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Abstract This study examines the population structure and
regeneration of Brazil nut tree (Bertholletia excelsa) popula-
tions at sites subjected to extractive activities in the Capana
Grande Lake Extractive Reserve (Rio Madeira, Amazonas,
Brazil). We analyze correlations between three regeneration
levels (seedling, sapling and juvenile density) and seven pos-
sible explicatory variables related to vegetation structure and
human action. The tested vegetation structure variables in-
clude adult tree density, crown area, basal area, canopy open-
ness, and fruits opened by agoutis. We also test the time of
human use and distance from residences as possible explica-
tory variables. The density values of the Brazil nut stands in
the region are high (12.5 tree/ha), with 60 % of trees having a
diameter at breast height (DBH)>80 cm. The mean potential
regeneration (24.8 seedlings/ha), pre-established regeneration
(4.4 saplings/ha) and established regeneration (3.2 juveniles/
ha) values are high compared to other Brazil nut tree popula-
tions and tend to be greater in the “intensively used” stands,
defined as sites where human presence during the year is more
frequent. The time of human use and the density of adult Brazil
nut trees are the variables that best correlate with established
regeneration (density of juveniles). The number of juveniles/
adult Brazil nut trees is five times higher in intensively used
stands than in those moderately used. These results suggest
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that extractive activities and disturbances in the understory
caused by human presence may favor (intentionally or not)
regeneration of Brazil nut trees in more-frequently used stands.
The data support the concept, frequently suggested in the lit-
erature, that aggregations of Brazil nut trees could be a conse-
quence of the activities of Amerindian populations.
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Introduction

The Brazil nut tree (Bertholletia excelsa Bonpl., Lecythidaceae)
is a tropical species that has a wide and patchy distribution
throughout the Amazon Basin and the Guyanas in non-flooded
(terra firme) forests (Mori and Prance 1990). It is a large, emer-
gent tree that can reach a height of more than 50 m and a diam-
eter at breast height (DBH) of greater than 300 cm (Zuidema and
Boot 2002; Salomao 2009; Scoles and Gribel 2011, 2012).

The fruit is a lignified sphere with a diameter of 10 to 12 cm
and a weight of 0.5 to 2.5 kg, and contains 10 to 25 seeds. The
seeds (the commercially available Brazil nuts) are edible, have
a wedge-like shape, and are covered by a protective lignified
shell (Mori and Prance 1990; Mori 1992). Most individuals of
reproductive age have DBHs>40 c¢cm (Zuidema and Boot
2002), whereas the most productive trees have DBHs between
100 and 150 cm (Wadt et al. 2005; Kainer et al. 2007). Their
longevity and high survival rates under natural conditions al-
low these trees to produce nuts for hundreds of years
(Zuidema and Boot 2002).

One characteristic of the population structure of the Brazil
nut tree is that it forms stands of between 75 and 150 trees with
DBHs>10 cm (Peres and Baider 1997), at densities (5-20
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trees ha ') that are generally higher than those of other tree
species in the Amazon rainforest. Such stands are interspersed
with areas of forest lacking Brazil nut trees or showing densi-
ties of this species as low as one tree per 6 ha (Mori and Prance
1990). Most studies of Brazil nut populations have reported a
low proportion of non-reproductive trees (DBH<40 cm;
Salomao 1991; Nepstad et al. 1992; Scoles and Gribel 2012)
and a predominance of trees with intermediate size (80 cm<
DBH<160 cm; Zuidema and Boot 2002; Peres ef al. 2003;
Wadt et al. 2008; Scoles and Gribel 2012).

B. excelsa produces an edible seed (Brazil nuts) that is one of
the principal non-timber forest products (NTFP) commercialized
in the Amazon region and is an important economic resource for
the human populations that inhabit the Amazon rain forest (Mori
1992; Clay 1997; Ortiz 2002; Stoian 2004; [IBCE] Instituto
Boliviano de Comercio Exterior 2010). Extraction in natural for-
ests is the principal source of Brazil nut seeds (Ortiz 1995; Clay
1997; Stoian 2004), despite the possibility of cultivation of Brazil
nuts in plantations and agroforests (Fernandes and Alencar 1993;
Souza et al. 2008; Costa et al. 2009; Scoles et al. 2011, 2014).

The dispersal of the seeds of the Brazil nut tree begins with
the fall of mature fruits during the rainy season. B. excelsa is
the only species in the family Lecythidaceae with a function-
ally indehiscent fruit (i.e., it does not open spontaneously
when mature) (Mori and Prance 1990). Consequently, seeds
are inserted into the lignified fruit and dispersion depends on
an external agent. In addition to humans, agoutis are the only
animals capable of opening the hard fruit wall with regularity
and efficiency (Huber 1910; Ortiz 1995; Peres and Baider
1997; Tuck Haugaasen et al. 2010, 2012).

The natural dispersion of Brazil nut tree seeds is complex.
Agoutis are seed predators and seed dispersion occurs indi-
rectly when they bury the seeds for future consumption (“scat-
ter-hoarding”™). Only when the seed buried will germination
occur, as long as it remains undisturbed by agoutis. In addition
to being inefficient, agouti seed dispersion occurs only over
short distances, and fruit dispersal and seed burial at distances
greater than 50 m from the source tree is rare (Peres and Baider
1997; Tuck Haugaasen ef al. 2010, 2012).

Once germination has occurred, the survival and develop-
ment of the seedlings are supported by favorable light condi-
tions in large gaps or below canopy disturbances in the forest.
The Brazil nut tree is a heliophytic species (Salomao 1991;
Scoles et al. 2011, 2014) that behaves as a long-lived light-
demanding climax species (Swaine and Whitmore 1988); it
cannot develop in understory conditions (Kainer et al. 1998;
Myers et al. 2000; Pefia-Claros et al. 2002; Scoles et al. 2011,
2014).

Generally, Brazil nut harvesters intensively extract the
seeds of B. excelsa in accessible productive stands of trees
since harvesting more distant stands requires a larger invest-
ment of time. Harvesters also hunt animals such as agoutis,
especially when harvesting requires extended periods in the
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forest away from the community (Ortiz 2002; personal obser-
vations by the authors).

The harvest of NTFP is generally considered a promissory
activity that has a low environmental impact and that represents
an important source of income for traditional Amazon commu-
nities; it is an alternative to activities such as cattle ranching and
farm monoculture. Therefore, NTFP harvesting may potentially
reconcile conservation and social development in the Amazon
region (Fearnside 1989; Allegretti 1994; Anderson 1994; Ruiz-
Pérez et al. 2004). However, extractive activities have also been
criticized by economists because of the lack of control over
production, harvest unpredictability, difficulty in meeting grow-
ing demands and a low level of processing and technology
(Homma 1993; Amin 1997; Clement 2006).

The ecological sustainability of Brazil nut harvesting has
been analyzed in several studies (Mori 1992; Viana ef al.
1998; Peres et al. 2003; Silvertown 2004; Wadt et al. 2008;
Scoles and Gribel 2011, 2012; Ribeiro et al. 2014), some of
which have reached contrasting conclusions. With the excep-
tion of Peres et al. (2003) and Silvertown (2004)), these studies
found no evidence that traditional extractive methods damage
the regeneration of Brazil nut stands. In general, the studies
show that the relative scarcity of trees of non-reproductive
age (juveniles) and the low recruitment rate are not related to
harvesting intensity. Furthermore, Scoles and Gribel (2011),
comparing populations located in two distinct sites (Trombetas
and the Madeira River Region), found a positive influence of
human activities on the rejuvenation and density of B. excelsa
stands. In the State of Acre, southwest of the Amazon, Wadt
et al. (2008) concluded that within the current harvest context
regeneration is sufficient for population persistence at the re-
search sites. Additionally, Ribeiro (2011) highlighted the pos-
sibility that current management by humans has contributed to
the maintenance and formation of Brazil nut stands in the in-
digenous territory of the Xingu River. In the Trombetas River
valley in Para State, the low observed regeneration rates were
independent of both harvest intensity and the dispersive activity
of agoutis (Scoles and Gribel 2012).

The balance between the negative effects of human activities
on regeneration (removal of seeds by harvesting, hunting of the
main natural seed disperser) and putative positive influences
(“release” of seeds from the lignified fruits, unintentional disper-
sion of seeds, increased sunlight in the understory by small
disturbances) is still an open question for understanding the
structure and dynamics of the exploited Brazil nut stands. In this
context, this study examines how regeneration (seedling, sapling
and juvenile density) of Brazil nut trees is correlated with veg-
etation structure and human presence in the stands. The main
issues we address are: 1) the ecological variables that best cor-
relate with the natural regeneration of B. excelsa, and 2) the
differences observed in the population structures of B. excelsa
with respect to the two types of human use patterns encountered
in the study area (moderate and intensive use of stands).
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Material and Methods
Study Site

This study was conducted at Capand Grande Lake, which is
located on the left bank of the Madeira River, in the munici-
pality of Manicoré, State of Amazonas, Brazil. In 2004, the
study area was incorporated into a federal conservation unit
called the ‘Capana Grande’ Lake Extractive Reserve).

The stands of Brazil nut trees investigated in this study are
situated around the central portion of Capana Grande Lake on
the western margin of the Madeira River (Fig. 1), near the
riverine communities of Nossa Senhora de Sta. Civita (30
families), Ponta do Campo (39 families), Sdo Sebastido de
Cuma (10 families), and Sao José de Cuma (28 families), a
total of 581 inhabitants (ICMbio 2013). The local communi-
ties are composed of descendants of Amerindians who mixed
with European migrants during colonial times. The communi-
ties are concentrated around nucleated settlements, but
scattered households are also dispersed around the lake
shores. Productive forest areas (‘castanhais,” ‘seringais’) tend
to be exploited by different family groups. The livelihoods of
the residents are based on fishing, hunting, extraction of forest
products (rubber, fibers, nuts, fruits, resin, etc.) and subsis-
tence agriculture (mainly manioc crops). The Brazil nut stands
were mainly visited during the wet season for nut collection.
The more accessible stands (generally those closer to the
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communities) were visited frequently, and they consequently
exhibit understories that are more frequently disturbed by
trails and clearings.

The climate of the region is classified in the Kdppen system
as humid tropical without a dry season (Af), with average
temperatures between 24° and 26 °C, relative humidity greater
than 80 % and average annual precipitation of approximately
2500 mm (PROJETO RADAMBRASIL 1978; Martorano
et al. 2004; Alvares et al. 2013).

Study Design

Data were collected in 10 sampling transects. Each transect
measured 1000x50 m (5 ha), with a central line that ap-
proximately corresponded to a section of the trails used by
Brazil nut harvesters. In each transect, a maximum perpen-
dicular distance of 25 m on either side of the central line
was allotted for the detection of Brazil nut trees. Compared
to the other sites, the Laranjal site had a smaller sample
size (800 %50 m=4 ha) because of the reduced length of the
harvester trail at this site. Therefore, the total sampled arca
of all the transects was 49 ha. Ten 25x 10 m subplots that
were randomly positioned within the transects were used
for the collection of data that required more intensive ob-
servations, such as the identification of seedlings, saplings,
and fruits on the forest floor.
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Fig. 1 Map of study area at Capana Grande Lake, Madeira River, Manicoré, Amazonas, with localization and codes of sampling points
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near these stands affirmed that the stands of Brazil nut trees
were spontaneous and that humans had never intentionally
planted seedlings of B. excelsa in these forests.

Population Structure

For each Brazil nut tree with a DBH>10 c¢m, the DBHs and
the lengths of two perpendicular branches of the crown were
measured. The individual crown area was calculated by mul-
tiplying the elliptical surface area of the crown by the crown
form index. The principal branches measured during the initial
data collection served as the radii of the ellipse. Based on our
field observations, the crown form index was assigned one of
four possible proportional values: 1=intact crown, 0.75=
crown missing one principal branch, 0.5=crown in the shape
of a half-moon, and 0.25=crown containing only one princi-
pal branch. The B. excelsa crown area per hectare was esti-
mated by summing the individual crown areas and dividing by
the area of the sampling transect. Basal area per hectare was
calculated by summing the cross-sectional areas (=7t/
4*DBH?) of all B. excelsa trees with DBH>10 cm and then
dividing by the area of the sampling transect.

Stems of B. excelsa with DBH values between 10 and
40 cm were categorized as juveniles or non-reproductive trees.
Small plants (DBH<10 cm) were categorized as seedlings
(<1.3 m) or saplings (>1.3 m). Seedlings, having only recently
germinated, generally still have the hypocotyl (seed carbohy-
drate reserve) attached at the base of the plant, whereas for
saplings, the hypocotyl is completely absorbed (Myers ef al.
2000; Zuidema and Boot 2002). Individual saplings and seed-
lings found within 25 mx 10 m subplots and up to 5 m on each
side of the central line of the transect were registered. Sapling
and seedling densities for each sampled transect were obtained
by the average density found in the subplots and along the
central transect line.

Calculation of Canopy Openness

Canopy openness was estimated indirectly by analyzing pho-
tographic images of the forest canopy (Engelbrecht and Herz
2001) and counting non-obscured pixels as a proportion of the
total number of pixels within a grayscale range of 0 to 256.
The photographs were taken with a Ricoh GX100 digital cam-
era with a wide-angle lens (19 mm), placed at a height of
1.30 m above the ground on a tripod in conditions of indirect
sun exposure in the early morning and/or late afternoon.

In each sampling unit, 20 images of the canopy were made:
10 were taken from the central position of the 2510 m sub-
plots, and 10 were taken at random positions located at least
50 m from each other (Nicotra et al. 1999). The digital images
were processed using Miramén 6.0 image analysis software,
calculating the percentage of the area of each photograph that
was not obscured by vegetation. The proportions of

unobscured pixels were arcsine-transformed (Zar 1999), and
the resulting value was used as the measure of canopy
openness.

Estimation of Agouti Activity

The number of Brazil nut fruits opened and gnawed by agoutis
in each transect was used as an indirect estimate of the disper-
sive and/or predatory activities of these animals. Sampling for
fruits that showed evidence of having been gnawed by agoutis
was conducted using two methods: by counting the fruits
found within 5 m on each side of the central transect line
(10x1.000 m) and by counting the fruits within ten 25 mx
10 m subplots. The agouti activity estimate was the weighted
average of the gnawed fruit density using the two methods.

Regeneration Indicators

Natural regeneration of B. excelsa populations was evaluated
on three levels: potential, pre-established, and established re-
generation. Seedling density was used to estimate the regen-
eration potential in the studied transects. In this study, regen-
eration was qualified as ‘potential,” as the mortality rates of
this age group under natural conditions are high (Myers ef al.
2000; Zuidema and Boot 2002); for this reason, seedling pres-
ence does not guarantee the future establishment of Brazil nut
trees.

In contrast, juvenile density (DBH 10>40 c¢cm) was consid-
ered an indicator of established regeneration, as this age group
has already developed a lignified structure that allows for
vertical growth up into the higher strata of the sub-canopy or
even to the canopy. The proportion of juveniles was calculated
by taking into consideration the ratio between the number of
non-reproductive trees (DBH 10>40 cm) and the total number
of trees with DBH>10 cm. Finally, sapling density was esti-
mated as an indicator of pre-established regeneration, which is
an intermediate situation between potential and established
regeneration. Despite the high survival rate of this group due
to the absorption of the hypocotyl, saplings generally inhabit
the understory and therefore have not reached the higher strata
of the forest canopy structure.

Data Analyses

We calculated descriptive statistics (average, standard devia-
tion, minimum and maximum) for each analyzed variable. We
tested possible correlations between regeneration indicators,
ecological variables of the Brazil nut stands and human influ-
ence indicators. Multiple regression analyses were then per-
formed between each of the three dependent variables (the
regeneration indicators) and the independent variables (the
human influence indicators and the ecological variables).
When the multiple regressions yielded non-significant
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equations, paired correlations were used to analyze the possi-
ble associations between each independent variable and the
dependent variables. In the case of more than one significant
result between the independent and dependent variables, a
partial correlation analysis was used to identify a stronger
relationship between them. The type of regression used
depended on the sample distribution of the variables analyzed:
Pearson’s test was used when the distribution was normal and
the variables had a linear relationship; in other cases,
Spearman’s test was used. The Kruskal-Wallis test was used
to compare differences in canopy openness among the ten
sampling transects. Comparative analyses between the two
types of stands (moderate- and intensive-use stands) were
conducted using #-test (for variables exhibiting normal distri-
bution) or Kolmogorov-Smirnov (K-S; for variables without
normal distribution) (Zar 1999).

Results
Population Structure of Brazil Nut Trees (DBH>10 cm)

A total of 609 Brazil nut trees with DBH>10 cm were
found in the 49-ha area surveyed; there were 452 potential-
ly reproductive (DBH>40 cm) trees and 157 non-
reproductive juveniles (DBH<40 cm). The overall density
of all the Brazil nut trees with DBH>10 cm was 12.5+7.8
trees ha™' (9.3+4.6 adults ha™' and 3.2+3.4 juveniles
ha ). Among trees with DBH>10 c¢m, the mean DBH
was 73.1+44.0 cm, the total average basal area was 7.1+
2.5m” ha ' and the total area of crown coverage was 3385
+1351 m” ha !, which represents a 33.8 % occupation of
the forest canopy by Brazil nut trees.

The transect with the largest number of non-
reproductive juveniles was Vitoriano (9.8 juveniles ha ).
In the three transects near the stream, there was an absence
of juveniles in the stands of Brazil nut trees. Considering
all individuals with DBH>10 cm, the proportion of juve-
niles in the study area was 25.8 %, and five transects had
>25 % juveniles, with a maximum value of 40.5 % in the
Vitoriano transect (Table 1).

We identified 158 small plants (DBH<10 cm) of B. excelsa;
there were 123 seedlings and 35 saplings. The average density
of the seedlings was 24.8+19.9 seedlings ha ' (maximum 64
and minimum 8). The average density of the saplings was 4.4
+5.3 ha ' (maximum 13.1 and minimum 0). Sixteen percent
of seedlings were found in small bunches of B. excelsa fruits
opened and left by harvesters, and 4 % of seedlings and 17 %
of saplings had more than one stem growing at their bases.
The majority of saplings with this growth form were found in
areas of secondary forest. Seedling density was significantly
greater than sapling density using a paired #test (p=0.003).
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Canopy Openness

In general, the light availability at the understory level in the
transects was very low and variable. Across all the samples
(n=200), the canopy openness averaged 6.6 %, with a maxi-
mum of 30.2 % and a minimum of 2.3 %. In the vast majority
of samples (95 %), the understory had less than 10 % open-
ness, with most samples (81.1 %) being between 4 and 8 %.
Only 1 % of the samples demonstrated characteristics typical
of a forest gap, with canopy openness>20 %. There were no
significant differences in canopy openness among the samples
from the ten sampled transects (Kruskal-Wallis test, «=0.05,
p=0.700).

Agouti Activity

A total of 388 Brazil nut fruits that had been opened and
gnawed by agoutis were found in the 10 transects, with 96
near the central lines of the transects and 292 in the 100 sub-
plots. The estimated average agouti activity throughout all the
transects was 11.143.6 fruits opened and gnawed per ha
(maximum 33.0 and minimum 1.0).

The estimated agouti activity was not statistically related to
any independent variable, although there was a negative trend
associated with time of human use (»=—0.620, R? =0.275, p=
0.056).

Establishment of Small Plants (DBH<10 cm) and Canopy
Openness

There was no significant correlation, using Spearman’s cor-
relation test, between the number of seedlings and canopy
openness (r,=0.009, p=0.931) or between the number of
saplings and canopy openness (r,=—0.122, p=0.228). With
respect to the sub-plots, 40 % had small plants (DBH<
10 cm), and this 40 % was further divided into 30 % with
only seedlings, 8 % with only saplings, and 2 % with both
plant types.

The majority of small plants (100 % of saplings and 76.4 %
of seedlings) were found in sub-plots exposed to low light
incidence (<10 %; Fig. 2). Nevertheless, 15.9 % of seedlings
were found in subplots with a relatively open understory (can-
opy openness>20 %). No significant differences were found
with respect to canopy openness between subplots with and
without saplings/seedlings (K-S test, p=0.269). However, 10
of the 20 saplings found along the central line of the transects
occurred in a small patch of secondary forest in a single
transect.

Regeneration Potential

Multiple regression analyses of seedling density (depen-
dent variable) and eight independent variables (adult tree
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Fig. 2 Frequency distribution of 127
canopy openness percentage in all
sub-plots, and in sub-plots with
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density, juvenile density, crown area, basal area, agouti
activity, time of human use, distance of residence, and can-
opy openness) showed no significant results. When paired
comparisons were made, the only significant correlation
was a positive relationship between seedling density and
time of human use, although this relationship had a weak
R? value (0.40). The distance between the nearest human
residence and agouti activity showed a weak negative ten-
dency but was non-significant (Table 2).

Pre-established Regeneration

Multiple regression analysis was conducted for sapling
density (dependent variable) and eight independent variables
(adult tree density, juvenile density, crown area, basal area,
agouti activity, time of human use, distance of residence and
canopy openness); this analysis showed no significant results.

B with seedlings
O with saplings
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Similarly, there were no significant results in paired
comparisons (Table 2).

Established Regeneration

Multiple regression analysis was also performed for juvenile
density (dependent variable) and the seven remaining inde-
pendent predictive variables. The results of this multiple re-
gression were not significant; thus, the data were subsequently
analyzed using a paired correlation analysis. These analyses
showed that established regeneration was correlated signifi-
cantly and positively with time of human use, total crown area
and adult tree density (Table 2). The partial correlation test
revealed that the strongest correlation was found between ju-
venile density and adult density when controlling for time of
human use (7=0.69, R*=0.48, p=0.026). The distance be-
tween a Brazil nut stand and the nearest human residence

Table 2  Paired correlation statistics between regeneration indicators (seedling-, sapling-, and juvenile density) and potentially explanatory ecological
variables
Variable Seedlings ha ™! Saplings ha ' Juveniles ha™'

r R? P r R? P r R? p
Adults, DBH>40 cm (trees ha ) 0.430 0.185 0.215 0.327 0.107 0.357 0.811 0.657 0.004*
Juveniles, DBH 10-40 cm (trees ha ') 0454 0206 0187 0004 0000 0991
Crown area (m” ha ') 0.507 0.257 0.134 0.136 0.018 0.708 0.723 0.523 0.018*
Basal area (m” ha ") 0.004 0.000 0.992 -0.259 0.067 0.469 0.294 0087 0.409
Time of human use (days per year) 0.638 0.407 0.047* 0.433 0.187 0.212 0. 0.636 0.006*
Distance from the residences (m) —0.527 0.278 0.117 —0.446 0.217 0.174 —0571 0.326 0.091
Agouti activity (fruits opened and gnawed tree ") —0.545 0297 0.104 —0.286 0.082 0.422 —0.307 0.094 0.389
Canopy openness (%) 0.009 0.000 0.931 0.355 0.126 0.308 -0.130 0.017 0.720

Each comparison is between one explanatory variable and one regeneration indicator. Asterisks (*) show statistically significant correlations (»p<0.05)
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showed a slight negative tendency, although it was statistically
non-significant (Table 2).

Differences Between Moderate- and Intense-Use Brazil
Nut Stands

Populations of B. excelsa in intense-use stands showed greater
densities of trees with DBH 10-110 cm, i.e., adult trees
(DBH>40 cm), non-reproductive juveniles (DBH 10—
40 cm), and saplings and seedlings (DBH<10 cm), than
moderate-use sites. In contrast, the sites that were considered
moderate-use had a greater density only for the DBH>110 cm
size class. The basal area and total crown area were variables
that did not show significant differences between the two
types of stands (Table 3).

The diameter class distributions were significantly different
between the two groups (K-S test, D=0.415, p<0.0001). In
moderate-use sites, 56.5 % of trees were in the 60-140 cm
DBH class, with a peak at 120—130 cm. Within this group, the
three transects near streams had the highest concentration of
trees in the intermediate DBH class (62.4 %, 100—-150 cm
DBH). In contrast, in intensive-use stands, the diameter class
distribution had a higher concentration of smaller stems, with
65.4 % of trees showing DBH<70 cm (Fig. 3).

With respect to ecological variables, canopy openness
was nearly equal at all sites sampled, but the density of
fruits opened and gnawed by agoutis was significantly
higher in the moderate-use stands (Table 3). In relation to
regeneration indicators, intensive-use stands showed
higher values than moderate-use stands, although only ju-
venile density showed a significant difference (Table 3).

The number of B. excelsa juveniles/adult trees was signif-
icantly higher in the intense-use stands than in the
moderate-use stands (¢-test, p=0.010).

Discussion
Potential and Pre-established Regeneration

There are few demographic studies of B. excelsa that in-
clude the identification and quantification of seedlings in
natural conditions. In the north of Bolivia, and in the in-
digenous reserve of Pinkaiti (Xingu River valley, Para,
Brazil), the estimated regeneration potentials (25-50 seed-
lings hafl; Zuidema and Boot 2002; Baider 2000) were
similar to those of the present study. In the Acre River
valley, in contrast, the densities were considerably lower
(3.2 to 5.8 seedlings ha '; Wadt et al. 2008). Comparing
the ratios between the number of seedlings and the number
of adults, the sites with the highest proportion of seedlings
were located in Bolivia and in the indigenous reserve of
Pinkaiti (Xingu River valley). With the exception of the
latter site, which is still largely unexplored, the research
sites in Bolivia, Acre, and the present study are intensively
used by the nearby communities. In the region of the
Trombetas River, where tree stands are typically distant
from human communities, the seedling density and the
ratio of seedlings to adults was lower than in the Capana
Grande area (Scoles and Gribel 2011, 2012). For Ribeiro
et al. (2014), the high seedling density in harvested sites in
the forest area of the Kayap¢ territory in the southeastern

Table 3  Comparison of descriptive statistics (average, standard deviation, minimum and maximum) within ‘moderate’ and ‘intensive’ use sites on

Lake Capana Grande

Study variable Statistic test ‘Moderate use’ sites ‘Intensive use’ sites p, «=0.05
Tree DBH (cm) Kolmogorov-Smirnov 96.6+49.9 58.8+33.1 <0.001*
Adults, DBH>40 c¢m (trees ha ') Teste T 6.6£3.7 13.2+£2.9 0.009%*
Basal area (m” ha ') Teste T 7.1+£34 7.0£1.7 0.961
Crown area (m” ha ') Teste T 275241323 4007+£698 0.124
Canopy openness (%) Kolmogorov-Smirnov 6.3 (2.3:16.0) 7.0 (3.6:30.1) 0.677
Time of human use (days per year) Teste T 95.0+23.0 300.0+0.0 <0.001*
Distance of residences (km) Teste T 4.54+2.8 0.4+0.5 0.018%*
Agouti activity (fruits opened and gnawed tree ') Teste T 101.8+£65.6 19.9+8.9 0.030*
Seedlings ha™' Teste T 153£12.0 39.0+22.5 0.126
Saplings ha™ Teste T 2.9+4.0 6.7£6.9 0.151
Juveniles (DBH 10-40 ¢m) ha ! Teste T 1.2+1.8 6.3+3.0 0.009*
Seedlings adults ™' Teste T 2.84£2.0 3.0£1.9 0.859
Saplings adults ! Teste T 0.4+0.6 0.5+£0.5 0.445
Juveniles adults ™ Teste T 0.1+0.2 0.5+0.2 0.010*

Asterisks (*) show statistically significant correlations (p<0.05)
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Fig.3 Population distribution for B. excelsa by density of DBH class in the two patterns of human occupation at Capana Grande Lake: ‘moderate used’

(white bars) and ‘intensity used’ sites (black bars)

region of the Amazon seems to be a consequence of seed
dispersal by harvesters along trails. These data as a whole
suggest that the accessibility of the stands to traditional
communities does not negatively affect the regenerative
potential of the B. excelsa population, despite the higher
frequency of human visits and more intensive seed removal
in these areas.

The establishment of seedlings in the Capana Grande Lake
region seems not to be as dependent on natural dispersion by
agoutis as has been suggested by various studies (Peres and
Baider 1997; Zuidema and Boot 2002). In fact, there appears
to be no correlation between the number of seedlings and
dispersal activities by agoutis; even if there were a correlation,
it would be negative, as the stands with greater seedling den-
sities had low densities of gnawed fruits. Moreover, 15.4 % of
seedlings were identified near piles of fruits opened by har-
vesters, which points to a greater human influence on
B. excelsa regeneration in the study area.

The average sapling density at Capana Grande Lake was
slightly higher than has been observed in other stands of
Brazil nut trees with a history of extractive harvesting,
such as Nova Esperanca (2.7 saplings ha™'; Viana et al.
1998), Vale do Rio Acre (0.7—1.8 saplings ha'; Wadt ez al.
2008) and Trombetas River (1.0+3.1 saplings ha ', Scoles
and Gribel 2012), despite the low density (<1 saplings
ha ') in five of the ten sample sites in the present study.

There was an elevated sapling density in two intensive-use
stands (Laranjal and Vale Quem Tem), both of which
showed low agouti activity.

In this study, as in Nova Esperanca, Acre (Viana et al.
1998), no evidence was found to support a higher density
of seedling or saplings in understory areas with greater
light availability (forest gaps). Nevertheless, 50 % of the
saplings found near the central line were situated in a small
area with characteristics of secondary forest (low canopy
height, high-density understory), which probably had
greater light availability in the recent past. At this same
site, the saplings showed a growth form with multiple
shoots growing from the same stump, which may be due
to damage followed by resprouting or multiple germination
from the same fruit, as has been previously observed in
seedlings.

The lack of significant correlations found in the compara-
tive analyses at Capand Grande suggests that human activities
have no negative effect on seedling establishment, despite the
annual seed removal by fruit harvesters and the low agouti
activity observed in the most-frequented stands.

Established Regeneration

Among significant correlations between established regenera-
tion and potentially predictive variables, three variables
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showed a positive correlation (Table 3), namely 1) the time of
human use; 2) the total crown area, an indirect indicator of
Brazil nut tree productivity (Wadt ez al. 2005; Tonini et al.
2008); and 3) the density of adult trees. The partial correla-
tions show that adult tree density is the main predictive vari-
able for established regeneration in the stands of Capana
Grande Lake. There is, therefore, no evidence that human
extractive activities, including the harvest of seeds, have det-
rimental effects on the density of juveniles, in contrast to the
conclusion of Peres et al. (2003) and the suggestions of
Silvertown (2004)). Furthermore, the number of juveniles
per adult tree was five times higher in the intense-use stands
than in the moderate-use stands (0.5 and 0.1 juveniles adult ',
respectively; Table 3). This result suggests the possibility of
positive feedback between human activity and B. excelsa re-
generation, with the more frequented stands exhibiting faster
rejuvenation and consequently being more productive and
more frequently visited in the long term.

In denser stands, and especially in those more intensely
used, the percentage of juveniles was high (21.2 to 40.5 %),
with values that are higher than the average for the entire study
area and that approach the values from areas of the Amazon
with the highest regeneration rates (Peres et al. 2003; Scoles
and Gribel 2012). A strong correlation between adult density
and established regeneration has been documented for tropical
trees (Ghazoul 2005). In absolute terms, Capana Grande Lake
presents the highest average juvenile density yet reported (3.2
juveniles ha "), with values greater than at Pinkaiti (1.5 juve-
niles ha '; Baider 2000) or at Nova Esperanga, Acre (1.3
juveniles ha™'; Viana ez al. 1998).

The greater density of juvenile and adult trees in the most
frequented sites near human communities at Capana Grande
Lake suggests that traditional extractive activities and low-
intensity disturbances in the understory caused by human pres-
ence in the forest may influence the demographic structure of
Brazil nut tree stands. Similar situations were also described in
Pereira (1994) at Tefé Lake, State of Amazonas, in Ribeiro
et al. (2014) at Xingl Valley, State of Pard, in Sousa et al.
(2014) at Caxiuana National Forest, State of Para, and at
Sapucua Lake, State of Pard (Scoles and Aragdo unpublished
data). In these regions, stands of Brazil nut trees under intensive
forest management had younger B. excelsa populations, while
Brazil nut stands in areas more distant from human communi-
ties, where the only activity was Brazil nut collection, showed a
tendency towards a low proportion of young B. excelsa trees.

In sum, despite of the removal of seeds by harvesters,
established regeneration appears to be guaranteed in the
most-visited Brazil nut stands in the study area. In contrast,
the transects with the greatest evidence of rodent activity and
with less-frequent human presence (moderately used stands)
exhibited much lower established regeneration.

@ Springer

Concluding Remarks

The demographic and ecological data collected from stands of
B. excelsa in the Capana Grande Lake area suggest that high
regeneration rates of this species can occur in association with
a high frequency of human activities. The statistical analysis
suggests that the adult tree density of B. excelsa and the fre-
quency of human presence in the stands positively influenced
the regeneration of B. excelsa in the region. We hypothesize
that unintentional dispersion of seeds by harvesters during
collection, storage and transport and the long-term, low-
intensity disturbances in the understory caused by human ac-
tivities in the forest, such as clearing, trail opening, border
disturbance, extractive removal of forest products, and selec-
tive logging, are likely factors that facilitate the regeneration
of this heliophytic species, thereby compensating for the loss
of seeds by harvesting. The well-recognized seed dispersal
function of agoutis seems to be less important in stands with
greater human presence. Therefore, the findings of this study
suggest that the high frequency of human activity in stands of
Brazil nut trees and in neighboring areas over prolonged pe-
riods likely explains the demographic structure, dominated by
non-reproductive and young adult trees, observed in many
B. excelsa stands throughout the Amazon (Pereira 1994; Paiva
etal.2011; Sousa et al. 2014; Scoles and Aragdo unpublished
data).

Finally, this study highlights the symbiotic relationship be-
tween Brazil nut trees and human populations in the Amazon
region, supporting the idea, frequently suggested in the litera-
ture, that the current distribution of B. excelsa trees may be a
consequence of the historical actions of Amerindian popula-
tions in the Amazonian forest (Ducke 1946; Miiller et al.
1980; Posey 1985; Balée 1989; Scoles and Gribel 2011). This
work also calls attention to the important role of contemporary
traditional communities in the maintenance and rejuvenation
of B. excelsa populations.
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