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Abstract
Fragmentation creates heterogeneous landscapes with different interactions and trajecto-
ries. In this scenario, the understanding in how forest fragment sizes influence forest spe-
cies patterns can lead the way for biodiversity management and conservation in agricultural 
landscapes. The aim of this study was to compare the density and the diameter distribution 
of Bertholletia excelsa, Carapa guianensis and Cedrelinga cateniformis among fragments 
of different sizes, located at the Agro-Extractivist Settlement Project Praialta Piranheira, 
Pará State, Brazil. Data were collected from adult and sapling trees in six forest fragments. 
Adult and sapling density was compared among fragment sizes by the Mann–Whitney test, 
while diameter distributions were compared by a summary statistic calculated using the 
scores of a PCA produced with the results of the binomial logit model between tree DBH 
and the cumulative DBH proportions. The density of adult trees of three species is similar 
among different-sized fragments. Only the saplings of C. cateniformis showed a significant 
difference in density among fragment sizes. The DBH distribution of adults, for all three 
species, seems to also not respond to fragmentation, since the differences in the DBH dis-
tribution curves among fragments were large. The results of this study suggest that in areas 
established for agroextractivism, all fragments (large and small) no longer have sustainable 
populations (except only one C. guianensis population), probably due to anthropic pressure 
exerted by agroextractivism. So, it is important to ensure the structural and environmental 
quality of the forest fragments for the conservation of the species.
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1  Introduction

The Amazonian terrestrial ecosystem that has been occupied by man for thousands of years 
presents the greatest biodiversity on the planet (Levis et al., 2017). Only in trees, it contains 
between 6,000 and 16,000 species (Ter Steege et al., 2013; Silk et al. 2015) and represents 
a third of the productivity and evapotranspiration of the terrestrial surface (Malhi et  al., 
2014). However, forest losses are already considered irreparable (Barlow, 2016; Lovejoy 
& Nobre, 2018) with deforestation reaching 784,666 km2 (Fearnside, 2017; Newbold et al., 
2015) and the number of rare tree species at risk of extinction from habitat loss may be 
from hundreds to thousands (Hubbell et  al., 2008). Based on simulations, it is predicted 
that by 2050, habitats may be reduced, and Amazonian plant species will be extinguished 
at rates from 5 to 9% (Feeley & Silman, 2009).

The original forest matrix became fragments surrounded by secondary forests, pas-
tures and agricultural areas (Sousa et  al., 2017), producing a heterogeneity of environ-
ments (Ewers & Didham, 2006). After forest fragmentation, changes occur in ecological 
processes, e.g., studies have shown that small fragments tend to have fewer species rich-
ness and abundance than in large fragments, both for plant and animal species (Gibson, 
2013; Haddad et al., 2015). However, other studies have shown that the size of the frag-
ment is not significant for litter thickness indices (Portela & Santos, 2007), species richness 
(Fahrig, 2013), seedling mortality due to litterfall (Scariot, 2000) and for the structure of 
tolerant and intermediary species population (Jurinitz, 2010). Based on a review on land-
scape-scale investigations, Fahrig (2017) reports that biodiversity responses to habitat frag-
mentation ‘per se’ are more often positive rather than negative; namely, a group of small 
habitat patches generally has lower ecological value than large patches of the same total 
area. However, Fletcher et al. (2018) based on extrapolation from patch-scale patterns and 
mechanisms (effects of patch size and isolation and edge effects) to landscape-scale effects 
of habitat fragmentation showed that it is necessary to understand why and when these 
habitat fragmentation effects occur, how they interact with other human-induced changes, 
and under what situations fragmentation effects will be positive or negative. Finally, Fahrig 
et al. (2019) argue that such extrapolation is unreliable because: (1) it ignores other mecha-
nisms, especially those acting at landscape scales (e.g., increased habitat diversity, spread-
ing of risk, landscape complementation) that can counteract effects of the documented 
patch-scale mechanisms; and (2) extrapolation of a small-scale mechanism to a large-scale 
pattern is not evidence of that pattern but, rather a prediction that must be tested at the 
larger scale.

These contradictory results open a gap on the importance of forest fragment sizes, espe-
cially those located in areas around anthropic activities, such as in agricultural mosaics. In 
the Brazilian Amazon, agricultural mosaics are commonly found in areas of small family 
farmers, composed of multiple types of land use, such as agricultural crops, pastures and 
secondary forests, interconnected to remaining forest fragments of different sizes (Do Vale 
et  al., 2018). These forest fragments still keep species that have been explored for cen-
turies, such as Bertholletia excelsa Bonpl. (castanha-do-brasil), Carapa guianensis Aubl. 
(andiroba) and Cedrelinga cateniformis (Ducke) Ducke (cedro-arana). These species are 
historically eminent by its economic importance in wood and seeds exploitation, which are 
mainly conducted by traditional communities, such as indigenous, riparian, afrodescend-
ants (quilombolas) and agro-extractivists (Henriques & Penido, 2014; Levis et al., 2017; 
Santos et al., 2019). The population structure of these species is influenced by several envi-
ronmental factors, such as dispersal, predation, rainfall seasonality and nutrient availability 
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(Klimas et al., 2012c; Tomimatsu & Ohara, 2010). However, anthropic influence plays a 
major role, such as the extraction of the seeds (Guariguata et al., 2017; Oliveira et al., 2014; 
Peres et al., 2003) and wood (Fernandes et al., 2018; Salomão, 2014) by the communities.

In areas of agricultural mosaics, due to the complexity and heterogeneity of these envi-
ronments (Ewers & Didham, 2006), there is a need for more detailed information on the 
effect of fragment size on forest species, especially those of greater economic interest. In 
this context, the present study aims to compare the population structure of B. excelsa, C. 
guianensis and C. cateniformis in different-sized forest fragments. In the studied agro-
extractivist community, these three species have the highest economic and social values, 
with the first two standing out mainly for being of multiple use. Emphasis has been laid in 
adult and sapling density and the diameter distribution for the evaluation of the potential 
regeneration and stability of the adult trees. The outcomes can help other Amazonian tra-
ditional communities in the management of these regionally important species, reflecting 
on the importance of individuals intensity and spatialization for wood and seed extraction.

2 � Material and methods

2.1 � Study area

The study was conducted in the Agro-Extractivist Settlement Project Praialta Piranheira 
(PAE), located in the municipality of Nova Ipixuna, Southeast Pará State, Brazil. The set-
tlement was created covering an area of 22,000 hectares with 600 families in the year of 
1997; however, the number of families decreased over time, and in 2017, there were 330 
families settled (INCRA, 2017) (Fig.  1). The first known extractivist families arrived in 
the region in 1933; until the 1980s, the region was sparsely inhabited, where the extraction 
of fish in Tocantins River, wood and mainly Brazil nut (B. excelsa) was predominant, as 
well as mineral extraction, such as diamonds. On August 22, 1997, the PAE was created 
(Oliveira et al., 2014).

The original vegetation of the PAE is a tropical forest, classified as a Submontane Dense 
Ombrophylous Forest (IBGE, 2012); the climate, according to the Köppen classification 
system, is Am, a very humid equatorial climate, characterized by two well-defined periods, 
the rainy season (November to April) and the dry period (May to October), with mean 
annual rainfall of 2,000 mm and mean annual temperature of 26 °C (INMET, 2017). The 
area is located on the Bacajá geological domain, composed of rehydrated granulites of ton-
alitic and granulitic composition, containing pyroxenes that give rise to soils rich in quartz, 
and small amounts of potassic feldspars affected by metamorphism with fragmented crys-
tals, resulting in soils with fine textures (Vasquez & Rosa-Costa, 2008). Soils are poor and 
predominantly kaolinitic and morphologically argisols (Zenero et al., 2016).

Over the years, several agricultural activities have been developed, such as cultivation of 
annual crops; extractivism of wood from several species, Brazil nuts (B. excelsa), cupuaçu 
(Theobroma grandiflorum) and andiroba (C. guianensis), and, to a lesser extent, the raising 
of small animals. Nevertheless, the most important activity in the settlement is beef and 
dairy farming, which is antagonistic to the initial proposal (Oliveira et al., 2014).

The advances in livestock farming have contributed to forest fragmentation (Oszwald 
et al., 2010) and civil organizations began to express concerns about the fate of the PAE, 
which led, since 2005, to a collective creation of a community forest management plan. 
The plan had the participation of agro-extractivists, researchers from the Support Group 
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for Family Agriculture in the Frontier Region (GRAAL) and the Federal University of Pará 
(UFPA). This plan covered both timber and non-timber forest products; among the non-
timber forest products, the extraction of C. guianensis oil was the most important activity 
due to the large existing market (Oliveira et al., 2014).

In spite of these initiatives, the settlement endured a change in the landscape, creating 
an agricultural mosaic composed of different types of land use, such as agricultural crops, 
pastures, secondary forests, originated from fallow areas and mature forests that were 
mainly riparian forest or conserved forests located in areas far from the roads (Oszwald 
et al., 2011).

2.2 � Sampling of forest fragments

To define which forest fragments would be studied, a Landsat-8 image (scene 223/64) from 
the year 2016, acquired at Earth Explorer (www.​earth​explo​rer.​usgs.​gov/), was used; this 
image had less than 10% of clouds. First, vegetation cover was classified into two classes, 
forest and non-forest. For this purpose, a composition in RGB (Red-Green-Blue) was 
made from the bands 4, 5 and 6, followed by a supervised classification in Spring Soft-
ware version 5.3, using the Bhattacharya classifier. This classifier analyzes each pixel and 
has an acceptance threshold of 95%. During the classification, a segmentation (similarity 
6 and pixel area 20) was performed, with a mean performance of the validated sampling in 
93.28% and mean confusion of 7.70%.

Fig. 1   Location of the Agro-Extractivist Settlement Project Praialta Piranheira, delimited by gray color, in 
the different fragments forest studied in red, in the municipality of Nova Ipixuna, Southeastern Pará

http://www.earthexplorer.usgs.gov/
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The areas of all forest fragments were measured using Quantum GIS software ver-
sion 2.18. A total of 336 forest fragments were quantified, with size areas between 
0.09 and 484.04  ha (median = 6.658  ha, standard error = 3.457  ha, coefficient of varia-
tion = 2.398 ha). The frequency of fragment size did not show a normal distribution (Sha-
piro–Wilk test: S–W = 0.421 and p = 0.00001), with most fragments sizes up to 50  ha 
(Fig. 2). The frequency distribution of the PAE fragments area was used to aid in the selec-
tion of the size of the studied fragments (Fig. 2). The forest fragments can be classified into 
small, those of up to 50 ha, and large, those with an area greater than 50 ha, according to 
Ribeiro et al. (2009) and Jurinitz et al. (2013). Considering this classification, six fragments 
were selected: three large fragments (L1 = 208.65 ha; L2 = 205.78 ha; L3 = 172.22 ha) and 
three small fragments (S1 = 22.61 ha; S2 = 19.18 ha; S3 = 15.13 ha). The six selected for-
est fragments are located in the central part of the PAE. The PAE border area was avoided 
because other factors, besides the activities of the PAE, can also act on the populations. On 
one side, they could be influenced by Tucuruí Lake, where the soils are wetter, and on the 
other sides, they can be influenced by large adjoining farms with a high level of landscape 
disturbance.

2.3 � Species

The three species studied are widely distributed across the Amazon basin and have 
high economic value in the region. B. excelsa has been exploited by its production of 
wood, which nowadays it is illegal, and its nuts that are commercialized in the inter-
national market as Brazil nut, consisting in an important subsistence activity for many 
traditional communities in Amazonia (Guariguata et al., 2017). Brazil nut germination 
occurs in the shade and the seedlings can survive long time in the understory, but the 
growth occurs mainly in the presence of light that is why the species is sometimes 
classified as shade-tolerant and sometimes as light-dependent (Scoles et  al., 2016). 

Fig. 2   Frequency distribution 
of the forest fragments found in 
the Agro-Extractivist Settlement 
Project Praialta Piranheira, Pará. 
The bars represent the number 
of fragments, and the blue line 
represents the frequency distribu-
tion of the fragment sizes
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Pollination is made by medium and large bees (Cavalcante et al., 2018), and their seeds 
have a dormancy period that can exceed one year, with an extremely slow germina-
tion; the dispersal of the seeds occurs mainly by Dasyprocta sp. (a small rodent called 
agouti) (Tonini et al., 2014) and humans (Levis et al., 2017).

C. guianensis has also its wood and seeds exploited (Klimas et al., 2012a, 2012b, 
2012c). Its wood is of high quality, comparable to cedar (Cedrela odorata L.) and 
mahogany (Swietenia macrophylla King), but heavier and denser (Shanley & Medina, 
2005). From the seeds are extracted an oil with medicinal, repellents and emollients 
properties used in traditional medicine and by cosmetic and phytotherapeutic indus-
tries (Santos et al., 2014). C. guianensis is plastic, which confers morphological dif-
ferences and ability to occupy various habitats, living from sea level, in flooded areas 
(várzeas and igapós), to the high grounds in the forests (terra-firme) at 1400 m of alti-
tude (Klimas et al., 2012c). It is classified as partially shade-tolerant (Schwartz et al., 
2012, 2014). The dispersal of the seeds is mainly barocoric, with secondary dispersal 
by medium and large mammals that are also important predators of the seeds, espe-
cially in the food shortage period. For the trees close to water, the dispersal can be 
hydrocoric (Santos et al., 2014).

C. cateniformis is culturally important because of its high-valued wood (Lombard 
et  al., 2008), much used in the furniture sector due to its coloration that varies from 
reddish brown to rosy-gray (Fernandes et  al., 2018). C. cateniformis is a species of 
low wood density (Schulze et al., 2008), with adults present in the canopy or above the 
canopy, as emergent trees (Salomão, 2009). Classified as shade-tolerant presents irreg-
ular flowering and fruiting (Alencar et  al., 1979) with anemochoric dispersal (Luna, 
2004).

2.4 � Population sampling

The population structure of each species was analyzed using three variables: adult and 
sapling density and adult diameter distribution. In each forest fragment, all adult indi-
viduals, with diameter at breast height (DBH) ≥ 10  cm of B. excelsa, C. guianensis 
and C. cateniformis, were identified and measured in a census. For each species, three 
trees were selected as matrices in the central part of each fragment for sapling count; 
matrix-trees had good crown formation, the absence of broken branches, the absence 
of vine and termite. Saplings (individuals with DBH < 10 cm and height > 10 cm) were 
counted in three 25 × 25 m plots installed near each matrix-tree. In total, there were 54 
plots (6 fragments × 3 matrix-trees × 3 plots per matrix-tree) for each species; with 27 
plots in small fragments and 27 plots in large fragments.

The plots were arranged one meter from the matrix-trees of B. excelsa and C. guia-
nensis, because these species have barocoric dispersal as primary, consequently many 
seeds fall near the matrix; this methodology was also used by Zuidema and Boot 
(2002), Cotta et al. (2008) and Guedes et al. (2014). For C. cateniformis, the plots were 
allocated 5 m away from the matrix-tree, since seed dispersal is anemocoric and regen-
eration was occurring farther from the adult tree (Mariana Oliveira, field observation). 
A parataxonomist and a resident agro-extractivist of the settlement performed the iden-
tification of the individuals. The data collection period occurred between November 
2016 and April 2017, i.e., during the rainy season.
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2.5 � Data analysis

The density of adult trees was measured by the ratio of the total number of individuals to the 
area of the fragments in hectare. To avoid pseudoreplication, the sapling density (in m2) was 
calculated from the average of the individuals found in each matrix-tree, later the average of 
the fragment. Adult and sapling density was compared between large and small fragments by 
the non-parametric Mann–Whitney test. This test was standardized for all species in the two 
strata studied, because in some cases, the data did not normalized.

Diameter (DBH) size distribution of adult trees was analyzed as in Peres et al. (2003). First, 
tree DBH was ordered from smallest to largest and expressed as cumulative proportions vary-
ing from 0 to 1; then, a binomial logit model between tree DBH and the cumulative propor-
tions was adjusted for each species per fragment. The intercept and slope of the model were 
analyzed representing, respectively, the DBH size and variation did found in population. To 
represent DBH size and variation, the median and variance of DBH were used, respectively. 
Pearson’s correlation was performed to confirm the relationships between intercept and DBH 
median, slope and DBH variance and also between intercept and slope. To facilitate data anal-
ysis, DBH frequency histograms were established using the rule of Sturges (1926) to define 
the number of DBH size classes. Finally, to compare DBH size distribution between large and 
small fragments, a single summary statistic (s*) was calculated using the scores of the first 
axis of a PCA produced with the intercept and slope of the models for each species consider-
ing all six fragments. This s* measures the shape of the cumulative size distribution (Peres 
et al., 2003).

All statistical analyzes were considered at the 5% probability level and were performed in 
R Platform version 3.4.2 (R Foundation for Statistical Computing, Vienna, AT, 2017) using 
the Stats, Mass and Lattice package.

Table 1   Descriptive analysis of the adult and sapling density in large (L1, L2, L3) and small (S1, S2, S3) 
fragments at the Agro-Extractivist Settlement Project Praialta Piranheira, southeast of Pará

Bertholletia excelsa Cedrelinga cateniformis Carapa guianensis

Adult
(ind ha−1)

Sapling
(ind m−2)

Adult
(ind ha−1)

Sapling
(ind m−2)

Adult
(ind ha−1)

Sapling
(ind m−2)

Large Fragments
L1 0.860 0.120 0.420 0.440 0.090 0.370
L2 0.130 0.217 0.040 0.563 0.060 0.893
L3 0.200 0.043 0.060 1.190 0.220 1.540
Small Fragments
S1 0.460 0.013 0.090 0.147 1.400 0.757
S2 0.810 0.073 0.320 0.243 0.000 0.000
S3 1.050 0.000 0.200 0.000 0.420 0.303
Mann–Whitney 

test
U = 2
p = 0.40

U = 59
p = 0.095

U = 3
p = 0.70

U = 73
p = 0.004

U = 3
p = 0.79

U = 60
p = 0.092



5750	 M. G. Oliveira et al.

1 3

3 � Results

3.1 � Adult and sapling density

Although the density of adult trees varied greatly among the fragments (Table 1), there 
was no significant difference between large and small fragments for any of the stud-
ied species: B. excelsa (U = 2; p = 0.4); C. cateniformis (U = 3; p = 0.7); and C. guia-
nensis (U = 3, p = 0.79). The sapling density also showed a very high variation among 
fragments; however, the variation was much higher in the small fragments (Table  1). 
The sapling density did not show significant difference between large and small frag-
ments for B. excelsa (U = 59; p = 0.095), nor for C. guianensis (U = 60; p = 0.092). How-
ever, the sapling density of C. cateniformis was significantly higher in large fragments 
(U = 73, p = 0.004, Table 1).

3.2 � Diameter distribution

Frequency histograms and the cumulative DBH distributions of the species showed differ-
ent patterns among fragments (Figs. 3, 4 and 5). For B. excelsa (Fig. 3), the adjustments of 
models applied to each population resulted in a high negative correlation between inter-
cepts and DBH median (-0.94), while slopes had a negative correlation with DBH variance 
(-0.89). Intercepts and slopes also showed a negative correlation between them (-0.68) 
(Fig. 6a), i.e., the higher the intercept (or lower the median), the lower the slope (or higher 
the variance). The L1 and L3 fragments were the only ones with positive s* values (Fig. 7).

The populations of C. cateniformis were all very small, but the adjustments of models 
applied to each population produced intercepts representing the DBH median in a posi-
tive correlation (0.58), while the slopes have a negative correlation with DBH variance 
(−  0.50). There was also a negative correlation between intercepts and slopes (-0.99) 
(Fig. 6b), i.e., the greater intercept (greater the median), the lower the slope (greater the 
variance). S2 was the only fragment that had a positive s* value (3.13), remaining quite 
distant from the others (Fig. 7). All other fragments had very similar values for intercept, 
slope and s*, however, it is apparent that among S2, S1, L2, L1, L3 and S3 (in that order) 
DBH median and variance increased. The populations at the ends of the settlement, S2 and 
S3, had the lowest number of individuals (2 and 3, respectively); however, DBH variation 
in S3 was much greater, covering 4 size classes, while in S2, individuals were in two adja-
cent size classes (Fig. 4).

C. guianensis did not present individuals in one small fragment (S1), and in the other 
fragments, it presented very small populations, but unlike the small populations of C. 
cateniformis, the DBH median had a very low correlation with the intercept (− 0.22); cor-
relation with DBH mean was even lower (0.017). However, DBH mode showed a posi-
tive correlation (0.660) with the intercept. The slopes had a negative correlation with DBH 
variance (− 0.99), and there was also a negative correlation between intercepts and slopes 
(−  0.68) (Fig.  6c), i.e., the greater the intercept (greater the mode), the lower the slope 
(greater the variance). S3 was the only fragment that showed a positive s* value (Fig. 7), 
which implies in a smaller population (Fig.  5; only three size classes with a maximum 
DBH of 57.3 cm) and a lower DBH variance. In other fragments, the values of s* were all 
negative, but close to zero, with L2 presenting the lowest value (s* = − 1.13), implying in a 
greater mode (63.66) and a greater (and very high) variance (1115.48).
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Fig. 3   Diameter frequency histograms (gray) and cumulative proportion of individuals (black line) found in 
Bertholletia excelsa populations in the large (L1, L2, L3) and small (S1, S2, S3) fragments



5752	 M. G. Oliveira et al.

1 3

4 � Discussion

4.1 � Sapling density

In the PAE, the size of the fragments does not seem to influence the sapling density of B. 
excelsa and C. guianensis, while the sapling density of C. cateniformis was significantly 
higher in large fragments. For B. excelsa and C. guianensis, the results suggest that sapling 
density did not change in the face of fragmentation. This occurred because time since frag-
mentation was still too short to reveal differences or, perhaps, fragments are large enough 
to maintain population dynamics (Laurance et al., 2002). Considering that saplings include 
individuals with height ≥ 10 cm, the hypothesis of a too short time period was discarded, 
as these individuals germinated in the last reproductive events, i.e., after fragmentation. 
According to Oszwald et al. (2010), the PAE had a notably marked dynamic cover between 
1997 and 2004, when 60% of the changes in land-use types occurred. Consequently, the 
PAE fragmentation intensified only 20 years before data collection.

When there is a terrestrial matrix in a heterogeneous landscape, with a good amount 
of original habitat, populations preserve their structures, regardless of the size of the frag-
ments, as the habitat quantity hypothesis suggests (Fahrig, 2013). This cushion effect on 
the fragmentation allows the movement of the species and the stability of the predator–prey 
dynamics. Accordingly, it is possible to obtain seed flow and seed dispersal due to func-
tional connectivity within the landscape (Fahrig, 2017). These same mechanisms may be 
occurring in the PAE fragments.

The attenuated effects of fragmentation have been found for various groups of organ-
isms and in many parts of the world, such as for butterfly assemblages in Tokyo, Japan 
(Soga & Koike, 2012), spider diversity in southern Judea, Israel (Fahrig, 2013) and for 
richness of shade-tolerant and intermediary plants in Brazil’s Atlantic Forest (Jurinitz, 
2010). However, these mild effects of fragmentation should be analyzed with caution, 
especially considering: (1) the effect of fragment isolation that is determinant in the pro-
cess of matrix permeability; (2) the use of different methodologies, as they can lead to 
different and biased results; and (3) approach levels, usually measures of richness ignore 
species identity (Bueno et al., 2018; Haddad et al., 2017).

Despite the use of the same methodology for the three species considering the specifi-
cities of each population structure, as suggested by the aforementioned precautions, the 
results were different for the sapling density of C. cateniformis, which was lower in small 
fragments. This pattern difference among species also suggests that the effects of fragmen-
tation cannot be generalized. Each species has a certain reaction bound to its tolerance 
habitat amplitude (Lees & Peres, 2008) and to ecological processes (e.g., dispersal and pre-
dation) that are influenced by the landscape structure and occur at different spatial scales 
(Smith et al., 2011). In addition, there are environmental changes that promote variations 
in physical gradients, such as light intensity, humidity reduction and microclimate changes 
(Leimu et al., 2010).

Such environmental changes should be monitored as they may be sufficient to extin-
guish some populations locally, especially rare species (like as C. cateniformis), that 
are more susceptible to the negative effects of fragmentation present in small fragments 
(Bueno et al., 2018; Laurance & Vasconcelos, 2009). These species require a large area to 

Fig. 4   Diameter frequency histograms (gray) and cumulative proportion of individuals (black line) found in 
Cedrelinga cateniformis populations in the large (L1, L2, L3) and small (S1, S2, S3) fragments

▸
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survive and to contain the random demographic effect, which has influence on birth rates 
and mortality (Shafer 1981). Unfortunately, little is known about C. cateniformis dynamic 
in the eastern Amazon.

Fig. 5   Diameter frequency histograms (gray) and cumulative proportion of individuals (black line) found in 
Carapa guianensis populations in the large (L1, L2, L3) and small (S1, S2, S3) fragments
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Sapling density, as well as adult density, also varied greatly among the fragments. This 
variation is also common across the Amazon and can be caused by different factors, such 
as the period of data collection, since the dry season can increase the mortality rate of 
these individuals by up to 65%, as observed for B. excelsa (Zuidema & Boot, 2002), and 
therefore, sapling density might be lower. Other factors such as the absence of pollina-
tors, pests, diseases, competition and abundance of the dispersers and predators may also 
be responsible for variation in sapling density (Klimas et al., 2007; Porcher et al., 2018; 
Tonini et al., 2014; Wadt et al., 2005, 2008). For C. guianensis, two different mechanisms 
seem to act in this variation: First, the spacing pattern among matrix-trees can be farther 
in drier areas, decreasing pollination (Cloutier et al., 2007); second, climatic factors (Kli-
mas et al., 2012c). However, in the medium or long term, the average sapling density of C. 
guianensis remains stable, as was observed in the PAE, where Oliveira et al. (2014) found 
density similar to the current study (0.43 ind m−2).

4.2 � Adult density

The size of the fragments does not seem to influence the adult density of the studied spe-
cies. Considering that these species have slow growth (Brienen & Zuidema, 2006a; Schön-
gart et al., 2015, 2017), they need a long time to reach DBH ≥ 10 cm; therefore, the adult 
density probably represents the populations structure before PAE fragmentation. The large 
variation found in adult density stands out among the results. This variation is commonly 
found among tree species in tropical forests, since different factors affect individuals along 
both their range of distribution in area and time (Tomimatsu & Ohara, 2010). Among the 
factors, the diversity of the Amazonian biophysical environments is well known (Hoorn 
et al., 2010). In PAE forests, Zenero et al. (2016) showed that even in soils of similar clas-
sification, soil properties can vary greatly. The inherent soil properties (variation in com-
position and depth) are important to the provision of soil ecosystem services, such as soil 
storage capacity of plant-available water, as shown by Grimaldi et al. (2014), who studied 
sample points from PAE in addition to other locations.

Fig. 6   Relationship between 
intercepts and slopes originated 
from the fit of the binomial logit 
model between tree diameters 
and cumulative proportions of 
the populations of Bertholletia 
excelsa, Cedrelinga cateniformis 
and Carapa guianensis studied 
in large (blue: L1, L2, L3) and 
small (red: S1, S2, S3) frag-
ments. For C. cateniformis, a plot 
amplification was performed to 
verify differences between points 
very close
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Fig. 7   The summary statistic 
s*, which measures the shape 
of the cumulative size distribu-
tion of each population (Large 
Fragments = red; Small frag-
ments = blue)
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Although the adult density varied widely among the studied fragments, the values are as 
expected for undisturbed forests, which reinforces the idea that this density represents the 
populations structure before PAE fragmentation. The average density of B. excelsa adult 
trees in the PAE, for example, was similar to that found in the Tapajós National Forest (0.68 
ind ha−1 considering DBH > 15 cm) (Carvalho, 1981). The density of C. guianensis found 
in this study is also within the range of variation shown by Oliveira et al. (2014), however, 
well below to those found in other regions of the Amazon (Plowden, 2004; Schwartz et al., 
2012). C. guianensis is a geographically widespread species (Pereira & Tonini, 2012) with 
a competitive and adaptive advantage to different environments; however, it presents lower 
density in dry land than in flooded areas (Klimas et al., 2007, 2012c). Explaining the varia-
tion found in the adult density of C. cateniformis is even more difficult, since it is a species 
normally considered as rare (Condé et al., 2016; Schulze et al., 2008); therefore, the spe-
cies is not present in most density studies. However, we can see that in the PAE, density 
was also close to those found by Schulze et al. (2008) in the Brazilian Amazon, with densi-
ties between 0.75 and < 0.01 ind ha−1 considering DBH > 20 cm. In Bolivia, it seems that 
C. cateniformis has a higher density, as Brienen and Zuidema (2006b) found 0.80 ind ha−1 
considering DBH > 50 cm.

4.3 � Diameter distribuition

The DBH distribution of adults seems to also not respond to fragmentation, since the val-
ues of s* were mixed between small and large fragments for all three species (Fig. 7). For 
B. excelsa, large fragments as L1 and L3, the only ones with positive s* values, presented 
populations with a higher median DBH (few juveniles), a wide variety of DBH classes and 
a more accentuated sigmoidal curve (Fig. 3). The values of s * decrease between L1, L3, 
S2, S1, L2 and S3 (in that order) and the smaller the s* there is a tendency for populations 
to change from a more sigmoidal shape, with less juveniles, to a more exponential curve, 
with a greater predominance of juveniles. The populations in L1 and L2 are closer to a 
more senescent population, as described by Peres et al. (2003). The population structure of 
exploited long-lived species, such as B. excelsa, is more sensitive to small changes in cer-
tain size classes than to reproduction itself (Zuidema & Boot, 2002).

For C. cateniformis and C. guianensis, correlation between intercept and DBH median 
or mode was positive, different from that found for B. excelsa, so there was greater caution 
when analyzing the results, since they were inverted. For these two species, the only posi-
tive s* values were found in populations of small fragments (S2 for C. cateniformis and 
S3 for C. guianensis) (Fig. 7). For C. cateniformis, decrease in s* values between S2, S1, 
L2, L1, L3 and S3 (in that order) can also be noticed by the change from a more geometric 
shape, where the populations were very small, with the absence of juveniles in the first 
class (as S2 and S1) to a more sinusoids shape, in larger populations, with the presence 
of juveniles, but without their predominance (as L1, L2 and L3) (Fig. 4). S3 presented the 
smallest s* due to the great variation in DBH; however, the shape of its curve is more simi-
lar to the shapes of S1 and S2, with very small populations. Finally, none C. cateniformis 
populations had a stable structure (Fig. 4).

For C. guianensis, the differences in the shape of the DBH distribution curve among 
fragments were more profound, so the median did not serve to represent the population 
size, and the use of mode reflects the large number of individuals present in the same DBH 
class. The decrease in s* values between S3, L1, S2, L3 and L2 (Fig. 7) can also be noticed 
by the change in the curves from a more sigmoidal shape, where there were no juveniles 
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(as S3 and L1), to a more logistical curve, with a predominance of juveniles, such as L2, 
the only one population in C. guianensis that showed a DBH distribution curve typical of 
sustainable populations (Fig. 5).

A greater quantity of juveniles does not make a population more stable that is why a 
combined analysis in diameter size and variation helps to better analyze the logistical pat-
tern that should be presented by stable populations. Over time, there may also be a tempo-
ral variation in population demographic rates, decreasing the number of juveniles (Virillo 
et al., 2011), who are commonly affected by different light intensities (Tonini et al., 2008), 
reproductive events, seedling mortality, climate factors and those linked to pollinators, dis-
persers and predators (Klimas et al., 2007, 2012c; Porcher et al., 2018; Tonini et al., 2014; 
Wadt et  al., 2005, 2008). These factors can act in non-fragmented areas, but there may 
be a worsening in fragmented areas (Aguilar et  al., 2006; Dirzo et  al., 2014; Morellato 
et al., 2016). Further study of these factors will allow a better understanding of the effect 
of fragmentation on PAE. In non-fragmented areas, the low density in the first classes of 
DBH was also found in other B. excelsa populations (Salomão, 2009; Tonini et al., 2014; 
Zuidema & Boot, 2002).

Another factor that can influence these results are the effects of logging and seed collec-
tion, as they affect the recruitment of individuals in the lower classes. In PAE, these factors 
cannot be disregarded, since besides the seed collection of C. guianensis and B. excelsa, 
there is also the logging of C. cateniformis and B. excelsa; although prohibited by law, B. 
excelsa wood extraction is still a common practice in the region (Salomão, 2009). These 
factors also help explain the differences in the DBH distributions among fragments.

For B. excelsa, studies have shown stability in the DBH distribution even under high 
seed collection pressure, such as those in the Kayapó indigenous area in the Pará State 
(Ribeiro et  al., 2014a, 2014b); in the community of Rio Trombetas Valley, also in Pará 
(Scoles & Gribel, 2012); and in Bolivia, where Zuidema and Boot (2002) showed that 
although 93% of the seeds were collected, this did not limit the finding of individuals in 
the lower classes. However, seed collection affected the stability of the population in Acre 
State (Peres et al., 2003). These contradictory results may be related to the history and the 
intensity of seed collection over time.

4.4 � Implications for conservation

The three studied species presented density similar, but their DBH size distributions 
showed different patterns among the six fragments, with no clear relationship with the size 
of the fragments. The vast majority of populations were small and with great variation in 
DBH size, which makes them very vulnerable to seed collection and or logging. Of all spe-
cies and fragments, only one population of C. guianensis in fragments L2 showed greater 
stability. Previous study on C. guianensis in the PAE showed density high and diameter 
distribution similar as stable population (Schwartz et al., 2008); however, the authors did 
not consider, as in this study, the effect of fragmentation.

For these three species, population viability analysis has been recommended, including 
important demographic rates such as germination, mortality, recruitment and the effect of 
seed collection to evaluate changes in population structure, both for adults and for seed-
lings (Wadt et al., 2005). An adequate management plan is necessary for the sustainability 
of the exploitation of these species, considering silvicultural treatments adapted to each 
fragment, since the population structure differs.
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The results of this study suggest that when comparing different populations (1) the use 
of the adults and young densities does not reveal good results, mainly due to the great 
spatial variation presented by the species; and this great spatial variation is also found in 
undisturbed forests; (2) in this sense, the use of the analysis of diameter distribution is 
better, through this analysis it is also possible to compare the population size; (3) in the 
PAE, all fragments no longer have sustainable populations (except rare situations), prob-
ably due to anthropic pressure exerted by agroextractivism. So, it is important to ensure the 
structural and environmental quality of the fragments for the conservation of the species. 
In this sense, establishing a simple plan for spatializing logging and seed collection would 
be recommended, to avoid greater pressure on some fragments and to track demographic 
fluctuations over time, because some larger populations may be large enough to sustain 
the population of a given species over a certain period of time, but eventually may become 
locally extinct due to environment changes, easier exploitation, altered pollination patterns, 
connectivity loss and so on.

Finally, it is important to expand the studies to other forest fragment sizes and in other 
rural settlements in the region, since they are a common reality in the Amazon. Likewise, 
it is necessary to advance in population studies to understand how the use of forest species, 
even with management plans, influences their structure and spatialization over time.
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