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Abstract

The diameter increments of Euterpe edulis was characterized in order to understand the influence of reproduction
and forest basal area on its growth and to represent its development through polynomial models. For up to 14 years
three populations were studied using permanent plots. To identify the effect of reproduction, the diameter increments
of young and reproductive palms, as well as the effect of productivity on growth, were compared. To characterize the
effect of basal area, subpopulations under different basal area conditions were compared, as was the effect of their
evolution over time. Reproductive activity and forest basal area interfered with plant growth, being smaller in more
productive plants and under more advanced successional conditions. Fifth-degree models were more suitable for
ecological studies or for fruit harvesting. Quadratic models were restricted to estimates of palm heart management.
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1. INTRODUCTION AND OBJECTIVES

Euterpe edulis (Martius) is a shade-tolerant climatic
species, belonging to the family Arecaceae, with a natural
occurrence in the Brazilian Atlantic Forest (Klein, 1980).
According to the same author, in the secondary succession
processes, it settles in the forest during the Miconietum stage,
occupying the medium understory and standing out as one
of the most abundant tree species. For a long time, it was the
main tree used for palm heart production in the southern
and southeastern Brazilian regions, which became a target
of intense exploitation and, consequently, threatened with
extinction (Brasil, 2014). Nowadays, in addition to serving
as a raw material for palm heart harvesting, its fruits are
also used as a local substitute for agai (Euterpe oleracea and
Euterpe precatoria). Fruit harvesting has been considered a
more sustainable option, since palm heart harvesting requires
the cutting and death of the plant (Trevisan et al., 2015).

Considering the importance of this species as a supplier
of non-timber forest products (palm heart and fruits), the
development of sustainable management strategies that

value forests through their use may be an alternative for their
conservation. In this perspective, E. edulis has been studied as
amodel for the Atlantic Forest, including demographic studies
(Cappelatti & Schmitt, 2015; Portela et al., 2010), growth of
individuals’ - increment (Fantini & Guries, 2007; Reis et al.,
1999, 2000), natural regeneration dynamics (Muler et al., 2014;
Neuburger et al., 2010), phenology (Paludo et al., 2012; Silva
& Reis, 2018), seed germination (Leite et al., 2012), dispersal
(Galetti etal., 2013; Silva & Reis, 2019), and population genetics
(Konzen & Martins, 2017; Silva & Reis, 2010).

In a proposal for sustained management, according to
Fantini et al. (1992), three factors must be considered to
guarantee sustainability: the available stock evaluation, the
increment rates, and the natural regeneration of the explored
species. Among these factors, few studies have focused on the
characterization of increment rates (Fantini & Guries, 2007;
Reis et al., 1999, 2000); therefore, little is yet known.

The stipe diameter increases by enlargement and
parenchyma division, as well as by meristematic action
giving rise to vascular bundles and parenchyma (Boténico &
Angyalossy, 2013). This growth measure is a very important
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parameter, since it allows the current annual increments
(CAI) determination, plant development evaluation over
time, and estimation of the number of individuals that can
be exploited (Reis et al., 2000). In addition, the functional
relationship between diameter at breast height (DBH, 1.3 m)
and CALI can estimate the individual and collective plants’
growth and establish intervention intervals, such as cutting
for the palm heart harvest (Reis et al., 2000), or predicting
plant productivity, in the case of fruit harvesting (Paludo
et al,, 2012; Silva & Reis, 2018). Due to the plant’s long-life
cycle, short-term studies assessments are usually limited.
Consequently, this measure is often used for extrapolations
over time, which introduces errors and scarcely captures the
variation between ontogenetic stages.

The mathematical models tested for the DBH increment
in E. edulis give a better fit to quadratic polynomials without
a constant (Reis et al., 1999, 2000), indicating a greater
increment between the classes of 6 and 10 cm for DBH and
for cut limit diameter (CLD), between 7 and 9 cm of DBH.
The CLD refers to the point of maximum increment of each
equation, which allows the identification of the minimum
diameter at which a plant should be cut, aiming at better use
of its growth potential (Reis et al., 1999, 2000).

The objective of this study was to characterize the current
annual increment of E. edulis from long-term studies, in order
to improve the accuracy of diameter growth estimates using
polynomial models, as well as to identify and understand the
influences of reproductive maturation and the basal area of
the forest on the increment in different populations. This
information will be useful for both sustainable fruit harvesting
and palm heart cutting. This study also presents applications
in sustainable management, because growth rate reduction
may coincide with the beginning of the reproductive phase.
In this sense, following the CLD alone could be dangerous in
the long-term, as it may lead to the cutting of plants before
they reproduce and, therefore, contribute to genetic and
demographic maintenance.

2. MATERIALS AND METHODS

This study was carried out in three areas of the Dense
Ombrophylous Forest in the State of Santa Catarina, located
in the municipalities of Ibirama, Sdo Pedro de Alcéntara,
and Florianépolis. All areas are in a Cfa climate region and
are classified in the advanced stage of secondary succession
(Brasil, 1994). However, their use and exploration history
differ, with emphasis on clear cutting, agricultural use and
the gradual abandonment of agriculture in the areas of Sao
Pedro and Floriandpolis, and selective cutting in Ibirama
(last recorded in 1970).

The area located in Ibirama is in the National Forest of
Ibirama/ICMBio (Flona). On this site, 24 permanent plots
40 x 40 m (3.84 ha) in area were evaluated between 1997 and
1998, between 2002 and 2008, and in 2010 - ten evaluations
in 14 years. Among the evaluated areas, this is the one with
the highest population of E. edulis, larger classes of DBH,
and more seedlings. The basal area of this forest in 2006 was
36.5 m*ha (6.3 E. edulis + 30.2 woody tree species), with
mean DBH of 14.7 cm, diameters up to 140 cm of DBH and a
presence of large numbers of climax species (ICMBio, 2008).
For these reasons, the most conserved area can be considered.

In the area located in Sdo Pedro de Alcantara (SPA), six
permanent plots of area 50 x 50 m (1.5 ha) were planted, of
which four (A to D) are located in a more advanced stage of
regeneration, classified as Mata Secunddria (MS), and two
(E and F), are in an earlier stage, classified as Miconietum
(MI) (Klein, 1980). These plots were characterized by
Mantovani et al. (2005), who recorded, in the MI portion, a
predominance of pioneer and opportunistic species, more plants,
lower species richness, an average DBH of 12.0 cm, diameters
of less than 40 cm, and the recruitment of climax species.
In the most advanced portion (MS), absent climax species
under MI conditions were recorded, an average of 15.6 cm for
DBH, up to 90 cm. In addition to this characterization, the
basal area of the woody tree species (DBH > 5 cm) present
in these plots was evaluated annually between 1994 and
2000 (seven years), by Mantovani (unpublished data), and
were used for comparison purposes in the present study. The
mean basal area values for the period were 34.63 + 1.33 m*ha
for MS (32.02 + 1.13 woody tree species and 2.61 + 0.24 E.
edulis) and 30.65 + 0.99 m?/ha for the MI stage (26.19 £+ 0.95
woody tree species and 4.45 * 0.57 E. edulis). The plots were
implemented in 1991 and evaluated annually between 1992
and 2004 - 13 evaluations in 13 years.

The area located in Floriandpolis is in the Desterro
Environmental Conservation Unit (UCAD). In this area, from
1999 to 2004 and from 2007 to 2008, six permanent plots
of 40 x 40 m (0.96 ha) were evaluated - eight evaluations in
ten years. Among the study areas, this population was the
most recently explored, with signs of plant cutting in 1999.
The mean basal area of E. edulis for the evaluation period
was 0.47 + 0.8 m?/ha, with no information on the basal area
of the other woody tree species.

In all the studied areas, E. edulis plants that presented
stipe exposed to 1.3 m were mapped, labeled, and evaluated
for the DBH and phenology. The new plants were included
in each evaluation and monitored in subsequent evaluations.
The growth (current annual increment - CAI) was
determined by the difference between the DBH measures
presented by the plants between the different years of study
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[CAL (DBHat the end of the period
duration in years].

The relationships between the basal area of the forest and
the incremental rates of E. edulis were tested by Pearson’s
correlation analysis and by data fitting to the linear model
according to the following criteria: 1) significance of the
coefficients, obtained in a parsimonious way; 2) random
distribution of residues; 3) adjusted R? value; and 4) the
significance of the models. For these estimates, only the studied
areasin S. P. Alcantara were used, due to the availability of data
on the annual assessment of woody tree species conducted
by Mantovani (unpublished data). In this sense, each one of
the six plots were used as a pair of data points (presenting
annual values of basal area for woody tree species and CAI
for E. edulis), resulting in 42 data points used for regression.

The evaluation of the effect of reproductive activity on
plant growth was based on two tests. The first one was to
verify whether there was a decrease in the increment after the
plants came into reproduction, presupposing that resources
would be preferentially allocated to the formation of the
reproductive structures rather than to vegetative growth.
The rates of young and reproductive plants’ increment in
different classes of DBH and those of young and reproductive
plants in the total set were compared, using 95% confidence
intervals. In these comparisons, data from the populations
of Sdo P. Alcintara and Ibirama, obtained during the entire
evaluation period (13 and 14 years, respectively) were used.
The population present in Floriandpolis was not compared
due to the small number of reproductive palms found there.

The second test was performed to verify the number of
inflorescences emitted per reproductive palm (productivity)
and whether it would affect the increment rates, assuming
that: the higher the reproductive investment, the lower the
vegetative growth. For this, Pearson’s correlation coefficient
was calculated, and comparisons between the average
increments presented by the different productivity classes
(one, two, three, four, five, or six inflorescences emitted)
using 95% confidence intervals were made. For these tests,
data obtained on the Ibirama population were used, where
all the reproductive palms’ phenology (888) present in the
24 plots was considered. The monitoring took place monthly
between May 2007 and December 2008, registering the
number of inflorescences emitted for each reproductive palm.

For the estimates of increment (CAI), polynomial models
were evaluated using the Microsoft Excel program. This study
tested for second-degree polynomials (Equation 1), considering
its indication for E. edulis (Reis et al., 1999, 2000) and for other
tree species (Spathelf et al., 2001); this study also tested for
higher-degree polynomials (three to six) (Equation 2), with and
without a constant (0). p represents the estimated parameters.

DBH )/period’s

at the beginning of the period

Floresta e Ambiente 2020; 27(4): 20180058

Influence of Reproduction and Basal... 3-9

Examples:
Degree 2: CAI = + p,*DBH + ,*DBH? (1)

Degree 6: CAI = B + p,*DBH + B,*DBH?* + p,*DBH’ +
B,*DBH* + p,*DBH" +  *DHB® @)

The regressions were constructed based on the mean
increment of each diameter class, at 1 cm intervals of DBH.
Because the forests have uneven ages, the DBH values were
treated as independent variables, treating plant age as variable
and unknown, as already done by other studies (Reis et al.,
1999, 2000; Spathelf et al., 2001; Scheeren et al., 2003). The
evaluation of model adjustment followed the criteria presented
for modeling applied to the basal area.

3. RESULTS AND DISCUSSION

3.1. Euterpe edulis increment and influence of
the forest’s basal area

The current annual incremental values (CAI) of E. edulis
in different populations are presented in Figure 1. According
to this figure, even with significant differences among
populations regarding CAI values, the plants presented
the same pattern of growth: they started with increasing
increment rates until they reached a maximum (between six
and ten cm of DBH - corroborating Reis et al., 1999, 2000),
and from this point onwards, a reduction and subsequent
stabilization occurred at a growth rate close to that
observed for 2 and 3 cm DBHs, lasting until the end of the
individual’s life. In general, the increment values presented
by the different DBH classes approximated a curve with
positive asymmetry, which was more evident in conserved
populations as the Figure 1b shows.

The greatest differences in CAI values were observed
within the SPA population as shown in Figures 1a and lc,
indicating the influence of the successional condition on the
growth rates of E. edulis. This influence is possibly related
to the lower forest cover, which offers more light and space
for E. edulis to grow (Fantini & Guries, 2007). This aspect
is reinforced by the comparison of subareas located in SPA
represented in Figures la and 1c, mainly because they are
part of the same fragment, where the sample sets are close
(about 200 m), decreasing influences related to climate and
soil conditions and highlighting the structural differences
observed by Mantovani et al. (2005). These results are also
corroborated by Granville (1991), who classified erect and
single-stemmed palms as adapted to canopy openings and
frequent in disturbed areas, which has been confirmed for
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the E. precatoria congener (Avalos, 2016). The availability of
light has been reported as a limiting factor to the neotropical
palms’ growth and reproduction (Ninazunta et al., 2016;
Svenning, 2002), and its influence has been observed on the
survival and development of E. edulis seedlings (Guimaraes
et al., 2018; Ribeiro et al. al., 2011).

The variations in the basal area values of woody tree species
(without E. edulis) and CAI of E. edulis over the years in SPA
(1994 to 2000) were correlated (r: -0.63; n: 42; p < 0.01),
indicating less growth in diameter with increasing basal area,
demonstrated by Figure 2. The intermediate positioning of
CAI values for the Ibirama population in relation to SPA
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sub-areas also reinforces these arguments represented in
Figures 1a, b and ¢, because its basal area (30.2 m?/ha) shows
an intermediate condition to that observed for SPA sub-areas
(MS: 32.02 m?*/ha and MI: 26.19 m* ha).

The earliest stages evaluated, with basal areas between 24
and 30 m*/ha for the woody tree species as shown in Figure 2,
presented the greatest variations regarding the CAI values,
indicating the influence of other factors and the possibility
of management to support faster growth. This confirms the
results obtained by Fantini & Guries (2007), who also observed
reductions in the increment of E. edulis with increasing
forest’s basal area and greater variation in lower basal areas.
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Figure 1. Current annual increment values per diameter class (DBH) for different Euterpe edulis populations. (a) Sao Pedro de Alcantara
subarea Mata Secunddria, n: 5,591; (b) Flona-Ibirama, n: 24,205; (c) Sdo Pedro de AlcAntara subarea Miconietum, n: 4,537; and (d) UCAD-

Floriandpolis, n: 477. Error bars indicate 95% confidence intervals.
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Figure 2. Euterpe edulis current annual increment for the Sao Pedro de
Alcantara population during the years 1994 and 2000 in relation to the
evolution of the basal area of woody tree species. CAL: 0.649092217-
0.01526426 * AB, R* adjusted: 0.39, p for model and coefficients: < 0.0001.

3.2. Influence of reproduction on increment rates

The reduced vegetative growth (height, diameter, and leaf
emission) during the reproductive period and the costs of
reproduction have been shown in dioecious palms, where
female plants tend to show less development than male plants
(Cepeda-Cornejo & Dirzo, 2010; Edwards et al., 2015). In the
monoic palms - such as E. edulis — the cost of reproductive
activity has been poorly reported, although it has already
been recorded for other genera (Ninazunta et al., 2016;
Souza et al.,, 2003) and trees (Thomas, 2011).

The evaluations performed in this study indicated a
gradual increase in the reproductive palms’ proportion
represented in Figure 3 after the diametric classes with the
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highest increment (6 to 10 cm) exposed in the Figure 1,
suggesting a negative effect of reproduction on growth, in
diameter terms. However, growth comparisons between
young and reproductive plants after the peaks of greater
increment as in the Figure 4, revealed reductions in the
increment rates of both ontogenetic stages, although these
reductions were much greater in reproductive palms. The
reduction of vegetative growth has been associated with
changes in the resource allocation form and the prioritization
of reproductive structures (Cepeda-Cornejo & Dirzo, 2010;
Edwards et al., 2015; Thomas, 2011). This could even be
occurring with plants classified as young, after the highest
increment peaks, possibly due to a classification error, since
losses/abortions can occur in very early stages, while the
structures are covered by leaf sheaths.

Considering the hypothesis that the formation of the
reproductive structures hinders the growth rate, the number
of inflorescences emitted by the reproductive palm was related

5-9
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to its CAI These results indicate that the higher the number
of reproductive structures emitted by the palm as shown in
Figure 5, the lower the CAI values presented (r: —0.89, n: 6,
p <0.05). In this sense, it should be noted that the reduction
in CAI rates after the highest growth peaks (6 to 10 cm of
DBH) is related not only to the reproductive activity but also
to the productivity presented by palms.

Because reproductive activity reduces the DBH growth, the
greatest increment peak position in a population may be related
to the relative proportions of young and reproductive plants, as
well as the stimulus to begin reproduction. This phenomenon
appears to occur in the SPA population demonstrated in Figures
laand lc, where, for some unknown reason, the reproductive
phase begins before the other populations as shown in Figures 3a
and 3c, or even with the population of the UCAD exhibited in
the Figure 3d, because the small reproductive palms’ proportion
(11.9%), could be shifting the peaks of higher increment to
higher DBH classes, as expressed in Figure 1d.
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Figure 3. Young and reproductive palms’ population diameter distribution in three study areas in the State of Santa Catarina: (a) Sdo
Pedro de Alcintara Mata Secunddria; (b) Flona of Ibirama; (c) Sdo Pedro de Alcantara Miconietum; and (d) UCAD in Florianépolis.
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3.3. Modeling of current annual increment
values

The applied model indicated better results for the fifth-degree
polynomial models, with and without a constant for the SPA and
Ibirama populations as represented in Figures 6 al, a2, and a3.
However, for the population present in the UCAD, quadratic
polynomial models with a constant presented better results as shown
in the Figure 6 a4, approaching the results obtained by Reis et al.
(1999, 2000) for E. edulis.

The equations referring to the best obtained models are
described below (Equations 3 to 6). The residues’ distribution
is shown in Figures 6¢, 1 to 4.

CAL,_:~0.124560 * DBH +0.070694 * DBH? — 0.009573 *

DBH? + 0.000496 * DBH* — 9 x 10 * DBH? (3)

R? adjusted: 0.92; p for model and coeflicients: < 0.0001;
standard error: 0.015.

CAL,, ¢ 1.116356 — 0.926165 * DBH + 0.279591 * DBH? —

0.035418 * DBH? + 0.001992 * DBH* — 4 x 10°* DBH> (4)
R?adjusted: 0.97; p for model and coefficients: < 0.001; p for
constant: < 0.003; standard error: 0.015.

CAI,, ,,+ —0.260250 * DBH + 0.149404 * DBH? - 0.022887
*DBH? + 0.001374 * DBH* — 0.000029 * DBH® (5)

R? adjusted: 0.88; p for model and coefficients: < 0.001;
standard error: 0.032.

CAI -0.446414 + 0.173761 * DBH — 0.008957 * DBH?(6)

UCAD"

R? adjusted: 0.93; p for model, coefficients and constant:
< 0.0001; standard error: 0.029.

The difference in agreement of second- or fifth-degree
polynomial models was related to the capacity to describe
the growth observed in the larger classes of DBH. Thus, the
higher the number of reproductive palms and the larger
the diameter classes, the greater the positive asymmetry
presented by the CAI curves, and quadratic polynomial
models are less adequate. This lower agreement is related
to the fact that the growth curve of reproductive palms
does not pass through the origin and is not reduced so
abruptly as described in quadratic polynomial models as
shown in Figures 6 b1, b2, and b3 but displays a smoother
stabilization at a rate of increment of about 0.05 cm per
year represented in Figures 6 al, a2 and a3. In this sense,
since quadratic polynomial models do not allow as many
curves, the attempt to adjust to the growth presented by
the larger classes of DBH forces its vertical flattening, or
Kurtosis demonstrated in Figures 6 b1, b2, and b3, which
leads to underestimation of the values of greater increment,
between 6 and 10 cm of DBH, and to overestimation of
the increment between the 2 and 4 cm classes of DBH and
between the 11 and 16 cm classes of DBH (depending on the
population). These underestimations and overestimations,
by the attempt of adequacy, produce non-random residuals,
making the use of quadratic models inappropriate (degree 2)
as shown in Figures 6 c1, c2, and c3.

For populations with few reproductive plants and few
classes of higher DBH, as can be observed in younger species’
populations or those with recent exploitation histories, as in
UCAD, exposed in the Figure 3d, the use of second-degree
polynomial models with a constant presented better results
as demonstrated in Figures 6 a4, b4 and c4. The reason is
related to the small participation of reproductive plants in
population growth, making the models provided by second-
and fifth-order polynomials very similar like the ones shown
in Figures 6 b4 and c4, but unfavorable to the use of higher-
degree polynomials (> 2) due to the low significance presented
by the coeflicients and/or non-random distribution of the
residues. In this sense, the use of second-order polynomial
models with a constant, or fifth-order ones with and without
a constant, will depend greatly on the intended form of use
for E. edulis.
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Figure 6. (a) Comparisons between the observed increments and those estimated by the polynomial models selected for the different
study areas; (b) Comparisons between the increments estimated by second- and fifth-degree polynomials for the different study areas;
(c) Comparisons between the residues obtained by the use of second- and fifth-degree polynomials for the different areas of study, where:

(1) Sao Pedro de Alcantara — Mata Secunddria, (2) Sdo Pedro de Alcantara — Miconietum, (3) Flona-Ibirama; and (4) UCAD-Floriandpolis.
Error bars indicate 95% confidence intervals (CI).
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4. CONCLUSIONS

The curves of current annual increment in conserved
populations of E. edulis, due to the higher number of
reproductive palms and larger DBH classes, have positive
asymmetry, its description being a necessary determinant
of the adjustment and tested polynomial models choice.

When the use of mathematical models is geared towards
ecological purposes, such as estimates related to population
development or fruit management (Paludo et al., 2012; Silva &
Reis, 2018, 2019), the use of fifth-degree polynomial models
with and without a constant presents better results, since it
aims to describe the large-diameter plants’ growth (above
the higher CAI peaks). Such equations stand out for their
superior capacity to adjust the positive asymmetry observed
in populations in a better conservation state.

When the modeling objective involves managing
populations of palm heart (Fantini & Guries, 2007; Reis
et al., 2000) or growth estimates in still young populations,
in which few plants are present above the higher increment
classes in DBH (between 6 and 10 cm), the use of quadratic
polynomial models with a constant is characterized as the
most appropriate.

The woody tree species basal area interfered in the increment
curves. Successively more advanced stages (higher basal area)
lowered E. edulis increment rates, possibly related to competition
in search of light and space. This fact is worth highlighting,
because although E. edulis is considered a climax species,
the reduction of its growth rate according to the succession
advance suggests difficulties in maintaining productivity, as
well as the possibility that populations exploited illegally or
without criteria require more time to recover. These results
corroborate observations from other studies, ranging from
the identification of lower development and survival of E.
edulis seedlings in more shaded environments to greater
growth of young and greater reproductive palms’ fertility
when they are present in altered areas versus protected
areas (Fantini & Guries, 2007; Neuburger et al., 2010; Portela
et al., 2010). Experiments on the response of E. edulis to
reductions in the forest’s basal area could provide important
information regarding the maintenance of the observed
growth rates at earlier stages.

The increment values were also affected by the reproductive
activity, being greatly reduced in reproductive palms. The lower
CALI values were even observed in plants that emitted more
reproductive structures, which was also observed by Silva &
Reis (2018), who indicated a higher reproductive frequency in
palms with higher DBHs. In this sense, it should be noted that
the establishment of a cut limit diameter (CLD) for the definition

of the moment of the harvest of the palm heart could limit the
number of reproductive plants in sustainable systems. This
would also hamper natural regeneration processes via potential
reductions in crossing rates, genetic diversity, dispersal, fruit
production, seeds and seedlings (Neuburger et al., 2010; Novello
et al., 2018; Portela et al., 2010; Silva & Reis, 2010, 2019).
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