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Abstract

Little is known about the life history and environmental factors that regulate
the growth rate of hyperdominant trees in flooded Amazonian forests. Pen-
taclethra macroloba is a hyperdominant tree, and it is widely explored in the
Amazon, because its seed oil is a powerful herbal medicine. We evaluated the
demographic structure and growth patterns of P. macroloba and tested the
effect of the Amazon River flood pulse on its growth. We modeled the growth
and determined the age of P. macroloba by analyzing the growth rings of 30
monitored trees in relation to hydroclimatic variables. We also inventoried 240
juvenile and 2072 adult trees arranged in a clustered pattern. The diametric
distribution pattern of the juvenile and adult trees was exponential and log-
normal, respectively. The trees were found to be up to 102 years old, and 47%
of them grew freely toward the canopy. Peak growth in height and diameter
occurred at 24 (61.7 cm year™) and 46 (9.38 mm year') years, respectively.
Pentaclethra macroloba showed cambial dormancy during the seasonal peak of
rainfall (R* = 0.41; t = —2.62; p < 0.01) and flooding of the Amazon River
(R*> = 0.47; t = —3.01; p < 0.01). Increases in rainfall and flood level of the
river in the rainy season control the growth rate of P. macroloba, making it a
seasonal process. The demographic and growth patterns of P. macroloba
respond to the environmental heterogeneity of the estuarine floodplain forest

and also reflect its life history over time.
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199,281 km? (Junk & Piedade, 2010). The Amazon estu-
ary has two daily flood cycles or a predictable polymodal

Flooded areas of the Amazon are constituted by a com-
plex interconnected system of habitats formed by varia-
tions in topography and flood regimes. In the estuarine
region of the Amazon River and its white water tribu-
taries, the floodplain forests occupy approximately

flood pulse (Junk et al., 2011), as the tide of the Atlantic
Ocean influences this region. The flood dynamics of
Amazon floodplain forests act as an environmental filter
that selects the species most adapted to the fluctuations
of this environment (Luize et al., 2018).
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The tree species Pentaclethra macroloba (Willd.)
Kuntze is well adapted to the daily flood of the Amazon
estuary, as it has a high population density in this estua-
rine environment (Carim et al., 2016) and it is one of 10
species considered hyperdominant in the Amazon (ter
Steege et al., 2020). Pentaclethra macroloba, known by
the popular name “pracaxi” or “pracaxizeiro” in Brazil,
belongs to the Fabaceae family (Dantas et al., 2017). In
the Amazon estuary, this species has a mean of 13 m
height and 23 cm diameter (Dantas et al., 2017). The leaf
is bipinnate, inflorescence is a terminal spike, fruit is a
dehiscent dry legume and the deltoid seeds have mecha-
nisms adapted to hydrochoric dispersal (Dantas, Guedes,
Vasconcelos, et al., 2021).

Hartshorn (1983) considers the existence of three
large populations of P. macroloba in Latin America. The
first population, widely studied, is concentrated in Costa
Rica, mainly in the La Selva Forest Reserve, where the
species presents monodominance. The second population
is concentrated in the extension from Panama to Colom-
bia. The third and last population is located in the North-
east of the Brazilian Amazon and for it, the natural
history is little known. The species occurs in Guatemala,
Costa Rica, Panama, Colombia, Venezuela, Trinidad and
Tobago, Guiana, French Guiana, Suriname, and Brazil
(Dantas, Guedes, Vasconcelos, et al., 2021).

The trunk bark of P. macroloba has terpenoid sapo-
nins that have anti-hemorrhagic action against the
venom of Bothrops vipers (da Silva et al., 2007). The main
product used from P. macroloba is the oil extracted from
the seeds, considered a potent herbal medicine for the
healing of diabetic ulcers (Simmons et al., 2015), wounds,
and burns (Banov et al., 2014). There are also reports of
traditional use to treat snake bites, muscle pain, and
wounds caused by leishmaniasis (Sarquis et al., 2019).

Pracaxi oil can be considered an essential product of
socio-biodiversity, as the oil extraction is a source of extra
income for riverine populations. People from traditional
communities sell the oil to the cosmetic industries, or at
local markets for R$100/1 ($18). Cosmetic industries have
shown great interest in the pracaxi oil due to its high con-
centration of fatty acids that have an emollient action on
skin hydration (Costa et al., 2014). The number of pat-
ented pharmaceutical and cosmetic products based on
pracaxi oil is currently growing, both in the national and
international market (Oliveira et al., 2020). With this
growing demand, the sustainability of the seed collection
becomes concern, as larger-scale seed extraction may
reduce the sustainability of wild populations.

A knowledge of the demographic patterns and the
ecological factors that influence the population structure
is useful to setting up sustainable management actions
for this species. In floodplain forests, the amplitude and

duration of flooding are preponderant factors that influ-
ence the structure, physiology (Parolin et al., 2010), rich-
ness, diversity, and spatial distribution pattern of forest
communities (Ferreira & Stohlgren, 1999). Many species
from flooded areas of the Amazon synchronize their
fruiting with the flooding period of the Amazon rivers
(Kubitzki & Ziburski, 1994; Schongart et al., 2002), favor-
ing seed dispersal by water and fishes (Parolin
et al., 2013).

The monomodal flood pulse of Central Amazonia,
that can reach up to 10 m in height and lasting up to
270 days, has a drastic effect on plant metabolism
(Parolin et al., 2004) and tree growth (Schongart
et al., 2002). The trees of this environment have cambial
dormancy during the river's peak flood and they resume
their growth in the dry season (Schongart et al., 2002).
The physiological stress caused by floods in the plant can
be observed in the differentiation of the anatomical wood
structures that appear as annual rings (Worbes &
Fichtler, 2010). However, in the Amazon estuary, where
the flood regime is daily and of short duration, knowl-
edge of the adaptive responses of trees to the conditions
of this environment is still incomplete.

We sought to assess the demographic and the life his-
tory parameters of P. macroloba to explain its hyper-
dominance in the Amazon and to assist in public
management policies and the conservation of its natural
resources. Our hypothesis is that the Amazon River flood
pulse acts as a physiological stressor regulating the
growth rate of P. macroloba.

2 | MATERIALS AND METHODS

2.1 | Site description

The study was carried out in the floodplain forests of the
Fazendinha Environmental Protection Area (APA), a
reserve of 136.59 ha, and in the Mazagao Experimental
Field (CEM), an area of 55.95 ha (Figure 1). Both areas
are located in Amapa State, Brazil. The APA is a conser-
vation unit for sustainable use located in Macapa city
00°03'04,24"S and 51°07'42,72"W. The CEM belongs to
the Brazilian Agricultural Research Corporation, located
in Mazagdo city 00°02'33”S and 51°15'24"W.

The estuarine forests in this study are influenced by
the tide of the Amazon River, characterized by the occur-
rence of two flood daily pulses (Junk et al., 2011). Flood
waters can reach heights of up to 60 cm on tree trunks
inside the forest (Dantas, Guedes, Lira-Guedes, &
Piedade, 2021) or up to 4 m in the rainy season in the
mouth of the Amazon River (Cunha et al., 2017). These
areas are formed by a rich system of channels and
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FIGURE 1 Two populations of Pentaclethra macroloba located in the Fazendinha Environmental Protection Area (APA) and in the

Mazagao Experimental Field (CEM), in the region of the Brazilian Amazon estuary (a), Amapa State (b) [Color figure can be viewed at

wileyonlinelibrary.com]

streams that regulate the entry and exit of water from the
Amazon River.

In the APA, the area is flat, with small slopes, and the
flood waters are evenly distributed throughout the area.
In CEM, the various slopes of the soil result in different
flood gradients, forming high and low floodplain environ-
ments (Wittmann et al., 2002). In the low floodplain, the
flooding reaches the soil daily and up to 60 cm on the
tree trunks during the rainy season. In the high flood-
plain, the soil has a slope from 3 to 3.5 m high, hindering
the entry of the daily tide in this environment. However,
the high floodplain is partially flooded in the rainy sea-
son, where flooding level reaches 10 cm on the tree
trunks (Dantas et al., 2020).

The climate system in the region is Am type, rainy
tropical (Alvares et al., 2014). In Amapa State, the rainy
season starts in December, and the rains are concen-
trated in March, when the peak of rainfall remains
above 60 mm until August. The dry season starts in Sep-
tember when the rainfall is below 60 mm monthly. The
mean annual rainfall is 2460 mm and the mean maxi-
mum temperature varies from 30 to 32°C (de Vilhena
et al., 2018).

The soils are Melanic Gleisols, characteristic of the
floodplain region of the Amazon estuary. These soils are
silty texture and with predominance of smectite, illite,
kaolinite, goethite, anatase, and quartz (Pinto, 2014).

The vegetation is classified as Dense Alluvial
Ambrophilous Forest (IBGE, 2012). The five most abun-
dant species, among the 98 registered species, are: Mora
paraensis (Ducke) Ducke (Fabaceae), Astrocaryum
murumuru Mart. (Arecaceae), P. macroloba (Willd.)
Kuntze (Fabaceae), Carapa guianensis Aubl. (Meliaceae),

and Matisia paraensis Huber (Malvaceae; Carim
et al., 2016).

2.2 | Data collection
2.2.1 | Inventory of the adult trees

The demographic parameters of the adult trees of P. mac-
roloba were determined based on an inventory performed
in 136.59 ha of the APA, in the period from September to
November 2017. All trees of P. macroloba with diameter
at breast height (dbh) >5 cm present in the study area
were inventoried. Tree dbh was measured with a tape
measure, and trees were identified numerically with zinc
tags. The coordinates of all individuals were obtained
with a GPS device (Garmin 60CSx) of +3 m accuracy.
The total height of each tree was measured with a
laser rangefinder (Bosch—GLM 40) of 1.5 mm accuracy
and with reach of 40 m. In obtaining height, the observer
positioned himself below the tree's crown, close to the
trunk, and visualized the last branch to launch the laser
toward it. The final height of the tree was estimated from
the sum of the observer height (with the arm extended)
and the measurement captured on tape measure.
Qualitative data evaluated were: (a) reproductive sta-
tus: presence or absence of fruits or vestiges of reproduc-
tive structures in the crown—the inventory was carried
out during the flowering period and emergence of the
first fruits, and (b) canopy position, classified as: domi-
nant (the tree occupies the upper layer of the canopy,
where the crown is completely exposed to light), codomi-
nant (the tree occupies the intermediate layer of the
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canopy, where the crown is not entirely exposed to light,
due to partial shading of neighboring dominant trees)
and suppressed (the tree occupies the understory of the
forest, where there is no incidence of direct light in the
crown; Dawkins, 1958).

2.2.2 | Regeneration sampling

Natural regeneration was evaluated in two 100 m
x 100 m (1 ha) plots each, installed at the same topo-
graphic level and separated by 177 m of distance. The
inventory was carried out in April 2019 at APA, and all
seedlings with height <1.60 m and all saplings with
height >1.60 m and diameter <5 cm were measured
(Klimas et al., 2007), tagged, and georeferenced. Seedling
diameter was measured at the soil height (dsh) and sap-
ling at the dbh with the aid of a digital caliper
(Carbografite® model 150, accuracy of 0.01 mm). Height
was measured with a tape measure.

2.2.3 | Sampling of the radial wood

We determined the age and growth patterns of 38 trees
selected in the APA. Our criterion was to select trees with
a good phytosanitary aspect, with straight trunk and
dbh > 5 cm from different diametric classes. Trees with
large buttresses, eccentric trunk and with anomalies in
the trunk were avoided. Two wood samples were
obtained per tree, with the aid of an increment borer
(Haglof Sweden®, 5.15 mm in diameter and 400 mm in
length) at dbh. The samples were sent to the Embrapa
Amapda Dendrochronology Laboratory, where they were
fixed on a wooden support and polished with sandpaper
of different grits (100, 200, 400, and 1500 grains/mm?) for
better visualization of the growth rings.

Growth rings were visualized with the aid of a stereo-
microscope (Leica EZ4D) with an attached camera and
the images of each sample were obtained with a 20x
magnification. The images were saved in the “jpg” for-
mat with a resolution of 1200 dpi and calibrated in the
1 mm scale. The growth ring width was measured using
the ImageProPlus software (version 4.5.0.29).

2.24 | Monitoring of diametric growth and
hydrometeorological variables

In the CEM, the diametric growth of P. macroloba was
evaluated through dendrometric bands installed in June
2018 on the trunk of 30 trees at breast height. We selected
trees of different diametric classes, dominant and

codominant in the canopy and in different topographic
levels (10 trees in the high floodplain and 20 in the low
floodplain). After 1 month of dendrometer band adjust-
ment, the readings of the diametric growth were mea-
sured monthly, with a digital caliper, until December
2019 (18 months).

Water level height was measured using white strings
installed parallel to the trunk of each monitored tree
(Dantas, Guedes, Lira-Guedes, & Piedade, 2021). The
water, full of river sediment, stains the white string leav-
ing the flood height recorded, facilitating the measure-
ment with a tape measure. The monthly data of
accumulated rainfall and maximum mean temperature
were obtained from the Climatological Station of Macapa
(INMET, 2019).

2.3 | Data analysis

2.3.1 | Demographic structure

The parameters of the demographic structure analyzed
were: population density (Equation 1), diametric classes
(Equation 2, suggested by Sturges, 1926) height classes,
basal area (Equation 3), spatial distribution, and age

group.

N

PD=" 1

A’ ( )

C=1+3333LN(N), 2)

_ zdbh? G_z": @
§i= 40000 7 80

PD = population density (ha '); N = total number of
sampled individuals; A = total area sampled;
C = number of diametric classes; LN = natural loga-
rithm; g; = basal area of individual i; # = pi number
(approximate value of 3.141592); dbh = diameter at
breast height measured at 1.30m from the soil
(40,000 = conversion value for meters when the dbh
is in centimeters); and G = basal area of the population
(m? ha™).

Geographical coordinates of each individual were
used to describe the pattern of spatial distribution of the
population through the univariate Ripley's K function
(Ripley, 1981; Equation 4). In the univariate method, the
null hypothesis is of complete spatial randomness (CSR).
The K(s) function must be transformed to the L(s) func-
tion (Equation 5) for better visualization of the results
graphically. The CSR hypothesis was tested by the Monte
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Carlo test, with 1000 confidence envelopes of the Poisson
pattern surrounding the distance vector s, down 5% and
up 5%, of the transformed function L(s) (Goreaud
et al., 1997).

EN 1
K(s) :;1\—N 21121111 W (o1,x)I(||x;i — x| | <), es>0,

K(s) = expected number of events; (||x; —x;||) = Euclid-
ean distance between locations x; and x;; s = arbitrary
distance vector; W; (xl,xj) = edge effect correction func-
tion that shows the proportion of the circumference with
center x; and radius ||x; —x;|| that is outside the study
region; Jn = number of trees divided by the area of the
study region, being a non-vicious estimator of the process
intensity; and L(s) = is the result of the transformed
function K(s).

To verify the degree of detachment of the population
from the expected random distribution, the aggregation
index R (Equation 6) was calculated by the mean distance
of the nearest neighbor tree (Clark & Evans, 1954):

A
R=-, 6
- (6)

74 = mean distance from the nearest neighbor = % ti
= distance of the nearest neighbor to individual i; 7g =
expected distance to the nearest neighbor under CSR =
J%;Q and y = tree density.

The random pattern occurs when R = 1, if the R
index approaches zero the pattern is aggregate and when
R index has a maximum limit around 2.15 the pattern is
regular. The z value was calculated to determine whether
the observed distribution was significantly different from
the expected random pattern (Klimas et al., 2007). The K
function was determined by the Splancs package (Row-
lingson & Diggle, 2017) and the aggregation index R by
the Spatstat package (Baddeley & Turner, 2005), both
from the R software (R core Team, 2019).

2.3.2 | Age and growth patterns

Tree age was determined by quantifying the growth ring
structures formed by marginal parenchyma (Figure 2;
Fichtler et al., 2003). For hollow trees (two trees), the
missing rings were estimated by the mean number of
rings of the other samples (Brienen & Zuidema, 2006).

‘Ecology

FIGURE 2
by bands of marginal parenchyma, of Pentaclethra macroloba in the

Anatomical structure of the growth rings, formed

Amazon estuary [Color figure can be viewed at
wileyonlinelibrary.com]

The structures were visualized and quantified using a ste-
reomicroscope with an attached camera.

The current radial increment (based on the width of
the growth rings) was adjusted to the field diameter to
construct the cumulative diametric growth curve for each
individual (Brienen & Zuidema, 2006). The cumulative
curve of each individual was used to obtain the mean dia-
metric growth curve, which was adjusted to the sigmoid
regression model (Equation 7) as proposed by Schéngart
et al. (2007). The relationship between the height and
diameter of each individual was assessed and adapted
using the nonlinear regression model (Equation 8;
Schongart, 2008).

dbh=— & (7)

@) ]

H = dbh x d/dbh +e, (8)

a, b, c, d, and e are estimated parameters of the model.

The rates of current annual increment (CAI; Equa-
tion 9) and mean annual increment (MAI; Equation 10)
of diameter, height and biomass were derived for the
corresponding age of each individual (Schongart
et al.,, 2007). To estimate aboveground biomass (Equa-
tion 11) we used the pantropical allometric equation, pro-
posed by Chave et al. (2014).

CAI=CG/;.,) — CGyy, (9)
CG
MAI = % (10)
. 5 10976
Biomass; =0.0673 x (H; x dbhy x p) "~ ", (11)
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CG = accumulated growth in different years ¢ throughout
the species lifespan; and p = wood density. For P. mac-
roloba the wood density is 0.65 g/cm> (Reyes et al., 1992).

The successional trajectory of P. macroloba in the for-
est canopy was evaluated using the patterns of release
and suppression that occurred throughout its history of
growth over time. These patterns were detected from the
series of widths of the growth rings of each individual,
and interpreted by the expression proposed by Nowacki
and Abrams (1997):

M2-M1

%GCi:[ Vi ]xlOO, (12)

%GC; = percentage of growth change in the preceding
10years and subsequent 10years; M1 = mean diametric
growth of preceding 10years; and M2 = mean diametric
growth of subsequent 10 years.

Release events occur when relative growth is above
100% for five consecutive years and suppression events
occur when relative growth is below —50% for five con-
secutive years (Brienen et al., 2010). The growth trajec-
tory in diameter of the species was classified into four
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CREICOIR S

patterns: (1) direct growth: occurs when the tree has no
release or suppression events; (2) one release event: when
the tree shows an increase in relative growth for five con-
secutive years; (3) one suppression event: when the tree
shows a decrease in relative growth for five consecutive
years; and (4) multiple release and suppression events:
when two or more release and suppression events occur
(Nowacki & Abrams, 1997; Schongart et al., 2015).

The relationship between the diametric growth of P.
macroloba and the hydroclimatic variables (temperature,
rainfall and flood level in high and low floodplain envi-
ronments) was evaluated using multiple regressions
(Schongart et al.,, 2002) and the statistical differences
between the two environments were evaluated by the
ANOVA test (Dantas et al., 2020).

3 | RESULTS

3.1 | Population structure of adult trees

Two thousand and seventy-two individuals were cen-
sured, that is, a population density of 15 individuals

P

N
N N N N4 ’ ’
RN U S

=m Regeneration structure
— Adult structure

== Reproductive trees

Dbh classes (cm)

FIGURE 3

Height classes (m)

Diameter (a) and height (b) distribution pattern of the regeneration (seedlings and saplings) and adult trees of a population

of Pentaclethra macroloba in the Amazon estuary [Color figure can be viewed at wileyonlinelibrary.com]
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ha'. The population was distributed into 12 diameter
classes, with 4 cm of interclass amplitude and mean dbh
of 23 cm (+9 cm). The central classes, which have diame-
ters between 18.1 and 32 cm, had greater population den-
sity (9 individuals ha™ ') than the first (diameters from 5
to 18 cm with 4 individuals ha ') and the last classes
(diameters >32.1 cm with 2 individuals ha '), approxi-
mated by a log-normal distribution (Figure 3a).

The total basal area of the P. macroloba population
was 98.13 m” (total basal area of 2072 trees sampled in
136.59 ha), equivalent to 0.72 m* ha, with a mean of

0.048 m? (+0.035 m?) per tree. The diameter classes from
18.1 to 41 cm were those that most concentrated basal
area (85.80 m?), representing 86% of the total basal area.

The majority of the P. macroloba population consisted
of reproductive trees. In total, 1235 trees (59% of the pop-
ulation) had some reproductive characteristics, such as
flowers and fruits or traces of both. Minimum and maxi-
mum reproductive dbh were 7 and 70 cm, respectively,
with a mean of 26 cm (+7 cm). Most reproductive trees
(79%) were concentrated between the dbh from 18.1 to
36 cm (Figure 3a, red bars).

999,500
999,450 g8
— 1007 994,000
- 200A T T T T T
0 100 200 300 400 485,000 486,000
999,500
. 999,450
= > :
—1 — 100+ @ 994,000
c ©
'.'g - 2007 T T T T T "‘3 T T
g 0 100 200 300 400 8’ 485,000 486,000
-] )
L —l 999,440/
) ]
DA
999,436
— 401 999,432 e
— 60
0 10 20 30 40 50 984,820 984,900
601(9) 999,4501 (g) .1 ¥
FIGURE 4 Spatial distribution
pattern of adult trees (population [a, b] 999 446
and reproductive individuals [c, d]) and — 201
regeneration (plot 1 [e, f] and plot 2 [g, _ 40 |
h]) of a population of Pentaclethra 60+ A < .
macroloba in the Amazon estuary. Solid - ‘ ‘ . . . ‘ 999,442+ ‘7'.' RN ‘
line is the function K transformed into 0 10 20 30 40 50 485,080 485,160
function L, dashed lines are the Di .
’ istance vector Latitude X

confidence envelopes and dots are the
individuals of Pentaclethra macroloba

s (m)



Population

s | WILEY-

DANTAS ET AL.

Ecology

In the forest canopy, most P. macroloba individuals
were classified as codominant (61%), followed by domi-
nant (25%), and suppressed (14%). The population had a
mean height of 12.7 m (5.4 m) and the distribution pat-
tern was similar to the diameter (Figure 3b).

The population of P. macroloba also presented a spa-
tially aggregated pattern in all distance scales of the vec-
tor s(m) (Figure 4a), being evidenced by an aggregation

160 70
140 60
Regeneration Adult structure -
8 qp0, structure P
S ‘ - 50
o i —
> 100 ! £
|
2 | 40 L
4 i =
Y— 80 | re)
° | °
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e : | o
2 : 20 =
40 p
i ‘ I Mi i )
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FIGURE 5 Age structure of regeneration (seedlings and

saplings) and adult trees (reproductive trees red bars) of a
population of Pentaclethra macroloba in the Amazon estuary [Color
figure can be viewed at wileyonlinelibrary.com]

index <1 (R = 0.63; p < 0.002) and as shown in the distri-
bution map (Figure 4b). The mean distance between
neighboring trees was 8.5 m (6.4 m), with minimum
and maximum of 0.26 and 54.5 m, respectively. Repro-
ductive individuals also presented an aggregated pattern
at all geographical distances (Figure 4c), with aggregation
index R = 0.62 (p < 0.002). The mean distance of a repro-
ductive individual to another was 10.8 m (+8.3 m), with
minimum and maximum distances of 0.33 and 75.4 m,
respectively.

3.2 | Population structure of the
regeneration

Tree regeneration consisted of 240 individuals, a density
of 120 individuals ha™' (226 seedlings and 14 saplings).
Pentaclethra macroloba regeneration was distributed in
eight diametric classes, with an amplitude of 0.38 cm
between classes and mean diameter of 0.62cm
(+0.48 cm). The diametric distribution pattern of regen-
eration was exponential, 92% of individuals with
dbh < 0.99 cm (Figure 3a).

The mean height of the regenerants was 0.63 m
(£0.55 m), with minimum and maximum height 0.16
and 4.9 m, respectively. Most individuals had a
height < 0.70 m, showing exponential distribution pat-
tern (Figure 3b).
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Aggregate distribution patterns predominated, mainly
in plot one (Figure 4e,f). In plot two, there was random-
ness in the scales from 46 to 50 m (Figure 4g). Despite
this, the R index showed strong aggregation for plots one
(R = 0.54; p < 0.002) and two (R = 0.51; p < 0.002). The
mean distance between regenerants found for plots one
and two were 2.7m (+2.7m) and 2.3 m (+2.4 m),
respectively.

3.3 | Age and growth pattern

The mean age of the 38 sampled individuals of P. mac-
roloba was 60 years (20 years), with a minimum and
maximum age of 28 and 102 years, respectively. With the
growth models it was possible to estimate the age for
both regenerating and adult trees (Figure 5). The mean
age of the 240 seedlings and saplings, with dbh ranging
from 0.22 cm to 3.55 cm, was 11 years (+2 years), with a
minimum and maximum age of 8 years and 21 years,
respectively. For the 2072 adult trees with dbh > 5 cm,
the mean age was 46 years (11 years), with a minimum

and maximum of 24 and 102 years, respectively.

(a) 40| dbh = a/(1 + (b/age))
a=665+6.5
b=58+4.5

304°¢ =29£02

Diameter (cm)

25+¢
ol
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Estimates indicated that P. macroloba reproductive matu-
rity is around 27 years old, with a 7 cm dbh (Figure 5, red
bars). The mean age of the sampled reproductive trees
was 42 years (+10years) and the maximum was
102 years.

During the life trajectory of P. macroloba, in search of
the forest canopy, the species grown freely (Figure 6a)
and presented release (Figure 6b), suppression
(Figure 6¢) and multiple release and suppression events
(Figure 6d). Most of the trees showed direct growth (15
events = 47%), not manifesting liberation or suppression
events. Eight release events (25%), seven suppression
events (22%) and two multiple release and suppression
events (6%) were recorded.

From the 1988 measured growth rings, the mean ring
width was 3.1 mm year” (+1.3 mm year™). The relation-
ship between age and diameter of P. macroloba was
highly significant (©* = 0.98; p < 0.001), allowing the
modeling of the accumulated diametric growth curve of
the individuals (Figure 7a). A significant relationship was
also found for height and diameter (¥ = 0.79; p < 0.001;
Figure 7b). The peak of diameter increment of P. mac-
roloba occurred at the age of 46 years (9.38 mm year),

(b) 30-|H =dbh x d/dbh +e
d=295+19

=241£3.1 .

r=079;n=107;p<0.001
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temperature (c) with the diametric increment of Pentaclethra
macroloba in high floodplain (HV) and low floodplain (LV) in the
Amazon estuary

when the species had 22 cm of dbh (Figure 5c). The peak
height increment occurred at the age of 24 years (61.7 cm
year), well before of the peak of diametric increment,
when height and dbh corresponded to 7.3 m and 8 cm,
respectively (Figure 7d). The peak of increment in bio-
mass occurred at the age of 66 years (40.8 kg year™),
when the total biomass corresponded to 982.3 kg and
when the species reached dbh of 39 cm and height of
18 m (Figure 7e).

3.4 | Influence of the
hydrometeorological variables in the
diametric growth

The mean diametric increment of high floodplain trees
was slightly greater (0.25 mm + 0.56 mm) than the low

floodplain trees (0.24 mm + 0.61 mm), but without statis-
tical significance (F = 0.001; p = 0.97). The mean level of
flooding between the two environments differed statisti-
cally (F = 6; p<0.01), with low floodplain trees
experiencing greater flooding amplitudes (7.81 cm
+ 13.08 cm), compared with the trees of the high flood-
plain (0.25 cm + 0.54 cm).

The trees in both environments showed greater dia-
metric increment during the dry season (from September
to December) when the tides of the Amazon River do
not reach the forest soil (Figure 8a) due to a decrease in
the rainfall (Figure 8b) and the increase of the tempera-
ture (Figure 8c). In the rainy season (Figure 8b) with the
highest levels of flooding (this period corresponds from
January to July, with greater intensity from March to
April), the diametric increment of the species decreased.
The peak diametric increments were recorded in the
high and low floodplain in September (1.2 mm) and
October (0.92 mm) of 2018, respectively. The diametric
increment of the low floodplain trees had a significant
and negative correlation with flooding (R* = 0.47;
t = —3.01; p < 0.01) and rainfall (R* = 0.41; t = —2.62;
p < 0.01). The correlation of diametric increment was
also significant and positive with the maximum tempera-
ture (R* = 0.44; t = 2.81; p = < 0.05). In the high flood-
plain, the diametric increment of the trees also
correlated negatively with the flood height and rainfall,
and positively with the maximum temperature, but there
was no statistical significance.

4 | DISCUSSION

A greater stock of seedlings in the understory and higher
density of trees in the central diameter classes are struc-
tural features of late secondary species, ecological group
according to the Budowski classification
(Budowski, 1970). Pentaclethra macroloba would then
belong to this group that shows a discontinuity in rec-
ruiting individuals over time (Peters, 1996) and depends
on large disturbances to establish in the forest canopy.
Pentaclethra macroloba seedlings appear to be adapted to
the low light of the understory and they persist for a long
time suppressed below the forest canopy (up to 11 years
in the understory Figure 5), waiting for openings to reach
the canopy (Oberbauer & Strain, 1985). In the La Selva
Forest Reserve, Costa Rica, P. macroloba is gap colonist
and it was shown to depend on canopy gaps to reach the
forest canopy (Brandani et al., 1988). The pattern of dia-
metric distribution here corroborates other studies in dif-
ferent parts of the Amazon estuary (Dantas et al., 2017)
and in Central America where P. macroloba is mono-
dominant (Galvan et al., 2003).
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Although the adult trees present a log-normal distri-
bution pattern, the natural regeneration shows a very sta-
ble and auto-regenerative structure, with its inverted “J”
distribution pattern (Miranda et al., 2018). This charac-
teristic is important, as the regenerants provide for a con-
stant flow of trees to the upper classes.

Flood dynamics and climatic seasonality of the estua-
rine floodplain forest are factors that shape the popula-
tion structure of P. macroloba. The estuarine floodplain
soils are fragile, due to daily tides that deposit and
remove sediments from the forest, causing erosion.
According to Metzger et al. (1997), this makes the rhizo-
sphere unstable, directly affecting seedling development
and the stability of adult trees. The dry season of the estu-
ary (from September to December) also affects the rate of
recruitment. During this period, seedlings experience a
prolonged water stress, because the flood does not reach
the interior of the forest due to decreased rainfall. In a
seasonally flooded forest in Darien, Panama, Lopez and
Kursar (2007) found that the seedling mortality rate of P.
macroloba was higher in the dry season (43%) than in the
rainy season (9.4%). These environmental conditions reg-
ulate the dominance of P. macroloba and maintain the
population growth rate stable. Seedlings that can better
adapt to environmental conditions are the few that will
grow past the last size classes of the regeneration
structure.

Many of the aggregate patterns found in tropical trees
may be related to dispersal limitation (Condit et al., 2000)
and to environmental factors of the habitat (Dantas
et al., 2017). When individuals of P. macroloba disperse
their seeds by the explosive dehiscence of the fruits (pri-
mary dispersal by autochory), they launch their propa-
gules at a distance of approximately 10 m
(Hartshorn, 1983), allowing them to be subsequently
transported by the river flow (secondary dispersal by
hydrochory). The outflow and inflow of the daily river
tide facilitates the exit and entry of forest seeds (Cunha
et al., 2017). Groups of seeds can be transported over long
distances or remain close to the mother tree, as many are
intercepted by branches and trunks present on the forest
floor (Ziburski, 1991). The result is that few seeds germi-
nate alone, resulting in an aggregated pattern of regener-
ation. The trees of the Amazon estuary synchronize the
phase of seed dispersal with the peak river flood
(Cattanio et al., 2004; Dantas et al., 2016). This strategy
facilitates the reproductive success of the mother tree and
the establishment of new seedling groups in the flood-
plain soil.

We found centennial trees of P. macroloba (maximum
age of 102 years) inhabiting the Amazon estuary, show-
ing that P. macroloba is a long-lived late secondary spe-
cies and is tolerant to the daily tidal of the Amazon

‘Ecology

River. This tolerance to flooding of the Amazon estuary
can be attributed to the adaptation mechanisms that P.
macroloba has developed to tolerate the anoxic rhizo-
sphere, such as: numerous protruding lenticels on the
tree trunk which facilitate the transport of oxygen to the
root and to the aerial parts of the plant, and adventitious
roots which increase the respiratory efficiency of the root
(Dantas, Guedes, Vasconcelos, et al., 2021). In Central
America, populations of P. macroloba were also long-
lived. In a study carried out in the La Selva forest, Costa
Rica, Lieberman et al. (1985) conducted successive mea-
surements on trees during 13 years, the first measure-
ment in 1969 and the last in 1982, and based on the dbh
measurements, the authors projected the life span of P.
macroloba to 312 years.

The sigmoid growth pattern over time for P. mac-
roloba (Figure 5) shows different periods of its life trajec-
tory and the degree of conservation of the forest.
According to Kohl et al. (2017), the sigmoid growth curve
reveals three phases: pre-reproductive, maturity and
senescence. Possibly, the log-normal pattern of the diam-
eter distribution of P. macroloba reflects these three
phases (comparison of Figures 3a and 7c). Classes from 5
to 18 cm in diameter belong to pre-reproductive individ-
uals, representing 28.8% of the population and are on the
increasing curve of the diametric increment. The classes
from 18.1 to 32 cm belong to mature individuals, repre-
sent 55.6% of the population and are at the peak of dia-
metric increment. The classes >32.1 cm belong to
senescent trees, they represent 15.6% of the population,
and they are on the decreasing curve of the diametric
increment dominating the biomass stocks. Over the time
of the plant development, the production rate of woody
material of the tree increases, by the increase in photo-
synthetic rate, due to expansion of the leaf and crown
area (Sillett et al., 2010). This confirms the ecological rel-
evance of old trees as carbon reservoirs (Kohl
et al., 2017).

Different growth patterns were observed during the
life cycle of P. macroloba in the conquest of the forest
canopy (Figure 4). Most of the trees studied showed
direct growth, followed by release events. This pattern
reinforces the idea that P. macroloba depends on gaps to
stimulate natural regeneration (Valverde-Barrantes &
Rocha, 2014). The seed groups that are intercepted by
fallen tree branches in the gaps germinate and grow
freely toward the canopy because, in these conditions, no
physical barriers shed light. Competition for light stimu-
lates a faster increment in height than in diameter for the
predominance of codominant trees in the canopy (61% of
trees). For Brienen and Zuidema (2006), trees that do not
experience events of release or suppression during suc-
cession, probably experience very stable light conditions,
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or the light fluctuations are less limiting for individuals,
allowing them to grow toward the canopy in less time.
Multiple events of release and suppression at different
times during the life history of the tree, evidence that the
forest canopy opened and closed several times due to for-
mation of gaps or damage in the tree crown, causing
increase and decrease of growth, respectively (Brienen &
Zuidema, 2006).

In Costa Rica, P. macroloba trees that are codominant
or dominant in the canopy, and thus are more exposed to
sunlight, show more significant diametric increment than
trees suppressed by the crown of neighboring trees
(Galvan et al., 2003). The dependence of growth canopy
gaps becomes clear when P. macroloba is subjected to sil-
vicultural release techniques followed by refinement
(elimination of neighboring trees and undesirable spe-
cies). Individuals of the species subjected to silvicultural
release show rapid diametric increment (6 mm year™),
compared to individuals who receive a few silvicultural
interventions (3 mm year™; Finegan et al., 1999).

Although the general pattern of trees growth is to first
grow in height and then in diameter, as observed in P.
macroloba (comparison of Figure 5b,c), in periodically
flooded forests, this strategy is also essential for the plant
to escape the flooding in its early stages of life
(Parolin, 2002). According to Newbery and
Ridsdale (2016), understory trees have a strategy of con-
centrating more resources into height growth, as they
seek the forest canopy to increase the photosynthetic rate
and decrease competition for light, and only subse-
quently to invest into diameter increment. This type of
strategy was also observed by Miranda et al. (2018) for
the estuarine species Mo. paraensis.

The existence of growth rings for P. macroloba is an
important discovery for the floodplains of the Amazonian
estuary. Until the present study, only the existence of
annual rings for Mo. paraensis was confirmed (Miranda
et al., 2018). The annual rings that form on the tree trunk
of flooded Amazonian forests can be associated with the
seasonality of this habitat. We showed that the seasonal
rainfall of the Amazonian estuary and the increase in the
level of flooding of the Amazon River regulate the growth
rate of P. macroloba and cause physiological stress on the
cambial activity of the species. This is strong evidence
that these two seasonal phenomena is the cause for the
formation of the annual rings of P. macroloba in the
Amazon estuary. In the floodplain forest of the Central
Amazon, Schongart et al. (2005) also found a high associ-
ation between the seasonal flood pulse of these forests
with the width of the growth rings of Macrolobium
acaciifolium.

The high rainfall at the mouth of the Amazon River
during the rainy season, raise the level of the river

(Cunha et al.,, 2017) and its tributaries, resulting in daily
flooding inside the forest. Seasonal increase in water
levels from flooding causes the stagnation of cambial
activity in P. macroloba (Figure 8), especially in the low
floodplain individuals who are more exposed to flooding.
According to Worbes and Fichtler (2010), the flooded soil
promotes rhizosphere anoxicity, impairing the roots
breath and upward water transport to the tree crown.
The cambial growth of P. macroloba is resumed in the
dry season, when the flood does not reach the interior of
the forest, due to the decrease in the volume of rainfall in
the region. This phenomenon is similar to what occurs
with trees in the Central Amazon, where they experience
a long-term and high-amplitude flood regime (Schéngart
et al., 2002). Trees have a greater diameter increment in
the terrestrial phase (river level retreat) because in the
aquatic phase, floods cause a cambial dormancy
(Schongart et al., 2002). In the tropical rainforest of La
Selva in Costa Rica, in periodically flooded forests, P.
macroloba also had the greatest diameter increment
(1.06 cm year™") during the dry season, from December to
April (Hazlett, 1987).

The demographic and growth patterns of P. mac-
roloba respond to the environmental heterogeneity of
the estuarine floodplain forest and also reflect its life
history. Increases in rainfall and flood level of the
Amazon River in the rainy season regulate the growth
rate of P. macroloba, making it a seasonal process.
Long years tolerating the daily flooding of the Amazon
River made P. macroloba a hyperdominant tree highly
specialized in colonizing the floodplains of the Ama-
zon estuary. Natural gaps and the incidence of light
keep the growth rate of P. macroloba high. We have
elucidated some important gaps of the scientific knowl-
edge about the natural history of P. macroloba
populations of the Amazon basin, particularly in the
estuarine floodplain region. In this way, we provide
foundational knowledge for the formulation of public
policies for the sustainable management and conserva-
tion of natural resources of P. macroloba and its multi-
ple uses.
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