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ABSTRACT
Accurate knowledge of floristic composition is crucial when planning and designing research projects and public 
policies. In this study, our goal was to assess tree sampling accuracy and to identify sites with higher concentrations 
of rare tree species, as well as those with the highest tree species richness, in the state of Santa Catarina, Brazil. We 
determined sampling accuracy using the first-order jackknife and Chao 2 estimators, calculated the number of rare 
species (singletons and doubletons) and applied  sampled-based rarefaction. We found that sample accuracy (estimated 
vs. observed values) was over 90% for the state as a whole, the best estimates having been obtained for the areas of 
rain forest (first-order jackknife: 91%; Chao 2: 95%). Of the tree species identified, 16.6% were considered rare in 
the state and only 4% were found in all forest types. Among the various forest types, semideciduous forests showed 
the highest proportions of rare tree species. Tree species richness was highest in the rain forests and lowest in the 
dwarf cloud forests. Our results make an important contribution to the conservation of tree species within one of the 
“hottest” biodiversity hotspots in the world.
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Introduction
Although Brazil is one of the most biodiverse countries 

of the world, its vegetation has not been well sampled. Vari-
ous authors have demonstrated that vegetation sampling is 
insufficient in Brazil, as well as that records of species oc-
currence in the country are unequally distributed (Giulietti 
et al. 2005; Sobral & Stehmann 2009; Forzza et al. 2012). 
For example, of the 696 new records of angiosperms added 
to the List of Species of the Brazilian Flora between 2010 
and 2012 (Lista de Espécies da Flora do Brasil 2012), 237 
were for the state of Santa Catarina, compared with only 
188 for the entire Amazon region, despite the vast expanse 
of natural vegetation within the latter. This suggests that 
the estimation of species richness is biased by the greater 
concentration of research centers and universities in areas 
that are more developed, resulting in a tendency to collect 
plant specimens repeatedly from sites previously recognized 
as having the highest levels of species richness (Ponder et 
al. 2001; Schatz 2002; Hopkins 2007; Sobral & Stehmann 
2009). That limits our knowledge of the true species rich-
ness distribution (Sastre & Lobo 2009), the delimitation of 

centers of endemism (Ponder et al. 2001) and the decision-
making process related to the designation of priority areas 
for conservation (Grand et al. 2007).

The Atlantic Forest sensu lato (Joly et al. 1999) is con-
sidered one of the major global hotspots for biological con-
servation purposes (Myers et al. 2000; Ribeiro et al. 2011). 
Among the various Atlantic Forest subtypes, the rain forest 
is the richest vegetation formation in terms of rare species 
and overall species number (Martins 1991; Scudeller et al. 
2001; Oliveira-Filho & Fontes 2000; Caiafa & Martins 2010; 
Vibrans et al. 2010). The fact that the rain forest harbors 
so many threatened tree species—especially in its southern 
section—can be explained by its high numbers of rare spe-
cies, together with an abundance of species considered to 
have a restricted habitat (stenoecious species) and reduced 
local abundance, or even a combination of these factors 
(Caiafa & Martins 2010). Rain forests occur in climates 
with warm temperatures and no dry season (Colombo & 
Joly 2010), which favors the establishment of a larger set 
of species than in semideciduous forests (Oliveira-Filho 
& Fontes 2000). The fact that the level of environmental 
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heterogeneity is higher in rain forests than in other forest 
types (Leitão-Filho 1994) also contributes to the high spe-
cies richness in the former. 

During the second half of the twentieth century, the state 
of Santa Catarina suffered a drastic reduction in forest cover, 
and there is still constant pressure associated with economic 
activities such as agriculture and extensive livestock farming 
(Vibrans et al. 2010; 2011). When only trees with a height 
of at least 10 m and a basal area of at least 10 m2.ha−1 are 
considered, the total forest cover in the state is estimated 
at 29% (Vibrans et al. 2013), with differences among forest 
types: 16% for semideciduous forest; 24% for mixed (broad-
leaf and needleleaf) forest, also known as Araucaria forest; 
and 40% for rain forest. In addition, recent estimates state 
that there are 500,000 ha of forest plantations, mainly Pinus 
spp., equivalent to 5% of the total area of the state (Vibrans 
et al. 2010). As has been demonstrated by various authors 
(Sampaio & Guarino 2007; Aragão et al. 2008; Caiafa & 
Martins 2010; Peres et al. 2010; Zafra-Calvo et al. 2010), 
human activities can reduce populations of many species 
or even cause extinction. Therefore, species with restricted 
distribution are especially vulnerable if their geographic 
range is limited or they have special habitat needs (Primack 
& Rodrigues 2001). Identifying regions with a high number 
of rare species—as well as with a high level of overall spe-
cies richness—is a major requirement of good conservation 
practice (Primack & Rodrigues 2001; Caiafa et al. 2009; 
Caiafa & Martins 2010). 

To assess the conservation status of native forests, the 
state of Santa Catarina conducted the Inventário Florístico 
Florestal de Santa Catarina (IFFSC, Floristic Inventory of 
Forests within the State of Santa Catarina) between 2007 
and 2010, using a systematic sampling method to produce 
detailed and reliable data on community structure and flo-
ristic composition (Vibrans et al. 2010). The IFFSC included 
all forest types found in the state: coastal dwarf forest, rain 
forest, dwarf cloud forest, mixed forest and semideciduous 
forest (sensu Oliveira-Filho 2009). The sampling plots, in 
the form of a cluster of four crosswise 1000 m2 subplots (20 
× 50 m), were located in forest vegetation at the intersec-
tions of a 10 × 10 km grid, except in the semideciduous 
forest, where a 5 × 5 km grid was employed; this ensured a 
sufficient number of sample plots to allow the assessment 
of tree and shrub species, given that, among the five forest 
types found in Santa Catarina, the semideciduous forest 
is the most reduced and fragmented (Vibrans et al. 2010). 
From the 48,427 records of trees and shrubs provided by 
the IFFSC, broad patterns of species distribution and rich-
ness can be identified (Vibrans et al. 2010). Detecting such 
patterns by standardized sampling reduces the drawbacks 
associated with an insufficient sample size, especially in 
tropical areas, for which biodiversity data are often scarce, 
biased and of low quality (Hortal et al. 2007).

The objective of the present study was to use IFFSC data, 
together with data from other sources, in order to determine 

the accuracy of tree sampling in the various forest types 
within the state of Santa Catarina. We also attempted to 
identify the areas of the state in which the proportions of 
rare species were greatest and the levels of species richness 
were highest. Given that the rain forest subtype of Atlantic 
Forest has fewer environmental constraints, a larger for-
est cover and greater habitat heterogeneity than do other 
Atlantic Forest subtypes, we expected the level of species 
richness to be highest in the areas of rain forest occurring 
within the state. We also expected that such areas would 
have the greatest proportions of rare species.

Material and Methods
 Study area

The state of Santa Catarina is located in southern Brazil 
(25°57’41”-29°23’55’’S; 48°19’37’’-53°50’00’’W). The relief 
consists of a Quaternary coastal plain, a set of coastal ranges 
with an abundance of crystals in eastern Santa Catarina, 
the Gondwana Plateau and a basalt plateau (Santa Catarina 
1986). Approximately 70% of the state of Santa Catarina is 
at least 300 m a.s.l., the relief being mostly composed of a 
basalt plateau connecting with the Serra Geral mountain 
range (Andrade et al. 1999). The climate in the southern 
plateau region is quite humid and mesothermal (Cfb), 
whereas that along the Atlantic coastal range is super humid 
subtropical, with high temperatures (Cfa) (Klein 1984). In 
Santa Catarina, the average monthly rainfall ranges from 
1100 mm to 2900 mm, with no excesses or shortages of 
water during the year (Pandolfo et al. 2002). We show the 
elevation and climate maps in Fig. 1.

Database

We obtained the species occurrence data from the 
TreeAtlan 2.0 database (Oliveira-Filho 2010), which is 
compiled from the literature and herbarium specimens. 
The database contains records of tree species occurrence, 
geographic location, type of vegetation and environmental 
data. For the state of Santa Catarina, the database was im-
proved by the incorporation of data from the IFFSC, which 
employs a systematic and non-biased sampling method for 
all forest types (Vibrans et al. 2010). The data set for the 
present study was related to a total of 175 sites, each with 
a radius of 5 km, across five forest types (see details of the 
TreeAtlan protocol in Oliveira-Filho 2010 and Eisenlohr & 
Oliveira-Filho [in press]), distributed throughout the state 
(Fig. 2). We defined the forest types on the basis of the 
nomenclature proposed by Oliveira-Filho (2009): coastal 
woodland, also known as restinga or sandy forest; rain for-
est, or floresta ombrófila densa in a more regional (Brazil) 
context (IBGE 2012); dwarf cloud forest, or floresta nebular; 
mixed (broadleaf and needleleaf) forest, or Araucaria forest 
(hereafter, mixed forest); and semideciduous forest.
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Numerical analyses

We examined the sampling accuracy by obtaining esti-
mates of species richness, using the first-order jackknife and 
Chao 2 estimators in the program EstimateS, version 8.2.0 
(Colwell 2009). The first-order jackknife estimator predicts 
the number of species based on the frequency of species 
found in one area, projecting the total number of species 
on the basis of the heterogeneity of the sample (Chiarucci 
et al. 2003). The Chao 2 estimator is based on the concept 
of statistical sampling coverage, using the number of spe-
cies with low frequency to estimate the number of species 

not included in the sample (Colwell & Coddington 1994; 
Chazdon et al. 1998), thus generating a consistent estimate 
of the minimum number of species (Longino et al. 2002). 
We decided to use both estimators because each employs 
different concepts, as noted above (for a thorough review, 
see Magurran 2004 and references therein), which helped 
us generate a complementary and more reliable approach.

We examined variations in the proportions of rare 
species and total species richness, in order to contribute 
additional data in order to inform decisions regarding con-
servation priorities in Santa Catarina. In this manuscript, 
we define rare species as singletons or doubletons, meaning 
species that occur in only one or two sample units, respec-
tively (Magurran 2004). We analyzed the percentage of rare 
species (singletons and doubletons) in relation to the total 
number of species found both in the state as a whole and 
within each forest type. 

We prepared a map of the observed species richness 
using the programs ArcGis, version 10 (ESRI 2010) and 
DivaGis, version 7.4 (Hijmans et al. 2005), calculating the 
mean and median species richness for each forest type. To 
check a possible influence of the number of sampling sites 
on the estimated richness, we performed simple linear 
regression using an ordinary least squares (OLS) model. 
Because the OLS model was significant (R2

adjusted=0.894; 
p=0.02), we compared species richness between the forest 
types by applying sample-based rarefaction (Gotelli & Col-
weell 2001) in the program ECOSIM, version 7.72 (Gotelli 
& Entsminger 2004). For a better view of the rarefaction 
process, we constructed a graph in the program R, version 
2.15.3 (The R Foundation for Statistical Computing 2012), 
using the ggplot2 package, version 0.9.3.1 (Wickham & 
Chang 2013).

 Results
At 175 sites within the state of Santa Catarina, we iden-

tified 23,559 individuals of 913 tree species, among 312 
genera and 99 families (the distribution of species richness 
per site can be seen in Fig. 3). Of the 913 species, only 38 
(4%) occurred in all forest types. The family with the highest 
level of species richness was Myrtaceae, which accounted 
for 19.7% of the species, followed by Fabaceae (at 9.8%) and 
Lauraceae (at 6.0%).

When analyzing the increase in species richness—ob-
served and estimated (by first-order jackknife and Chao 
2)—we found that the curve seemed to stabilize (Fig. 4). 
However, that does not necessarily mean that the sample 
size was sufficient (Schilling & Batista 2008). The sample 
size can be considered sufficient—and therefore the sam-
pling can be considered accurate—because we found the 
concordance between the observed and estimated species 
counts to be ≈91% when the first-order jackknife estimator 
was used (913 vs. 1002.49 species; Tab. 1) and ≈94% when 
the Chao 2 estimator was used (913 vs. 976.21 species; 

Figure 1. Elevation (A), annual precipitation (B) and mean annual temperature 
(C) for the subtropical Atlantic Forest in the state of Santa Catarina, Brazil.
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Figure 3. Range of the number of species per sampled site in the state of Santa Catarina, Brazil.

Figure 2. Distribution of the study sites among the forest types in the state of Santa Catarina, Brazil.
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Table 1. Parameters of species richness for forest types in the state of Santa Catarina, Brazil. 

Forest Types S

1st-order Jackknife Chao 2

N of sites Singletons Doubletons
Species 
richnessEstimated 

value

Sampling 
accuracy* Estimated 

value

Sampling 
accuracy*

(%) (%) Mean/Median

Coastal woodland 272 346.70 78.45 337.16 80.67 10 83 46 87/86

Rain forest 773 846.85 91.16 810.98 95.32 69 76 71 220/224

Mixed forest 477 584.40 81.62 605.88 78.73 68 109 44 68/74

Dwarf cloud forest 257 301.14 80.36 294.92 87.14 7 69 37 110/116

Semideciduous forest 316 406.25 77.78 389.13 81.21 20 95 57 87/76

Total 913 1002.49 91.07 976.21 93.51 175 90 62 134/108

S – number of observed species; Singletons – species occurring only one site; Doubletons – species occurring at only two sites.
*Proportion of species observed in relation to the estimated value.

Figure 4. Species accumulation curves (observed richness) and estimation 
of species richness according to the first-order jackknife (A) and Chao 2 (B) 
estimators for the state of Santa Catarina, Brazil.

Tab. 1). In addition, the degree of that concordance was 
high for all forest types (Tab. 1, Fig. 5 and 6), indicating high 
sampling accuracy in Santa Catarina. As shown in Tab. 1, 
the accuracy (concordance with the observed richness) was 
highest for the areas of rain forest (≈91% and ≈95% for the 
first-order jackknife and Chao 2 estimators, respectively) 
and lowest for the areas of semideciduous forest (≈78% for 
the first-order jackknife estimator) and mixed forest (≈79% 
for the Chao 2 estimator). Nevertheless, mixed forest was 
the second richest forest type in the state (Tab. 1). At the 
beginning of the cumulative species curves for the dwarf 
forest category (including dwarf cloud forests and restingas), 

for which the number of sites was relatively small (seven for 
dwarf cloud forest and 10 for restinga), there was a different 
response, values for the first sites sampled being higher (Fig. 
6). This occurred because the Chao 2 estimator is based 
on the number of singletons and tends to overestimate the 
species richness of an area where there are few sites and 
large number of singletons (Colwell & Coddington 1994; 
Santos 2006).

Among the 913 tree species identified in the state of 
Santa Catarina, there were 90 singletons (≈10%) and 62 
doubletons (≈7%), rare species therefore accounting for 
≈17% of the overall species richness. When the forest types 
were analyzed separately, the proportion of rare species 
(singletons plus doubletons) was highest for semideciduous 
forest (≈48%), followed by restinga (≈47%) and dwarf cloud 
forest (≈41%). The proportion of singletons was highest 
for restinga and semideciduous forest (≈31% and ≈30%, 
respectively), as was that of doubletons (≈17% and ≈18%, 
respectively), whereas both were low (≈9%) for rain forests.

The values for tree species richness—observed, esti-
mated, mean and median—were highest for rain forest (Tab. 
1). Even when the effect of sample size was considered in 
the rarefaction procedure, the rain forest areas maintained 
that distinction, at all levels of comparison (Fig. 7). Nev-
ertheless, some species-rich sites were also found in other 
parts of the state, such as the western region (Fig. 3), where 
semideciduous forest predominates.

 Discussion
The accuracy of measures of species richness is quanti-

fied by determining how close the values obtained by such 
measures are to the “true” values (Stuart & Ord 1991; Walther 
& Moore 2005). In the present study, we considering the 
“true” values to be those estimated by two non-parametric 
estimators (first-order jackknife and Chao 2). We could 
expect that the sampling accuracy would be high, because 
the IFFSC employs a systematic and non-biased sampling 
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Figure 5. Species accumulation curves (observed richness) and estimated species richness according to the first-order jackknife estimator for the five forest types 
of the state of Santa Catarina, Brazil. (A) restinga (coastal woodland), (B) rain forest, (C) dwarf cloud forest, (D) mixed forest and (E) semideciduous forest. 
S – species richness.

method for all forest types. As previously mentioned, sam-
pling accuracy was high in Santa Catarina and the level of 
species richness was higher for rain forest than for the other 
four forest types evaluated in the state. However, contrary to 
what would be expected, the proportion of rare species was 
highest for semideciduous forest, which has been shown to 
account for only 16.1% of the forest cover in Santa Catarina, 
rather than for rain forest, which is less fragmented than is 
the semideciduous forest and has been shown to account for 
40.5% of the forest cover in the state (Vibrans et al. 2013).

Differences between the observed and estimated tree 
species richness, even for areas with the lowest richness (sem-
ideciduous and mixed forests), have indicated that sampling 
accuracy is high in the state of Santa Catarina (Jiménez-
Valverde & Hortal 2003). In fact, using rarefaction curves 

of the IFFSC data set, Vibrans et al. (2012) showed that with 
only half of the sampling effort, 83% of all species were found 
in rain forests and semideciduous forests, whereas 85% of all 
species were found in mixed forests. Considering the curves 
for each sample site, those authors observed that (again at only 
half of the sampling effort) the mean proportions of the total 
number of species detected at each site were 68% (for rain 
forest and semideciduous forest) and 72% (for mixed forest). 
In that same study, the authors reported stabilization of the 
current mean species number and variance of the species 
number within each sample site (computed from subplot 
data), which are equal indicators of sampling reliability.

In the present study, we found semideciduous forest to 
be the forest type with the highest number of rare species 
(singletons and doubletons). This can be explained by factors 
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such as adaptation to specific climatic factors and the distance 
from the ocean. The restriction of a species to one forest type 
or geographic region might be attributable to ecophysiological 
adaptations that allow its survival in a particular region or to 
disturbances in its range of distribution, whereby a previously 
abundant species becomes rare (Harrison et al. 2008). The high 
number of exclusive species observed in our study might also be 
associated with a distinct migration of the flora that constitutes 
the semideciduous forests (Leite 2002). Semideciduous forests 
are composed of a variety of habitats (Leite 2002); therefore, the 
species that occur there do not occur to a large extent.

In southeastern Brazil (a tropical region), Caiafa & Mar-
tins (2010) found that the proportion of rare species was 
greatest in areas of rain forest. However, the same was not 
found for the state of Santa Catarina (a subtropical region) 

in the present study. This difference is understandable if one 
considers the findings of Valente (2011), who showed that, 
among the subtypes of Atlantic Forest, the number of rare 
species was approximately 19 times higher in the rain forest 
subtype than in the subtropical forest subtype. In addition, 
the use of the TreeAtlan data base, which considers a radius 
of 5 km, might lead to an overestimation of the number of 
singletons, because many different study areas can be found 
within that radius. Similarly, as noted by Rabinowitz et al. 
(1986), systematic sampling (such as that adopted in the 
IFFSC) can identify more rare species than can random 
surveys, in which species with a wide distribution are over-
represented and species with an intermediate distribution 
are underrepresented, whereas uncommon species are 
represented accurately.

Figure 6. Species accumulation curves (observed richness) and estimated species richness according to Chao 2 estimator for the five forest types of the state of 
Santa Catarina, Brazil. (A) restinga, (B) rain forest, (C) dwarf cloud forest, (D) mixed forest, (E) semideciduous forest. 
S – species richness.
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Considering the criteria of adequate sampling intensity 
and geographical coverage used in the IFFSC (Vibrans et 
al. 2010), the fact that species richness was highest in the 
rain forest might also be attributable to the fact that the rain 
forest accounts for the greatest proportion of forest cover 
in the state, as well as to the better conservation status of 
its remnants. In addition, various studies have indicated 
that the number of tree species per sample unit increases 
when the amount and frequency of rainfall are greater (as 
they are in rain forests) and decreases in proportion to 
the duration of the dry season (Gentry 1988; Nimer 1990; 
Clinebell II et al. 1995; Pitman et al. 2002; EPAGRI 2008). 
Together with shorter dry seasons, the high environmental 
heterogeneity generated by the hilly landscape (in the Serra 
Geral and Serra do Mar mountain ranges) might contribute 
to the high species richness in the areas of rain forest, where 
each elevation harbors a particular set of species (Martinelli 
2007; Rocha & Amorim 2012). The results of the rarefac-
tion procedure, used in order to deal with the variation in 
sample size, confirmed that species richness was higher in 
the rain forest than in the other forest types.

The use of data from a systematic inventory, such as the 
IFFSC, and from updated databases, such as the TreeAtlan 
2.0, allowed us to single out even less intensively studied 
regions as priority areas for conservation (Araujo & Wil-
liams 2001; Giulietti et al. 2005; Grand et al. 2007; Sastre & 
Lobo 2009). Gotelli & Colwell (2001) stated that sampling 
biodiversity is a labor-intensive activity, and it is often not 
sufficient to detect all or even most of the species present 
in an area. Bebber et al. (2007) used a species-area curve 
to determine the rate at which the discovery of new taxa 
increases the curve and concluded that it is governed by 
the need to discover new species, as well as by the sampling 

intensity used for discovery and to publish descriptions 
of such species. Therefore, it is important to enhance our 
sampling and identification efforts, as well as to make the 
data available. We believe that our study contributes towards 
filling these gaps.

Although the number and proportion of rare species are 
expected to correlate with the number of sample sites, we 
believe that the analyses proposed here might be useful to 
provide additional contribution to the species distribution 
and biodiversity conservation for the state of Santa Catarina. 
To improve the characterization of the forest cover in Santa 
Catarina, future studies of tree species in the state should 
evaluate variables other than species richness, such as density 
and basal area. Such studies should also consider other life 
forms and the grasslands. The IFFSC and TreeAtlan databases 
proved to be extremely accurate, highlighting the great spe-
cies richness in the rain forest and the importance of the 
semideciduous forest for species with restricted distribution.

Our results demonstrate that the dataset used in the 
analyses is a reliable source from which one can produce 
efficient descriptors of tree species diversity across the 
state of Santa Catarina. Hence, it is also a valuable tool for 
conservation initiatives in the subtropical portion of one of 
the “hottest” biodiversity hotspots in the world (Myers et al. 
2000; Laurance 2009), and one that is shrinking (Ribeiro et 
al. 2011), the Atlantic Forest.
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