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ABSTRACT — Monitoring analyses aim to understand the processes that drive changes in forest structure
and, along with prediction studies, may assist in the management planning and conservation of forest remnants.
The objective of this study was to analyze the forest dynamics in two Atlantic rainforest fragments in Pernambuco,
Brazil, and to predict their future forest diameter structure using the Markov chain model. We used continuous
forest inventory data from three surveys in two forest fragments of 87 ha (F1) and 388 ha (F2). We calculated
the annual rates of mortality and recruitment, the mean annual increment, and the basal area for each of
the 3-year periods. Data from the first and second surveys were used to project the third inventory measurements,
which were compared to the observed values in the permanent plots using chi-squared tests (o = 0.05). In
F1, a decrease in the number of individuals was observed due to mortality rates being higher than recruitment
rates; however, there was an increase in the basal area. In this fragment, the fit to the Markov model was
adequate. In F2, there was an increase in both the basal area and the number of individuals during the 6-year
period due to the recruitment rate exceeding the mortality rate. For this fragment, the fit of the model was
unacceptable. Hence, for the studied fragments, the demographic rates influenced the stem density more than
the floristic composition. Yet, even with these intense dynamics, both fragments showed active growth.

Keywords: Environmental monitoring; Markov; Plant biometrics.

DINAMICA E PREDICAO DA ESTRUTURA DIAMETRICA DE DOIS
FRAGMENTOS DE FLORESTA ATLANTICA NO NORDESTE DO BRASIL

RESUMO — Analises de monitoramento possibilitam o entendimento dos processos que levam a mudancas
na estrutura da floresta e, juntamente com estudos de predi¢cdo, podem auxiliar no planejamento do manejo
e conservagdo de remanescentes florestais. O objetivo deste trabalho foi analisar a dindmica de dois fragmentos
de Floresta Atlantica no estado de Pernambuco, Brasil e predizer a estrutura diamétrica, empregando o
modelo de cadeia de Markov. Foram utilizados dados do inventario florestal continuo com trés ocasioes,
para dois fragmentos florestais, com 87 ha (F1) e 388 ha (F2). Foram calculadas taxas anuais de mortalidade
e recrutamento, incremento médio anual e drea basal para todos os periodos analisados. Os dados obtidos
na 1%e 2°ocasides foram utilizados para realizar a proje¢do para 3“ocasido, que foi comparada aos dados
observados nas parcelas permanentes empregando o teste Qui-quadrado (a= 0.05). Em F1, houve redugdo
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no numero de individuos, devido as taxas de mortalidade que foram superiores ao recrutamento; porém,
houve um ganho de area basal. Nesse fragmento, o ajuste do modelo de Markov foi satisfatorio. Em F2,
houve aumento na drea basal e no numero de individuos no periodo de seis anos em fung¢do da taxa de
recrutamento superior a mortalidade. O modelo ndo foi eficaz para realizar a predi¢do. Portanto, para os
fragmentos estudados as taxas demogrdficas influenciaram mais a densidade do que a composi¢do floristica.
Mesmo com a intensa dindmica, os fragmentos mostraram crescimento ativo.

Palavras chave: Biometria vegetal; Markov, Monitoramento ambiental.

1. INTRODUCTION

One of the first practices before the conservation
or restoration of any vegetation remnant should be
the collection of monitoring data, because this allows
you to follow and understand the processes that result
in the vegetation changes as a whole (POSO, 2006).
This monitoring data can be obtained from permanent
plots, also known as continuous forest inventory, which
are required when forest temporal modifications are
to be analyzed. Acquiring multiple measurements in
these plots is the best, and often the only, way of
estimating the components of change through time.
Much of what is known about succession dynamics
has resulted from permanent-plot studies (CHAZDON
etal.,2007; HIGUCHI et al., 2008a).

Since forests are considered dynamic biological
systems, medium to long-term research in permanent
plots helps in simulating their succession dynamics

Nao aparece(ALDER; SILVA, 2000; PENG, 2000; CURTIS;
no texto MARSHALL, 2005). Through the application of growth

models, it is possible to predict vegetation trajectories
or to obtain relevant information for supporting
management decisions (PENG, 2000). According to
Vanclay (1994), a growth model is an abstraction of
the natural dynamics of a forest stand that can include
growth, mortality, and other changes in structure.

Among the available growth models, the transition
matrix or Markov chain stands out for its ease of
application and efficiency (VANCLAY, 1994). It is defined
as a probabilistic model with a finite number of states
in which transition occurs according to probabilities
(OSHO, 1991; SOUZA; SOARES, 2013; XIE etal., 2013).

Following this concept, the objective of this study
was to analyze the forest dynamics in two Atlantic
rainforest fragments in Pernambuco, Brazil, and to predict
future forest diameter structure using the Markov chain
model. As both fragments are mature forest with similar
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expected demographic rates, our primary hypothesis
was that the observed data would fit the Markov Model
and allow for the prediction of forest diameter structure.

2. MATERIALAND METHODS

The two forest fragments studied from now on
called F1 and F2 are more than 40-years old (TRINDADE
etal.,2008). F1 is the Cruzinha Forest, covers 87 ha
(07°41°24.87" S and 34°58°13.76" W) in the Goiana
municipality; F2, the Zambana Forest, covers 387.8
ha, and is located at 07°42°47" S and 34°59°26" W in
the Itaquitinga municipality. Both remnants are in north
Pernambuco State in northeastern Brazil and are immersed
in a matrix of sugarcane plantations, the main land use
in this landscape (CPRH, 2003). IBGE (2012) classifies
this forest as lowland ombrophilous dense with a Képpen
As’ climate. The mean annual temperature is 24.9 °C,
and the mean annual precipitation is 1,687 mm (data
from the Sao José Sugarmill Meteorological Station).
The forest occupies steep and narrow valleys carved
into the flat plateaus created by the Barreiras geological
formation. The resulting declivity is generally high,
usually over 45%, with sandy soils (CPRH, 2003).

In this study, we used continuous forest inventory
data from three study periods with intervals of three
years. In each fragment, 30 permanent plots were set
up using the 10 x 10 m (100 m?) fixed areas used in
previous studies (RABELO etal., 2015).

2.1 Forest structure and dynamics

F1 was inventoried in 2004, 2007, and 2010, while
F2 was inventoried in 2005,2008, and 2011. Whenever
possible, the measurements were made from August
to December. A fter the first inventory, individual plants
that reached the minimum pre-defined sample criterion
(circumference € 15 cm at breast height (CBH), or 1.30
m from the soil level) were annotated as recruitment
or input; dead individuals were also annotated. The
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recruitment rate was calculated as the ratio of the number
of new individuals to the number of individuals in the
previous monitoring. The mortality rate was defined
as the ratio of the number of dead individuals in the
observed period to the number of individuals the first
time the forest was inventoried.

2.2 Absolute increment

We calculated the mean periodic increments for
tree diameter. These values were obtained for all species
in each fragment for each inventory. The growth of
each species was calculated using the diameter increment
values for the evaluated periods produced by the
periodic-annual increment - PAI (SOUZA; SOARES,
2013). The net periodic basal area was estimated as
the sum of the cross-sections of surviving individuals,
which included recruitment but excluded mortality
(SOUZA; SOARES, 2013). All estimated parameters
were compared between monitoring years by applying
a chi-squared test (%?) using a 5% significance level
and a 2 X 2 contingency table.

2.3 Projection

We used data collected from the three inventories
(every three years) for building the transition matrix
(Markov chain). In this study, the system space was
composed of 11 states. State 1 was recruitment (R),
states 2—9 were diameter classes (with 5 cm intervals),
state 10 was the next diameter class (greater than the
last diameter class), and state 11 was mortality (M).
The construction of each probabilistic transition matrix
was done using a matrix of the absolute frequencies
of transitions between the states, considering the time
interval (t) (SOUZA; SOARES, 2013). The system
dynamics were represented by changes to a larger diameter
class; the diameter increment; the permanence of the
diameter class (diameter increment was insufficient
for a class change); the mortality (change from any
state to the state M); and the recruitment (input of
individuals into state 1 or, in the initial diameter classes,
by any eventuality). After preparing the transition matrix,
we derived a probabilistic transition matrix (pij) for each
projection interval. For the matrix inputs, we calculated
the probabilities associated with a transition between
states using the absolute frequencies in each state,
given by the relation: number of individuals in class
jattime t+1, given class 7 at time #; and the total number
of individuals in class i at time 7.

SIIF
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A probability of transition (pij) can be of n steps,
taking the form of p,, in which n indicates the number
of attempts, in other words, the probability that the
population goes from state i to state j in one attempt
or n attempts afterwards (SOUZA; SOARES, 2013).
In this case, we considered t = inventory 1 and t +
1 =inventory 2. The projection was performed for one
step forward (t + 2). Thus, it was possible to verify
if the frequency distribution projected by the Markov
chain for the third inventory of the permanent plots
was similar to the observed frequency (3rd inventory)
and thereby prove the model’s efficiency. Comparisons
between the projected and observed frequencies were
made using x? tests ata 5% level of significance (OSHO,
1991; TEIXEIRA et al., 2007; VASCONCELOS et al.,
2009).

Based on the projection of estimated frequencies
by the model, we also made an adjustment to simulate
plant recruitment. This consisted of simulating recruitment
by adding the same number of individuals recruited
in the previous interval to the projection in their
appropriate diameter classes (TEIXEIRA et al., 2007,
VASCONCELOS etal., 2009). This procedure was needed
due to the model limitation that it does not project
recruitment, being based only on the movement of trees
into larger diameter classes and on the exit of individuals
from the system through mortality.

3. RESULTS

3.1 Forest structure and dynamics

According to the y? tests, F1 had no statistically
significant differences in the number of individuals
or the number of species in the monitoring interval
from 2004 to 2007 [(chalculated =0.6)< (thabulated 005~ 3 84)],
with a turnover of species. However, there was a
significant increase in the species richness [(X° ., i
=19.2)> (% putared 005 = 3-84)] in the 2007-2010 period.

In F2, there were significant differences in both
the number of individuals and the number of species
[(chalculated =8.2)> (thabulatedoos =3.84)] due to the addition
of three species in the 2005—-2008 interval, but there
were no differences [(chalculated =2.5)< (thabulated 005
3.84)] for the 2008—2011 period. However, three species
with one individual each were excluded through mortality
(Table 1).
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Table 1 — Estimates of the parameters for the monitoring intervals: 2004—2007-2010 in F1 (Cruzinha) and 2005-2008—

2011 in F2 (Zambana).

Tabela 1 — Estimativa dos parametros nos monitoramentos realizados em: 2004-2007-2010 para o fragmento florestal
F1 (Cruzinha) e 2005-2008-2011 para o fragmento florestal F2 (Zambana).

Parameters F1 F2

2004 2007 2010 2005 2008 2011
Number of individuals ha! 1983.00 1957.00 1907.00 1800.00 1997.00 1867.00
Number of species 57.00 57.00 60.00 56.00 59.00 56.00
Basal area (G) m? ha'! 11.12 21.73 22.74 23.94 26.84 39.46
Mean diameter (cm) 12.11 12.78 12.21 13.00 13.07 16.39
Recruitment rate (% annual) - 3.16 1.25 - 3.31 1.52
Mortality rate (% annual) - 3.72 1.93 - 0.31 3.54
Periodic annual increment - PAI (cm year™!) - 0.88 0.28 - 0.19 0.64

In F1, there was a gradual reduction in the number
of individuals per hectare. The 2 test indicated an
insignificant decline in density between 2004 and 2007.
In contrast, the decrease for the 2007—2010 period was
significant (Table 1). In F2, there was a significant rise
in the number of individuals from 2005 to 2008, but no
differences were observed from 2008 to 2011 (Table 1).

When the dynamics were analyzed, the annual
rates of recruitment and mortality in F1 from 2004 to
2010 were 4.73% and 6.15% (Figure 1A), respectively,
thus exhibiting a higher mortality rate. Therefore, many
individuals were leaving the system (through death).
The y? test indicated no significant differences between
2007 and 2010 in recruitment, mortality (annual %),
or the periodic-annual increment [()*_ . jueq = 0-1) <
(0 abutared 0.05 = 3-84)]. It is worth mentioning that the
mortality rates for 2007-2010 were minimal in comparison
to those of the previous period (2004—2007). The decrease
in the number of individuals occurred due to higher
mortality rates in all evaluation periods (Table 1, Figure
1A). We found that 32.35% of the individuals that died
between 2004 and 2010 belonged to the Pogonophora
schomburgkiana, Eschweilera ovata, and Clusia cf.
nemorosa populations. At the same time, 41.17% of
the recruitment was of P. schomburgkiana and E. ovata
plants. Thus, the populations with greatest densities
contributed to both the mortality and recruitment rates.

In F2, the annual rates of recruitment and mortality
for the 2005—2011 period were 4.87% and 3.70%,
respectively (Figure 1B). The rates differed significantly
between 2008 and 2011 [(chalculated =6.9)> (thabulated 0.05
= 3.84)]. The E. ovata, P. schomburgkiana, and
Thyrsodium spruceanum populations made up 63.51%
of the recruited individuals in this period, while 20.37%
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of the mortality came from the P. schomburgkiana and
T. spruceanum populations. These rates demonstrate
the pattern of the densest populations contributing
to the greatest proportion of mortality in the fragment.

3.2. Absolute increment

The periodic annual increment for all of the species
inF1 from 2004 t0 2010 was 0.577 cm-year”', varying from
0.218 to 1.406 cm-year. In the first monitoring period
(2004-2007), the mean value was 0.83 cm-year' (0.147—
2.434 cm-year'), whereas it was 0.278 cm-year' (0.080—
0.814 cm-year) for the 2007—2010 period (Table 1).
This reduction in the mean increment is directly linked
to the decrease in the number of individuals in this
interval, as it was not possible to pair the measurements
up and verify the increment due to the death of individuals
in the following monitoring period. In this fragment,
there was a significant gain in the basal area from 2004
to 2007, while there were no differences from 2007 to
2010 (Table 1). Significant differences were found in
the mean diameter from 2004 to 2007 [(X”_,.iuea = 17-6)
> (A abutated 0.0 = 3-84)], but there were no significant
differences from 2007 t0 2010 [(X”_,,..1uea = 0-) < O butarea
005 = 3-84); Table 1)]. Considering the entire assemblage,
the significant gain in basal area is explained by the
high recruitment rates in the P. schomburgkiana and
E. ovata populations, even though the mortality rate
was higher than the recruitment rate in this period.
In addition, the remaining individuals experienced strong
growth according to the mean increment and diameter values
for2007 (Table 1). The average variation of the increments
from 2004 to 2010 was 64%, which indicates differences
in the diametric growth between individuals of the same
species. We also had negative increments for species

with only one individual.
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Figure 1 — Annual rates of recruitment and mortality in the periods 2004-2007, 2007-2010, and 2004-2010 for the F1
(Cruzinha) fragment (A); and in the periods 2005-2008, 2008-2011, and 2005-2011 for the F2 (Zambana)

fragment (B).

Figura 1 - Taxas anuais de recrutamento e mortalidade nos periodos: 2004-2007, 2007-2010 e 2004-2010 para o fragmento
F1 (Cruzinha) (A) e 2005-2008, 2008-2011 e 2005-2011 para F2 (Zambana) (B).

In F2, the periodic annual increment for all of the
species from 2005 to 2011 was 0.395 cm-year (0.014—
1.280 cm-year'). From 2005 to 2008, it was 0.19 cm-year™,
increasing from —0.146 to 0.647 cm-year’, while from
2008 t0 2011, it was 0.637 cm-year, increasing from
0.0491t02.261 cm-year! (Table 1). This increase in the
annual increment occurred even with a mortality rate
greater than the recruitment rate in the 2008—2011 interval.
This may be because most of the individuals in that
inventory belonged to the initial diameter classes. In
addition, the individuals remaining from the previous
monitoring grew dramatically in the following years,
as can be seen by the 2011 mean diameter value (Table 1).
There was an increase in the basal area throughout
the years (Table 1) in this fragment, although the increase
was insignificant for the individual periods.

3.3. Diameter distribution

During the monitoring of both fragments, the
diametric distribution curves showed the highest
frequencies for the individuals in the first diameter
classes (smallest class centers). As the diameter increased
(largest class centers), the frequency of individuals
in the categories decreased. This pattern is characteristic
of native forests (Figures 2A and B).

In 2004, 84% of the individuals in F2 were in the
first diameter class (7.27 cm). At the second monitoring,
this percentage dropped to 65%, and it was reduced
even further (61%) in the third measuring period. Only
3.9% of the plants were in the third class (17.29 cm)
in 2004, but this increased to 7.7% in 2007 and 8.7%

SIIF

in 2010. The calculated 2 value for the diameter
distribution in the 20042007 interval was 108.3 (X*_, .cca
=14.07), indicating significantly different distributions
(p <0.05). For the 2007-2010 interval, the calculated
value was 7.5 ()%, iea = 14-07), an insignificant difference
(p>0.05). Thus, it is can be inferred that the individuals
in this assemblage were moving to the larger classes
and establishing themselves in the fragment, which
tended to stabilize their densities.

InF2, 54.5% of the plants were in the first diameter
class (7.27 cm) in 2005. In 2008, this percentage rose
to 57.3%, but it dropped to 46.1% in 2011. A recruitment
rate greater than the mortality rate explained the increase
in the number of individuals in the first class between
2005 and 2008. The decrease from 2008 to 2011 was
due to the mortality rate, which was greater than the
recruitment rate in this period, when most (68.4%) of
the plants that died belonged to the first diameter class.
The calculated 2 value for the diameter distribution
between 2005 and 2008 was 10.3 (%, juea =14-07),
indicating no significant differences (p > 0.05). For
the 20082011 period, the 2 value was 55.8, a significantly
different distribution (p < 0.05). Thus, a significant
decline in the number of plant stems in the first diameter
class was confirmed, as well as an enhancement in
the larger classes.

The majority of the P. schomburgkiana and E.
ovata plants in F1 were in the first diameter classes,
which directly influenced the diameter distribution in
the assemblage. In F2, the greatest concentration of
plants in the E. ovata, P. schomburgkiana, and T.

Revista Arvore, Vicosa-MG, v.40, n.2, p.307-317, 2016
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Figure 2 — Diameter distribution of the individuals in the F1 (Cruzinha) fragment in the years 2004, 2007 and 2010 (A)
and the F2 (Zambana) fragment in the years 2005, 2008 and 2011 (B).
Figura 2 — Distribui¢do diamétrica dos individuos no fragmento F1 (Cruzinha) nos anos 2004, 2007 e 2010 (A) e fragmento

F2 (Zambana) nos anos 2005, 2008 e 2011 (B).

spruceanum populations also occurred in the first
classes. In addition, the expansion in the number of
individuals in 2008 was due to the recruitment of these
species of plants into the first diameter classes.

3.4. Projection

The projection of the frequency distribution for
the classes in F1 for the year 2010 (a 3-year time interval)
is shown in Table 2.

‘We observed underestimates for the 7.27-cm and
12.28-cm classes. According to the y? test, the observed
and projected frequencies for the calculated diameter
classes differed (5% p <0.05 and p <0.01). However,
due to the limitation that the Markov model does not

project recruitment, we used the recruitment from the
previous period (2004—2007) as a simulation. Including
the recruitment appropriate to each class, the test revealed
no significant differences (5% and 1%) between the
observed and projected frequencies of the model, and
thus according to the y? tests at the 5% significance
level, it was a suitable fit. This finding is evidence
that the Markov model is efficient for predicting the
diameter distributions in this fragment.

The frequency distributions in F2 are shown in
Table 3. When we compared the observed frequencies
to those estimated by the Markov model, significant
differences were found, with overestimates for the 7.27-
cm and 12.28-cm classes.

Table 2 — Observed frequency (OF), projected frequency (PF), and projected frequency plus recruitment (PF+R) for the
year 2010, with the number of individuals and the values of the chi-squared test (% ,,......a) Calculated for the
5 cm diameter class intervals for fragment F1 (Cruzinha) in Goiana, PE. Cc = class center. x* =~ =18.4;

= 14.07.

2
X tabulated 0,05

Tabela 2 — Frequencia observada (FO) em 2010, frequéncia projetada (FP) e frequéncia projetada com recrutamento
(FP+R) para o ano de 2010 do numero de individuos e valores do teste Qui-quadrado (y’calculado) calculado
por classe de didmetro com 5 cm de intervalo para o fragmento F1 (Cruzinha), Goiana, PE. Em que: Cc =

Centro de classe. Sendo: jfmbelm 001 = 18,4; szbemda 005 = 14,07.

Cc 2010 OF 2010 PF X2 2010 PF+R X2
7.27 340 256 27.31 291 8.13
12.28 106 100 0.35 109 0.09
17.29 48 51 0.22 54 0.74
22.3 36 36 0.00 37 0.05
27.31 8 9 0.13 11 0.86
32.32 5 7 0.76 7 0.76
37.33 4 3 0.62 3 0.62

> 39.84 3 5 1.01 5 1.01
Total 30.40 12.26

Revista Arvore, Vi¢osa-MG, v.40, n.2, p.307-317, 2016
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Table 3 — Observed frequency (OF), projected frequency (PF)
for the year 2011 with the number of individuals
and values of the chi-squared test (x°_,,_....) calculated
for the 5 cm diameter class intervals for fragment
F2 (Zambana) in Itaquitinga, PE. Cc = class center.
thabl\/‘lated‘0,0I =1 84’ thabulated 0.05 A: 1407 .

Tabela 3 — Frequencia observada (FO) e frequéncia projetada
(FP) para o ano de 2011 do niimero de individuos
evalores do teste Qui-quadrado (y° ,.....) calculado
por classe de diagmetro com intervalos de 5 cm, para
o fragmento F2 (Zambana), Itaquitinga, PE. Em

que: Cc = Centro de classe. Sendo: y°

tabelado 0,01

18’4" erabemdu 0,05 = ]4’07'

Cc 2011 OF 2011 PF X cateutated
727 248 306 11.1
12.28 125 141 1.91
17.29 64 61 0.11
23.30 43 23 17.2
27.31 22 17 1.7
32.32 15 13 0.19
37.33 9 5 2.68

> 39.84 12 5 9.8
Total 44.7

The period used for the projections (2005-2008)
explains the lack of adjustment to the model, because
recruitment was higher than mortality between 2005
and 2008, whereas from 2008 to 201 1, the mortality
was higher than recruitment. These unstable
demographic rates made it impossible to find an
acceptable model fit.

4. DISCUSSION

4.1. Forest structure and dynamics

Looking at the species richness of the fragments
for the 6-year interval, we noted a relatively constant
number of species with minimal species turnover, which
was primarily of those species with few individuals.
We conclude from this finding that the demographic
rates influenced most were related to density rather
than floristic composition.

It is known from empirical data that the richness
of woody species in tropical forests increases rapidly
during the first years of succession, leading to values
comparable to those for mature forests in only a few
decades (GUARIGUATA; OSTERTAG, 2001). From that
point on, and in the absence of severe disturbance,
there are few changes in the floristic richness and species
abundance, which is an indication of stability (SWAINE
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etal., 1987; MANOKARAN; KOCHUMMEN, 1987).
There are two ways of verifying stability: 1) when
population sizes do not change numerically, and 2)

when there is no variation in species number (OSHO,
1991).

We found strong dynamics in both fragments, with
the ingress and exit of individuals. In F1, the balance
was negative for all analyzed periods, with more departures
than arrivals of individuals into the system. The exit
of individuals from the P. schomburgkiana and E. ovata
populations, which had high densities in 2004, but
lost individuals in the following inventories (2007 and
2010), explains the high mortality rates in this fragment.
These results support Shen et al.’s (2013) findings
regarding another subtropical forest, in which they
found that populations with the greatest densities were
also the ones that most contributed to the mortality
rates, thereby exhibiting intra-specific competition.

The fact that the mortality rates remained higher
than the recruitment rates does not mean that the
assemblages were undergoing an absolute decline,
because this is expected in forests undergoing
successional development. During this process, the
loss of individuals occurs, among other things, as a
function of basal area enhancement due to the growth
of the surviving trees (PHILLIPS et al., 2002). This
pattern has been confirmed by many studies
(APPOLINARIO etal.,2005; OLIVEIRA FILHO et al.,
2007; HIGUCHI et al., 2008a; HIGUCHI et al., 2008b;
MIGUEL etal., 2011) and is defined as self-thinning,
described as a decline in density along with an increase
in the basal area and the growth of the remaining
individuals (BROWN; LUGO, 1990; OLIVEIRA-FILHO
etal., 1997; CHAZDON et al., 2007). This scenario is
frequently associated with the intermediate or late building
phases of the silvigenetic cycle, i.e., the advanced
phases of post-disturbance regeneration (OLIVEIRA
FILHO- etal., 1997; RICE et al., 2004; HIGUCHI et al.,
2008Db).

F1 fits this competitive model, because although
areduction in the number of individuals was recorded
for all periods, a gain in basal area occurred throughout
the monitoring periods. According to Chazdon et al.
(2007), basal area accumulation is linked more to tree
growth rates than to changes in density due to recruitment
and mortality. Brown and Lugo (1990) point out that
this pattern is expected for forests in an active growth
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phase, because it demonstrates the tendency towards
a progressive increase during the course of succession.

In F2, the recruitment rates were higher than the
mortality rates in the 2005—2008 interval, contrasting
with the 2008—2011 period when mortality was higher,
indicating a relatively unstable system with regard to
the input and output of plants. Looking at the 6-year
interval (2005-2011), the recruitment rate was of
4.8%-year! and the mortality rate was 3.7%-year!, while
in F1, mortality exceeded recruitment in all of the evaluated
periods with a recruitment rate of 4.7%-year! and
mortality rate 6.1%-year! over the 6-year period (2004—
2010). Felfili (1995) has stated that mortality rates of
~3.5%-year! are typical of disturbed areas. Another
group of investigators reported that demographic rates
up to 2% are characteristic of more stable forest systems
without major disturbances, with population sizes
remaining numerically constant in a dynamic
equilibrium. This balance does not imply inactive
communities lacking changing capacity with time,
but instead indicates systems that can rapidly respond
to changes in the surrounding matrix (SWAINE et
al., 1987, MANOKARAN; KOCHUMMEN, 1987;
LOPES; SCHIAVINI, 2007).

Felfili (1995) and Felfili et al. (2000) observed that
periods of instability, or changes between the mortality
and recruitment rates, can be a part of a rhythmic cycle
in some undisturbed forests, which reach balance through
periods of high mortality or biomass loss alternating
with periods of high recruitment or biomass gain. In
these cases, the imbalance between mortality and
recruitment is attributable to natural processes, as
mortality occurs first and is followed by recruitment
(FELFILI, 1995). Hence, itis possible that F 1 is experiencing
the phase of a rhythmic forest cycle favoring mortality
processes, with a consequent decrease in density; in
the following years, the process may or may not revert
to favor recruitment. In contrast, F2 was in a forest
cycle that sustained more recruitment during the 6-
year interval of the study.

4.2. Absolute increment

The variations in the increments for the studied
fragments over the 6-year interval were similar to those
reported for related tropical forests. Figueredo Filho
etal. (2010), studying a mixed rainforest, found a mean
variation of 67% for all of the species in the National
Forest of Irati, Parand. Variations in growth, both between
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and within species, occur between individuals due to
dissimilarities in crown size, crown illumination, and
the influence of genetic factors. The negative increments
recorded for some of the species in the fragments were
only for singleton species. Negative increments are
usually due to environmental or methodological
circumstances such as years with more or less rainfall,
which can produce stem changes in some individuals
as a result of plant swell; the stem not being cleaned
before taking the measurement; the very slow growth
of some species; or minor alterations in the measuring
methods (MARTINEZ-PASTUR etal.,2007; FIGUEREDO
FILHO etal., 2010).

4.3. Diameter distribution

Plants in the first classes predominated the
distribution of individual plants in both fragments.
As Shen etal. (2013) reported, this distribution can
suggest recruitment stability, whereas bell-shaped
distributions indicate a decline or lack of recruitment.
However, different distribution shapes can also appear
from different forest typologies (SHEN et al., 2013).

In F1, the diameter distribution for the plants had
reduced numbers in Class 1 (7.27 cm) over the years,
which, along with the enhancement in the number of
plants in the subsequent monitoring intervals (2007
and 2010), points towards migration into the larger
classes. The same distribution pattern occurred in F2,
with the exception of an insignificant increase in the
number of individual plants in classes 1 and 2 in the
2008 inventory.

An increase in biomass of the surviving trees is
the likely explanation for this pattern. The tendency
is for plants to transition into the larger diameter classes,
as described in the results for similar research (OLIVEIRA
FILHO etal., 1997;APPOLINARIO etal.,2005; OLIVEIRA
FILHO etal., 2007; HIGUCHI et al., 2008a). Given the
high number of young plants that will themselves replace
the present-day adults in the future, it can be inferred
that the analyzed forest fragments are under development
and moving towards relative community stability.

4.4. Projections

For F1, we found a suitable fit to the model’s estimated
frequencies due to the decision to add the same number
of recruits as in the previous period (2004—2007) to
the classes in 2010, a practice applied by other researchers

SIIF



Dynamics and prediction of diametric...

(TEIXEIRA etal., 2007; VASCONCELOS etal., 2009).
This alternative aims to simulate recruitment for the
projection period, because the model is based only
on the movement of trees to larger classes and their
exit from the system through mortality. Moreover, the
projections in this study were for short-term periods.

The same significant differences were detected
in F2 between the estimated and observed frequencies.
However, these differences occurred as a function of
the fluctuations in the demographic rates, i.e., the
instability in the demographic rates restricted the
predictive characteristic of the Markov chain values.
In contrast, the periods analyzed for F1 maintained
relative equilibrium in the demographic rates, because
the mortality was higher than the recruitment in all
intervals.

The Markov chain appropriately assesses the
diameter structure of a forest provided the forest maintains
a slow growth rhythm and the projection is generated
for short periods. For an acceptable model, the relative
equilibrium between the regeneration and disturbance
processes should be considered, and the abundance
should tend to remain constant (KOROTKOV et al.,
2001; XIE etal., 2013). If these conditions are not verified,
this technique can generate biased and imprecise
projection estimates. Vanclay (1994) affirms that
recruitment and mortality can influence the prediction
of growth and production, primarily because of its
uncertainties. Thus, the model was infeasible for F2
due to the fluctuations in its demographic rates.

5. CONCLUSIONS

In the fragments studied, the demographic rates
influenced the density more than the floristic
composition. Even with the intense dynamics of
individuals entering and exiting, the plant assemblages
in the fragments showed active growth, meaning that
they were progressing in the course of succession.
The diameter distribution results confirm our inferences
for both of the analyzed fragments, because the greater
concentration of young individuals or individuals in
the smallest classes provides a stock for natural
regeneration in future forest development.

Regarding the predictions, the fluctuations in
the F2 demographic rates influenced the density and
negatively affected the diametric structure prediction.
On the other hand, the demographic rates in F1 were
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essentially at equilibrium and did not bias the density,
allowing for a useful prediction of the diameter structure
using the Markov model. Thus, the model applied
in the our study is adequate for predictions, bearing
in mind that intense individual input and output
dynamics in an assemblage can greatly influence that
prediction.
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