10 cm): dbh (cm); stem height 
(m; height until the bole divides and branching begins); 
total tree height (m); tree density (ind ha–1); basal area (m² 
ha–1); stem volume (m³ ha–1); above ground dry weight 
(AGDW) (Mg ha–1); and above ground carbon stock 
(AGCS) (Mg ha–1). The stem volume of angiosperms was 
predicted through models fitted by Vibrans et al. (2015). 
McRoberts et al. (2015) showed, using data gathered by 
the IFFSC, that the effects of a model’s residual and pa-
rameter uncertainty on large-scale volume estimates in 
Santa Catarina are negligible. For Araucaria angustifolia 
(Bertol.) Kuntze, the model fitted by Netto (1984) was 
applied. Trees with crooked stems that were not fit to 
be sawn, palms, and tree ferns were not considered in 
the stem volume estimates. The AGDW was estimated 
through regional models fitted by Vogel et al. (2006) and 
Silveira (2009). To obtain estimates of AGCS, the estimates 
of AGDW were multiplied by a conversion factor of 0.5. 

Sampling sufficiency of forest attributes 
The sampling sufficiency assessment by forest 

type considered the tree density (ind ha–1), basal area 
(m² ha–1), and stem volume (m³ ha–1). The sample size 
required to build confidence intervals with a length of 
10 % of the sample mean with a confidence level of 95 % 
was applied (Köhl et al., 2006). The estimator may be de-
noted as ′ = × ×n t xˆ / ( . )σ2 2 20 10 , where σ̂2 is the sample 
variance, t the percentile of Student’s two-tailed distri-
bution with n – 1 degrees of freedom, and x the sample 
mean. The sample variance (σ̂2) was estimated through 
the ratio estimator given by Cochran (1977) due to varia-
tions in the sample plots’ areas. 

As for planning future large-area inventories in 
sub(tropical) regions, such as the Brazilian NFI, the be-
havior of the mean basal area (m² ha–1), its standard er-
ror, and sampling sufficiency as a function of sample 
size were assessed through the following steps:

i) Select a subsample of size n’ from the reference sam-
ple (n = 364) by means of resampling with replace-
ment; the subsamples’ sizes ranged from 10 % to 100 
% of the reference sample, which included all sample 
plots of the 10 km × 10 km grid (i.e., nSF = 24; nAF = 
143; and nERF = 197);
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ii) For each subsample of size n’, calculate the sample 
mean, standard error (SE), standard 95 % confidence 
band, and the sampling sufficiency estimator for an infi-
nite population with an error boundary of 10 % and α = 
0.05, with σ̂2 obtained through the ratio estimator; 

iii) Repeat the process for each sample size class until the 
mean and standard error over the iterations stabilize.

To assume a point where the SE did not substan-
tially decrease with the increasing of sample effort, a 
quadratic plateau model was fitted considering the mean 
SE over the iterations for each sample size class as the 
response variable, and the sample size classes as the pre-
dictor variable. In addition, a random sample (n = 30) of 
the estimated confidence bands for each sample size class 
was selected and Dunnett’s family-wise 95 % confidence 
intervals were constructed to compare each sample size 
class to the 100 % class.

Results

Species richness and floristic representativeness
In total, 831 tree and shrub species were found in 

Santa Catarina’s forests. From these, 649 species were 
registered in the canopy layer (dbh ≥ 10 cm), and 735 
in the understory/regeneration layer (dbh < 10 cm). Re-
markably, 96 species found in the canopy layer were not 
recorded in the understory/regeneration layer, of which 
71 % are shade tolerant, and 29 % are not shade toler-
ant. The smallest species richness was registered in the 
SF: 244 species, from which 211 were found in the can-
opy layer, and 164 in the understory/regeneration layer. 
In the AF, 460 species were recorded: 367 in the canopy 
layer, and 380 in the understory/regeneration layer. In 
contrast, the ERF presented the greatest species richness: 
735 species were recorded (567 in the canopy layer, and 
644 in the understory/regeneration layer). Considering all 
the recorded species, 213 were classified into one of the 
IUCN’s conservation status; from these species, 154 were 
assigned to the LC (Least Concern) category, and 59 spe-
cies were assigned to the categories VU (Vulnerable), EN 
(Endangered), NT (Near Threatened), and CR (Critically 
endangered) (CNCFlora, 2018).

Considering the canopy layer, the smallest Sørensen 
similarity was between the ERF and the SF (0.43), while 
the AF presented greater similarity to the SF (0.59), and to 
the ERF (0.65). Figure 2 illustrates that forest types con-
tain a considerable number of exclusive species. From the 
successional point of view, within tree species, 26 % were 
pioneers, 51 % were secondary, and 23 % were climax 
species. Taxonomic screening showed that most species’ 
seed dispersal type was zoochory (~80 %).

In all forest types, the proportion of species rich-
ness found in half of the sample plots was greater than 80 
% of the total species richness per forest type. The dou-
bling of the original samples through the sample-based 
extrapolated rarefaction resulted in an increase in new 

species of 11 % for the SF, 11 % for the AF, and 12 % for 
the ERF (Figure 3). Assuming that the Jackknife2 estima-
tor yielded the total potential species richness by forest 
type, the IFFSC recorded 76 %, 78 % and 76 % of the 
potential richness of the SF, AF and ERF, respectively.

At the sample plot level, species richness was not 
uniformly distributed within the study area and forest 
types (Figure 4A, B, C). Only 12 sample plots (3 %) in 
the ERF contained more than 80 species each. This forest 
type presented an average richness of 54 species. The SF 
and AF presented a mean richness of 35 and 33 species, 
and a maximum of 56 and 53 species, respectively. The 
average understory/regeneration richness was 14, 13 and 
55 species in the SF, AF and ERF, respectively. The 10/10 
% criterion was fulfilled in 73 % of the sample plots in the 
SF, in 73 % of the sample plots in the AF, and in 87 % of 
the sample plots in the ERF (Figure 4D).

Forest attributes estimates 
The differences among forest attribute means 

among forest types did not follow the pattern regarding 
species richness, in which the SF presented the smallest, 
and the ERF the greatest species richness, except for the 
mean dbh and tree density (Table 1). The forest types 
presented no differences in terms of stem volume and 
above ground carbon stock. The larger basal area found 
in the AF may be related to the inclusion of tree ferns, 
which corresponded to 16 % of its total basal area: solely 
Dicksonia sellowiana Hook., the most abundant species, 
contributed to 96 % of the tree fern density in the AF. 
The tree density, basal area, stem volume, and dry weight 
distributions are shown in Figure 5.

Likewise, dead trees accounted for 7 %, 6 % and 6 
% of the living trees density, and 8 %, 6 % and 7 % of the 
living trees basal area of the SF, AF and ERF, respectively.

Figure 2 – Venn diagram of common and exclusive species (dbh ≥ 
10 cm) of the three main forest types in Santa Catarina, southern 
Brazil, along with Sørensen indices. SF = semi-deciduous forest (n 
= 78); AF = Araucaria forest (n = 143); ERF = evergreen rainforest 
(n = 197).
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Sampling sufficiency of forest attributes
Sampling sufficiency was achieved for all the eval-

uated variables and forest types, with the exception of 
stem volume (m³ ha–1) for the SF (Table 2). 

The behavior of the distribution of the basal area 
(m² ha–1) sample means, standard errors and sampling 
sufficiency as a function of sample size is shown in Figure 
6. In this regard, the subsequent remarks are relevant:

Mean: The variability in the distribution of sample 
means reduced considerably after the sample size class of 

50 % (n’ ≈ 182) of the reference sample (n = 364) (Figure 
6A); the variability of the distribution of sample means 
for each sample size class is presented in Figure 6A.

Standard error (SE): The increase in sample size did 
not add extra variability to the pooled standard devia-
tion estimates, and the SE therefore decreased following 
the square root of the sample size. The quadratic pla-
teau model presented a satisfactory goodness-of-fit (R² = 
0.96) and all its parameters were different from zero (α 
= 0.05); its plateau was defined at 68 % of the reference 

Figure 4 – Observed (Sobs) and estimated species richness (extrapolated rarefaction curve; Sext.(2x)) by sample plot and their spatial distribution in 
Santa Catarina (A and B), and quartiles’ position (C). The interpolated maps were generated by kriging (exponential model), where: SF’s sample 
plots (▲); AF’s sample plots (+); ERF’s sample plots (■); thin black traces: rivers; and the thick black trace: Uruguay River. Figure (D) refers to 
the fulfillment of the 10/10 % criterion―gray bars represent the sample plots that fulfilled the criterion and black bars represent the ones that 
did not fulfill the criterion. SF = semi-deciduous forest (n = 78); AF = Araucaria forest (n = 143); ERF = evergreen rainforest (n = 197).

Figure 3 – Curves generated by the extrapolated sample-based rarefaction and by the Jackknife2 nonparametric estimator for three forest types 
in Santa Catarina, southern Brazil: (A) extrapolated rarefaction curves with 95 % confidence intervals; dashed lines represent the extrapolated 
curves; (B) Jackknife2 curves with standard deviations. SF = semi-deciduous forest (n = 78); AF = Araucaria forest (n = 143); ERF = evergreen 
rainforest (n = 197).
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sample size (n’ ≈ 248) (Figure 6B). This evidence suggests 
that the SE of the mean would not dramatically change 
with the increase in sample effort from this point on.

Sample sufficiency: The mean number of sample plots 
(among the iterations) needed to achieve sufficiency, 
adopting an error boundary of 10 % and α = 0.05, was 
~78; this corresponds to ~21 % of the reference sample 
(n = 364); the variability of the distributions of each 
sample size class is shown in Figure 6C.
Comparison of confidence bands: The confidence 
bands constructed with 70 %, 80 % and 90 % of the 
reference sample were not different from those con-
structed with 100 % of the reference sample according 
to Dunnett’s family-wise confidence intervals (α = 0.05) 
(Figure 6D).

Conservation status
Most of the forest stands were classified as second-

growth: 54 % were assigned to the intermediate regen-
eration stage; 41 % to the advanced regeneration stage; 

and only 3 % to the old-growth stage, while scarcely 2 % 
to the initial regeneration stage. 

The main anthropic impacts in forests (often oc-
curring simultaneously) were illegal selective logging, 
clear cutting, fire, understory mowing, and understory 
cattle grazing/trampling. These impacts were probably 
intensified by surrounding land uses, such as those asso-
ciated with agriculture, pastures, and forest plantations 
(Figure 7).

Discussion

Insights on floristic representativeness
It is not a trivial task to assess the γ-diversity of 

complex (sub)tropical forest types, as most species have 
small populations or restricted spatial distribution, or 
are even habitat specialists (Caiafa and Martins, 2010; 
Ricklefs, 2000). Using the IFFSC data, Rezende et al. 
(2014) showed that ~72 % of the tree species grow-
ing in Santa Catarina present a restricted geographical 
distribution. A simulation based on the IFFSC data re-
vealed the species recording capacity of two grids with 
different densities: when nonparametric species rich-
ness estimators were applied using data from a 20 km 
× 20 km grid, richness estimates were even smaller 
than the observed richness attained by a 10 km × 10 
km grid (Oliveira et al., 2016). Moreover, another chal-
lenge is related to the botanical identification of mate-
rial collected in highly diverse forests. Altogether, the 
IFFSC featured up to 36 volunteer specialists around 
the country and abroad for identifying its huge amount 
of botanical material.

Table 1 – Means and confidence interval (α = 0.05) of forest attributes of living and dead trees of the semi-deciduous forest (SF), Araucaria forest 
(AF), and evergreen rainforest (ERF).

Forest attribute 
Forest type

SF (n = 78) AF (n = 143) ERF (n = 197)
Living trees
dbh (cm) 19.42a ± 0.75 20.38b ± 0.6 18.08c ± 0.32
Stem height (m) 4.87a ± 0.21 5.13a ± 0.21 5.61b ± 0.15
Total height (m) 10.22a ± 0.47 9.26b ± 0.41 10.81a ± 0.22
Tree density (ind ha–1) 418.88a ± 30.56 558.82b ± 42.08 630.57c ± 24.58
Basal area (m² ha–1) 18.09a ± 1.54 24.45b ± 2.11 21.76b ± 1.06
Stem volume (m³ ha–1) 73.03a ± 9.56 86.23a ± 8.75 86.63a ± 6.86
Dry weight (Mg ha–1) 124.20a ± 13.28 129.45a ± 10.37 127.29a ± 7.98
Carbon stock (Mg ha–1) 62.10a ± 6.64 64.72a ± 5.19 63.65a ± 3.99
Dead trees
dbh (cm) 21.57a ± 1.27 21.08a ± 0.91 18.68b ± 0.52
Stem height (m) 4.74a ± 0.4 4.46a ± 0.3 5.75b ± 0.34
Total height (m) 6.73a ± 0.42 6.46a ± 0.32 6.5a ± 0.2
Tree density (ind ha–1) 29.4a ± 3.56 33.59ab ± 3.4 39.56b ± 3.15
Basal area (m² ha–1) 1.51a ± 0.24 1.55a ± 0.18 1.44a ± 0.14
Stem volume (m³ ha–1) 4,05a ± 1.23 3.99a ± 1.19 2.23a ± 0.42
Dry weight (Mg ha–1) 10.47a ± 1.94 7.63b ± 0.95 5.46c ± 0.58
Carbon stock (Mg ha–1) 5.24a ± 0.97 3.81b ± 0.48 2.73c ± 0.29
Means followed by the same letter were not different according to the Tukey-Kramer test with α = 0.05.

Table 2 – Number of sample plots necessary to achieve sample 
sufficiency for three forest attributes.

 Forest attribute
Number of sample plots to be inventoried

SF (n = 78) AF (n = 143) ERF (n = 197)
Number of individualsa 42 81 30
Basal areab 57 107 47
Stem volumec 140 126 121
Variables’ units: (a) ind ha–1; (b) m² ha–1; (c) m³ ha–1; SF = semi-deciduous 
forest; AF = Araucaria forest; ERF = evergreen rainforest.
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Figure 6 – (A) Distributions of the estimated sample means, (B) standard errors of the means, (C) sample sufficiency, and (D) Dunnett’s pairwise 
comparison of confidence bands for basal area (m² ha–1). The reference sample is composed of 364 sample plots measured by the Forest and 
Floristic Inventory of Santa Catarina (IFFSC).

Figure 5 – Forest attributes’ distributions according to the data gathered by the Forest and Floristic Inventory of Santa Catarina (IFFSC). SF = 
semi-deciduous forest (n = 78); AF = Araucaria forest (n = 143); ERF = evergreen rainforest (n = 197). 
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Despite all efforts, a considerable number of spe-
cies (~150) listed in previous studies was not registered 
(Gasper et al., 2013a,b; Gasper et al., 2014). Between 
the 1950s and 1960s, pioneer vegetation studies in 180 
one hectare plots were conducted in Santa Catarina (Re-
itz, 1965). The present study was concluded nearly 50 
years later; in the intervening period, the state suffered 
from continuous and intense deforestation (Ribeiro et 
al., 2009); nevertheless, the state still has one of the most 
substantial native forest covers in Brazil. Even with the 
advance of deforestation, the IFFSC recorded 831 tree/
shrub species within 418 sample plots; this number il-
lustrates the NFI’s potential of recording an impressive 
richness of tree species.

Therefore, considering that the sampling design 
of national or regional inventories must accomplish 
multiple goals, the species richness estimates presented 
in this study may still be regarded as satisfactory, sug-
gesting that only species with small and geographically 
restricted populations were not recorded. It is not just 
restricted geographical distributions and small popula-
tions that are an issue, as missing species may be more 
abundant in specific environments, such as riparian 
vegetation or remote old-growth forests. However, we 
cannot discard the possibility that these ‘occult species’ 
have indeed vanished due to strong anthropic activities 
over time, such as logging and land use changes.

The above issues may be appeased by increas-
ing the collection efforts (Feeley and Silman, 2011). In 
this sense, the IFFSC carried out a concomitant ‘extra 
floristic survey’, which made efforts to collect not only 

fertile vascular plants in the sample plots, but also any 
accessible fertile species in their surroundings and ac-
cess tracks (Gasper et al., 2013a,b; Gasper et al., 2014). 
Although this may have augmented the time frame 
needed to conclude the measurement of the trees in a 
sample plot, it stood as an effective low-budget work-
around to increase the understanding of the state’s flora, 
as well as to enrich its herbariums, and other relevant 
databases, such as the NeoTropTree, GFBI (Global For-
est Biodiversity Initiative), and sPlot/GIVD (Global In-
dex of Vegetation-Plot Databases) (Jansen et al., 2012; Li-
ang et al., 2016; Oliveira-Filho et al., 2017). Accordingly, 
another 1,352 species of vascular plants were recorded 
by the extra floristic survey, with an average of 26 fer-
tile plants per sample plot. In addition, two new species 
have been described so far (Silva and Costa, 2011; Pes-
soa and Alves, 2015). 

Hence, NFIs―especially those in (sub)tropical 
countries―could develop similar methodologies to en-
hance their databases, thus contributing to regional and 
broader biodiversity assessments (Chirici et al., 2012). 
As the number of recorded species is related to the sur-
vey time (Zhang et al., 2014), the amount of time to be 
spent on an ‘extra floristic survey’ or similar may be 
planned based on cost-efficiency trade-offs and the cur-
rent political and social demands related to plant biodi-
versity conservation (Gardner, 2010). 

Floristic representativeness at the forest stand lev-
el (or even at broader scales), as assessed in our study, is 
not a major concern in most NFIs (Tomppo et al., 2010). 

Figure 7 – Number of sample plots classified into different successional stages, anthropic impacts and land use in the sample plots’ surroundings. 
SF = semi-deciduous forest (n = 78); AF = Araucaria forest (n = 143); ERF = evergreen rainforest (n = 197). The anthropic impacts classes 
refer to the number of impacts observed within the sample plot.
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As an exception to the general rule, Scolforo et al. (2008) 
fitted linear plateau regressions to the curves of the accu-
mulated tree species richness per sampled area to assess 
floristic representativeness in the Minas Gerais State For-
est Inventory in Brazil. Assessing the reliability of spe-
cies richness estimates at the forest stand level, and thus 
evaluating it on a broader scale such as an entire state or 
country, may be an essential step in the planning of forest 
policies including forest conservation, restoration, man-
agement, and the payment for ecosystem services (Gard-
ner, 2010). Thus, the proposed algorithm for testing Cain 
and Castro’s 10/10 % criterion is a straightforward tool for 
obtaining stronger evidence regarding floristic represen-
tativeness than, for instance, the classic (and subjective) 
search for an asymptotic curve of accumulated species 
richness per sampled area, which is not easily reached in 
diverse (sub)tropical forests (Condit et al., 1996). In sum-
mary, our findings suggest that a thorough sampling effort 
is required to generate reliable species richness estimates 
at the forest type level. Even though nonparametric es-
timators may suffice as feasible and low-biased tools for 
the Brazilian NFI (Oliveira et al., 2016), it is worth consid-
ering that their estimates are never greater than twice the 
value recorded in the sample plots (Smith and van Belle, 
1984). Moreover, Gardner (2010) states that the lack of 
reliable data regarding species diversity will prevent the 
establishment of management strategies and definition of 
priority areas for conservation. Inasmuch as NFIs may 
concentrate their efforts in collecting and selecting indi-
cators related to forest structural diversity (Chirici et al., 
2012), which are undoubtedly important (McElhinny et 
al., 2005), species diversity data will always be useful and 
cannot be sufficiently predicted through standalone for-
est structure indicators (Gardner, 2010).

Sampling sufficiency of forest attributes
The investigation of the influence of different 

sample sizes on inferences regarding the mean basal 
area (m² ha–1) for the entire state of Santa Catarina re-
vealed interesting results. Sampling sufficiency would 
be achieved by measuring about 50 to 100 sample plots. 
The estimated confidence intervals would not be dra-
matically improved after n ≈ 248 (about 70 % of the 
reference sample, n = 364), thereby reaching a narrow 
width (± ~5 % of the sample mean).

The reduced sample size required for sufficiency 
may reflect the structural homogenization of the forest 
stands sampled in the three forest types. It was to be ex-
pected that samples from a systematic forest inventory 
covering a complex area in terms of biogeographic fluc-
tuation would present an attenuated variability of for-
est attributes, such as basal area. Hence, the structural 
variability among forest stands would be triggered by 
forests growing on sites with more constricted environ-
mental conditions, such as rocky dystrophic soils, or in 
sites prone to host exuberant vegetation with many lay-
ers and large trees. Given this, old populations of species 
like A. angustifolia in the AF, Ocotea catharinensis Mez in 

the ERF, and Apuleia leiocarpa (Vogel) J.F. Macbr. in the 
SF, would, most likely, be drivers of forest heterogeneity 
among sample plots. 

So far, the basal area can be considered sufficient-
ly sampled by the IFFSC. The sample effort in subse-
quent remeasurement cycles could be reduced, and thus 
focused on forest increment, as species richness was as-
sessed in the first cycle. However, as mentioned above, 
reliable estimates of species richness in highly diverse 
forests require a thorough sampling approach, far more 
exacting than the requirements to achieve satisfactory 
estimates of the population parameters of forest attri-
butes.

Conservation status
As a general observation, great γ-diversity is in 

contrast with small α-diversity. As shown by Gasper et 
al. (2013a,b; Gasper et al., 2014), the IFFSC’s sample 
plot survey plus the extra floristic survey recorded in 
the SF, AF, and ERF, respectively, 420, 925 and 1,473 
vascular plant species, or 62 %, 43 % and 19 % of all 
species registered in the Atlantic Forest by Stehmann et 
al. (2009). Down at the local level, the IFFSC found a 
mean of only 31 (14), 29 (13) and 53 (55) tree species by 
sample plot in the canopy layer (and understory/regen-
eration layer), and 18.1, 24.4 and 21.8 m² ha–1 of basal 
area in the SF, AF and ERF, respectively. 

These estimates regarding young-aged, second-
growth or intensively exploited stands with reduced 
species richness and basal area are less than half of that 
expected in well-conserved old-growth forests. Com-
parisons with well-conserved forests in southern Brazil 
support this finding: Kilca and Longhi (2011) found ap-
proximately 52 tree species and up to 37 m² of basal 
area in 1 ha of an old-growth SF stand. Jarenkow and 
Budke (2009) mentioned 120 species ha–1, 50 m² ha–1 of 
basal area, and 38 m of canopy height as features of 
well-conserved old-growth AF stands. In turn, Maça-
neiro et al. (2016) reported 144 woody species in ~1 
ha of an old-growth ERF stand. As a word of caution, 
a caveat regarding basal area should be acknowledged: 
this attribute by itself may not be the most powerful in-
dicator of conservation status, as second-growth forests 
may present substantial basal area values, even without 
having reached late successional stages, as shown by 
Guariguata and Ostertag (2001).

Especially alarming is the small number of under-
story/regeneration species in the SF and AF compared to 
the number of canopy species. Understory mowing and 
cattle grazing/trampling are putting the forests’ future at 
risk, not only in southern Brazil but also in other regions 
of the country (Pereira et al., 2015; Vibrans et al., 2011). 
The lack of regeneration and understory impoverish-
ment invoke similarities to the ‘empty forests’ described 
by Richards (1996) as being in the process of regressive 
succession due to continuous degrading impacts. The 
cattle grazing inside forest stands and understory mow-
ing remain as a cultural heritage of European settlers 
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who often implemented silvopastoral systems called 
faxinal and caíva: forest stands were maintained for the 
sake of managing tree species of interest, while animals 
were raised beneath the forest canopy, drastically reduc-
ing the understory species richness. 

Most of the forests in the study area seemed to be 
between 50 and 80 years old; this perception was con-
firmed by the results of an associated dendrochronologi-
cal study (Lisi et al., 2008). It might suggest that such 
young forests started their regeneration process in the 
middle of the 20th century. This period matches the peak 
of the deforestation process in Santa Catarina according 
to evidence reported by Baptista and Rudel (2006).

Conclusions

The conclusions of this study are fourfold. First, 
through this regional inventory, satisfactory estimates 
of species richness for both stand and forest type levels 
were achieved. These provided evidence of contrasting 
great γ-diversity and small α-diversity. Broadly speak-
ing, the great number of observed species illustrates the 
NFI’s potential for recording an impressive amount of 
data, as well as the importance of continuous plant col-
lection for conservation and scientific purposes. 

 Second, the small number of understory/regen-
eration species may be the result of canopy opening, 
which generates inadequate conditions for shade toler-
ant species, and of continuous negative impacts such as 
cattle grazing and understory mowing. 

Third, through the investigation of the influence 
of different sample sizes on the estimates of parametric 
confidence intervals for forest attributes, it was found 
that the intervals did not become narrower when con-
structed using more than 70 % of the reference sample; 
hence, the sample size could be reduced in future re-
measurements. 

Fourth, Santa Catarina’s forest cover is composed 
mainly of floristically and structurally simplified sec-
ond-growth forests in the process of regeneration after 
intensive logging or clear cutting practices conducted in 
the last century. Such forests are characterized by young 
and small trees, low-merchantable stocks and the ab-
sence of typical tree species found in old-growth forests. 
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