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Carbon stock and dynamics in a managed forest in Central Amazon
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Resumo

A floresta amazobnica tem estado cada vez mais em evidéncia nas discussdes mundiais acerca de seu
papel central no controle das mudangas climaticas globais, tanto pela capacidade de emitir gases do
efeito estufa para a atmosfera, via queimadas ou desmatamentos, como de absorver carbono da atmos-
fera por meio do crescimento do povoamento. Este trabalho analisou dados de uma floresta manejada
experimentalmente em 1987, em Manaus/AM. O objetivo foi estudar o estoque e dindmica de carbono.
Os inventarios florestais foram realizados em 15 hectares de parcelas permanentes. As taxas médias de
recrutamento foram de 4,9%, 4,8%, 3,7% e 5%, para os tratamentos testemunha e exploragdo de 1/3,
1/2 e 2/3, respectivamente; e as taxas médias de mortalidade foram de 3,1%, 6%, 4,8% e 6,7%, para os
tratamentos testemunha e exploragao de 1/3, 1/2 e 2/3, respectivamente. A area basal (23,1 m? ha, 23,6
m? ha' e 23,7 m? ha™), o volume (345 m? ha"' em 2005, 351,3 m® ha' em 2007 e 353,7 m® ha' em 2010)
e o estoque de carbono (149,2 t ha' em 2005, 151,8 t ha' em 2007 e 152,6 t ha' em 2010) apresentaram
aumento a cada medigao realizada. Entretanto, a diferenca estatistica entre estes valores nao foi significa-
tiva, assim, concluiu-se que a floresta manejada experimentalmente esteve em equilibrio com a atmosfera
durante o periodo avaliado. A comparagao do estoque de carbono dos anos mensurados com o estoque
pré-exploratorio, em 1986, mostrou que no ano de 2010 o estoque de carbono se igualou ao conteudo de
antes da exploragéo florestal, significando a recuperagao da floresta.
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Abstract

The Amazon forest has been in evidence in global discussions about their role in control of global climate
change, both by the ability to emit greenhouse gases into the atmosphere via burning or thinning, how to
absorb carbon from the atmosphere by through the growth of the stand. This study analyzed data from a
forest managed in 1987, in Manaus/AM. This work aimed to study the carbon stock and dynamics. The
forest inventories were conducted in 15 hectares of permanent plots. The average rates of recruitment
were 4.9%, 4.8%, 3.7% and 5% for control treatments and logging of 1/3, 1/2 and 2/3, respectively, and
the average mortality rates were 3.1%, 6%, 4.8% and 6.7%, for control treatments and logging of 1/3, 1/2
and 2/3, respectively. The basal area (23.1 m? ha' in 2005, 23.6 m? ha' in 2007 and 23.7 m? ha'in 2010),
the volume (345 m?3 ha™ in 2005, 351.3 m® ha' in 2007 and 353.7 m® ha" in 2010) and the carbon content
(149.2t ha'in 2005, 151.8 thain 2007 and 152.6 t ha' in 2010) increased in all measurements. However,
the statistical difference between these values was not significant, so it was concluded that the forest was
in equilibrium with the atmosphere during the period evaluated. A comparison of the carbon stock of the
years measured with the stock pre-exploratory, in 1986, showed that in 2010 the carbon stock equaled the
content before logging, meaning the forest recovery.

Keywords: forest management, climatic changes, biomass, forest dynamics.

INTRODUCTION

Tropical forests, mainly the Amazon rainforest, are important to control the global climate chan-
ges, both by the capacity to emit greenhouse effect gases into the atmosphere, via burnings or defo-
restation, and to absorb carbon from the atmosphere by the growth of the settlement. On one hand,
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the forest can act as a sink, because trees absorb carbon during photosynthesis and store the excess
in the form of biomass (HIGUCHI et al., 2004). Bellassen and Luyssaert (2014) claim that in recent
decades, the forests have absorbed about 30% of the annual CO, emissions, the equivalent to 2 Pg
of carbon per year.

However, forests can also be carbon sources due to the reduction in their productivity and in-
crease in mortality rates arising from the increase in temperature and the severity of the drought
(CLARK, 2004, HIGUCHTI et al., 2011), or due to deforestation and burnings, significant sources of
greenhouse gases to the atmosphere (FEARNSIDE, 1997; Houghton et al., 2000). The disclosure of
the second inventory of greenhouse gases emission of Brazil (SEEG Brasil, 2017) showed that defo-
restation and agricultural activities are responsible for the larger share of carbon dioxide emissions,
with net emissions in the sector representing 68% of the total emissions of this gas in 2015 and
about 20% of global emissions of greenhouse gases. According to Brienen et al. (2015), the Amazon
rainforest is one of the largest reservoirs of terrestrial carbon, with stock of 150 to 200 Pg C in living
biomass and soils. To properly manage this immense natural reservoir of carbon will certainly grea-
tly contribute in the effort to reduce emissions of carbon into the atmosphere in Brazil.

In 2014, IPCC disclosed in its report on global warming that practices in forest management are
important to account for both mitigation and adaptation. The possible practices and impacts are:
management of forests for sustainable timber production including extending rotation cycles, redu-
cing damage to remaining trees, reducing logging waste, implementing soil conservation practices,
and using wood in a more efficient way, sustainable extortion of wood energy (IPCC, 2014).

The sustainable forest management offers two possibilities for mitigating the effects of global
warming: storing carbon in wood products, while the managed forest grows again (capturing more
carbon from the atmosphere), and through changes in logging practices, which can significantly re-
duce the damage to the remaining forest and the consequent carbon emission (FEARNSIDE, 1995).

This study aims to evaluate the contribution of the sustainable forest management to the carbon
sequestration from the atmosphere, through the quantification of carbon stock and dynamics in
Central Amazon.

MATERIAL AND METHODS

Experimental site

The study was performed at Experimental Station of Tropical Forestry of the National Institute
for Amazon Research, INPA, in the municipality of Manaus (AM), between the coordinates 2°37’ to
2038 Sand 60° 09’ and 60° 11" W.

The forest cover is typical of tropical humid dense forest of terra firme, characterized as one of
the most heterogeneous of the Amazon. By Koppen classification, the climate of the region is of the
“Amw” type, tropical rainy, with high temperature, rainfall, and relative humidity. The mean annual
temperature is 26.7 °C and the mean annual relative humidity is 83%. Annual precipitation reaches
2500 mm, being concentrated mainly in the rainy season, between the months of December and
May. The so-called dry season occurs between June and November.

The most representative soil of the region is the yellow latosol, which occupies the surface of pla-
teaus, with the presence of mean and porous horizon, situated between two little porous horizons
(CHAUVEL, 1982).

Experimental design
The experimental design was in randomized blocks, being four blocks of 24 ha (400 x 600 m).
Each block contained six treatments of 4 ha (200 x 200 m), corresponding to the different silvicul-
tural treatments applied in 1987, when logging was done. The logging treatments used were:
- Treatment 0: control, without logging;
- Treatment 1: removal of 1/3 of the basal area;
- Treatment 2: removal of 1/2 of the basal area;
- Treatment 3: removal of 2/3 of the basal area.
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The permanent plots of 1 ha each (100 x 100 m) were installed in the center of the treatments,
canceling possible edge effects. Selective exploitation treatments were applied in 1987. The forest
dynamics data used were those of the years 2005, 2007, 2009, and 2010, to conform to forest inven-
tories conducted in the same years, in non-managed areas.

All individual trees with diameter at breast height (DBH) equal or superior to 10 cm were me-
asured. With the collected data, we calculated the rates of recruitment and mortality, the periodic
annual increments in DBH (PAI,, cm year'), basal area (PAI, m* ha' year"), volume (PAI, m?
ha' year"), and carbon stock (PAI_, t C ha” year™).

The individual volume (v,) was obtained by using the equation adjusted by Lima (2010) for the
central region of Manaus. Volume per hectare (plot) was obtained by the sum of the individual
volumes of each tree.

v.=0.001176 * (DBH)'****  (R* = 0.89 and uncertainty = 4.0%)

In which:
v, = trade volume with bark in m’;
DBH = diameter at breast height in cm;
For the determination of the cartbon content, we used the equations proposed by Silva (2007).

FB, =22737x DBH' (R’ =0.85)
FB, =2.7179 x DBH"" (R = (.94)
DB, =(FB,)x0.592
DB, = (FB,)x 0.584
C,, = (DB, )x 0.485

C, = (DB,)x 0.485

In which:

FB = above-ground level fresh biomass;

B, = total fresh biomass (above ground level + thick roots);
DB, = above-ground level dry biomass;

DB, = total dry biomass (above ground level + thick roots);
C,, = vegetation carbon above-ground level;

C,, = total carbon (above ground level + thick roots).

The statistical analyzes were performed to assess if the increases in diameter, basal area, volume
and carbon stock, mortality, recruitment and annual periodic increments (in diameter, basal area,
volume and carbon stock) were influenced by different treatments over time. For this we used the
analysis of variance with repeated measures in time. The treatments were the years of measurement.

To evaluate the forest recovery after the experimental management, an analysis of variance was
made, to compare the forest carbon stocks before and after the logging, followed by a multiple com-
parison procedure, Dunnett’s test, taking as a control factor the carbon stock in the forestin 1986.

All analyzes were performed using the statistical software SAS® 9.2.

RESULTS AND DISCUSSION

In the evaluated forest area, were identified in 2010 7,097 individuals from 284 species belonging
to 50 botanical families. Regarding carbon stock, the most representative families were Lecythida-
ceae, Fabaceae, Sapotaceae, Euphorbiaceae, Apocynaceae, Burseraceae, and Lauraceae, respectively.
These data are detailed in Table 1.
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Table 1. Carbon stocks (in 2005, 2007 and 2010) and increments for the most representative families of the ma-
naged forest.

Tabela 1. Estoques e incrementos de carbono (em 2005, 2007 e 2010) para as familias mais representativas da
floresta manejada.

C Increment C Increment
Family Cigsk CRigrk C 5 2005-2007 2007-2010
(t ha') (t ha') (t ha') (t ha' year™) (t ha' year™')
Lecythidaceae 300.76 305.21 311.78 2.22 2.19
Fabaceae 274.97 279.17 290.65 2.09 3.83
Sapotaceae 194.57 194.22 191.87 -0.17 -0.78
Euphorbiaceae 125.47 128.81 130.06 1.67 0.41
Apocynaceae 80.13 79.38 80.62 0.37 0.41
Burseraceae 76.40 77.74 80.37 0.67 0.87
Lauraceae 69.88 72.22 72.57 1.17 0.12

The species with the highest carbon stocks were Eschweilera coriacea (DC) S.A. Mori (76.7 tons
of carbon in 2010), Couratari alta (40.8 t C), Protium hebetatum (37.6 t C), Micrandropsis scleroxylon
(32.3t C) and Inga obidensis (31.2 t C). There was a predominance of pioneer species. Besides Inga
obidensis, the following species also showed significant values: Croton lanjouwensis (29.4 t C), Cecro-
pia sciadophylla (14.3 t C) and Vismia sp. (14.1 t C).

Regarding the floristic composition, other authors obtained similar results in the same field of
study, such as Jardim and Hosokawa (1986) and Carneiro (2004 ), which highlighted that the Sapo-
taceae family was the richest in number of species; however, the botanical family with the highest
number of individuals was Lecythidaceae. In this study, the species that showed higher carbon sto-
cks were: Eschweilera coriacea (D.C.) S.A. Mori (matamata amarelo, with 76.7 t of carbon in 2010),
Couratari alta Kunth. (tauari, with 40.8 t C), Protium hebetatum D.C. Daly (breu vermelho, with 37.6
t C), Micrandropsis scleroxylon (W.A. Rodrigues) W.A. Rodrigues (pidozinho, with 32.3 t C) and Inga
obidensis Ducke (inga vermelho, with 31.2 t C).

We evaluated the recruitment and mortality rates for each applied treatment. Between 2005 and
2010, the recruitment and mortality rates showed a great variation, with no clear definition of a
behavioral pattern. In most cases, the recruitment rates observed were higher than the mortality
rates in the analyzed periods. The results regarding the annual recruitment and mortality rates can
be found in Table 2.

Table 2. Annual recruitment and mortality rates (%) for the periods 2005/2007 and 2007/2010.
Tabela 2. Taxas de recrutamento e mortalidade anuais (%) para os periodos 2005/2007 e 2007/2010.

Recruitment (%) Mortality (%) Recruitment (%) Mortality (%)
Treatment 2005/2007 2007/2010
0 4.65 2.46 5.17 3.75
1 3.96 3.98 5.67 8.18
2 3.77 2.81 3.69 6.91
3 4.71 4.36 5.29 9.13
Mean 4.14 3.72 4.88 8.07

Fontes (2012) claims that deaths of trees are more frequent in the rainy season, indicating a
strong influence of the rainfall on tree mortality (the storms were responsible for 45% of deaths).
Higuchi et al. (2011) and Negron-Juarez et al. (2010) also concluded that the combination between
rainfall and winds is responsible for most of the tree mortality in the Amazon region, supplanting
the hydric stress caused by drought events.

In the Tapajos National Forest, Silva et al. (1995) obtained recruitment rate of 3.1% per year,
eleven years after heavy exploitation and without silvicultural treatments. In the forests of Vitéria
do Jari/AP, recruitment values were significantly lower. Azevedo et al. (2008), analyzing the effect
of different levels of exploitation on the dynamics of the remnant forest, found the following mean
values of total recruitment: 1.68% for light exploitation treatments, 2.15% for the average, and
2.41% for the heavy ones, with global mean of 2.08% per year, after twenty years of monitoring
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post-exploitation. As for mortality, Kohler et al. (2001) state that, normally, the mean rates in undis-
turbed tropical forests vary between 1% and 3.2% per year, values close to those found in this study.
In studies in the Brazilian Amazon forest, Alder and Silva (2000) found mortality rates ranging
between 0.5% and 4.1%. Several authors found lower mortality rates than those recorded in this
study. In a study conducted by Colpini et al. (2010), the mortality rate of a forest in Mato Grosso
was 0.78%. Higuchi et al. (2004 ) found mortality of 0.7% in a forest in the region of Manaus (AM),
between 1986 and 2000. Silva et al. (1995) studied a forest in the Amazon 13 years after logging,
and achieved annual mortality rate of 2.2% for all species and 1.3% for commercial species.

The difference between the applied treatments was also evaluated regarding carbon sequestra-
tion. Figure 1 graphically shows the evolution in the carbon stock for the studied treatments.
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Figure 1. Carbon dynamics (annual mean) of trees with DBH > 10 cm in Manaus region in the period between 2005
and 2010.

Figura 1. Dinamica do carbono (medias anuais) de arvores com DAP > 10 cm na regido de Manaus no periodo entre
2005 e 2010.

Observing Figure 1, we notice that the unlogged area presented the greatest carbon stocks throu-
ghout the period evaluated. In addition, the amount of carbon is increasing over time. Concerning
logging treatments, the treatment 2 (removal of V2 of the exploitable basal area), was the only one
that has shown increase in the amount of carbon. This and the logging of 1/3 of the basal area
showed a reduction in values between the 2007 and 2010 measurements. By way of comparison,
in 1986, one year before the experimental exploitation held in the area, the mean stock of carbon
in the area was of 167.5 t ha, i.e., a value rather close to the stock of the unexplored area in the
year of 2010. Table 3 shows the mean values of DBH, basal area, volume, and carbon stock for the
area experimentally managed. We performed analysis of variance of measures repeated in time, in
which all the variables analyzed significantly varied over time (p < 0.0001, p = 0.0014, p = 0.0014,
and p = 0.0077, for DBH, basal area, volume, and carbon stock, respectively). When considering
the interaction between time and treatment, i.e., the evaluation of whether the logging treatments
influenced these variables, only the DBH showed a statistically significant difference (p = 0.0003).
Thus, we could say that, statistically, the applied treatments only exerted significant influence on the
behavior of DBH with the passage of time.
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Table 3. Mean values (mean + standard deviation) of DBH (cm), basal area (m? ha'), volume (m3 ha'), and total
carbon stock (t ha) in the years 2005, 2007, and 2010 on each evaluated logging treatment (for indivi-
duals with DBH = 10 cm).

Tabela 3. Valores médios (média + desvio padrdo) de DAP (cm), area basal (m2ha), volume (m? ha') e estoque de
carbono total (t ha'l) para os anos de 2005, 2007 e 2010, para cada tratamento avaliado (para individuos
com DAP = 10 cm).

Year Treatments DBH (cm) BA (m? ha') V (m3 ha) C (t ha')
0 21.0 24.78 +2.26 369.28 + 33.75 158.7 +13.3
2005 1 21.0 222+3.2 331.4+48.2 143.2+£18.8
2 21.0 227+26 338.7+£38.7 146.6 + 16.2
3 20.3 228+0.5 340.8 £ 8.1 148.4 £2.7
Mean 20.4 23.1+1.1 345.0+16.7 149.2 +6.7
0 20.4 25.39 +2.37 378.46 + 35.25 162.6 + 13.8
2007 1 20.6 223+33 333.3+£49.1 143.9 £ 19.1
2 211 232124 346.5+35.9 149.8 £ 15.1
3 21.3 232104 346.8+55 150.8+1.5
Mean 20.5 23.6+1.3 351.3+19.2 151.8+7.8
0 21.7 2574 +2.19 383.58 + 32.69 164.8+12.9
2010 1 19.8 224 +3.6 333.5+53.9 143.7 £ 21.1
2 19.9 23.6+2.6 351.7 £38.7 151.5+16.1
3 204 23.2+0.9 3458+55 150.2+5.5
Mean 20.9 23.7+1.4 353.7+21.3 152.6 + 8.8
Mean 23.5 350.0 151.2
Standard deviation 1.2 17.7 7.2
Confidence interval (95%) 1.4 20.5 8.4
Uncertainty 5.8 5.8 5.5

Table 4 presents the periodic annual increments in DBH, basal area, volume, and carbon stock
for the exploitation treatments evaluated. We notice that most of the periodic annual increments
showed positive values in the evaluated periods. Only for the interval between 2007 and 2010, the
periodic annual increment in carbon presented negative values for the 1/3 and 2/3 exploitation tre-
atments of the basal area, which means that the forest subjected to these treatments emitted a greater
amount of carbon into the atmosphere than the amount absorbed. This fact may be related to the
greater mortality that occurred during this period for these treatments, as we can observe in Table 2.

Table 4. Periodic annual increments (PAI) in DBH (cm yeart), basal area (m? ha* year?), volume (m3 ha! year?),
and carbon stock (t ha year?) for for individuals with DBH > 10 cm.

Tabela 4. Incrementos periddicos anuais (IPA) in DAP (cm ano!), area basal (m? ha ano), volume (m3 ha ano),
e estoque de carbono (t ha! ano!) para todos os individuos com DAP = 10 cm.

Treat. PAI DBH (cm year) PAI BA (m? ha' year) PAI V (m? ha*! year) PAI C (t ha year)
2005-2007 2007-2010 | 2005-2007 2007-2010 | 2005-2007 2007-2010 | 2005-2007 2007-2010

0 0.20 0.16 0.362 0.288 3.805 2.095 1.56 0.89

1 0.23 0.23 0.065 0.013 0.970 0.187 0.30 -0.06

2 0.23 0.22 0.261 0.116 3.894 1.727 1.24 0.58

3 0.29 0.25 0.191 0.053 2.848 0.793 0.96 -0.22

Mean 0.25 0.23 0.172 0.060 2.571 0.902 0.833 0.10

These results of the periodic annual increments are lower than those found in the literature. Silva
et al. (1995) found a growth rate in diameter of 0.3 cm year?!, thirteen years after logging, in the
Tapajés National Forest. Silva (2004), in Paragominas/PA, compared the growth rates in two situa-
tions: in the forest where exploitation based on sustainable forest management occurred, the growth
rate was 0.5 cm year™'; on the other hand, the rate was 0.3 cm year'in the areas where conventional
exploitation occurred, seven years after the exploitation. When comparing the treatments, the one
which showed the highest increment in the studied period was the one of heavy intensity, with 75%
of the basal area exploited. De Graaf (1986) found a rate of 0.4 cm year’, in Suriname, nine years
after logging. Oliveira and Braz (2006), studying an area of a forest managed in Pedro Peixoto (AC),
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found higher increment values in diameter, as expected in relation to a non-managed area. The va-
lues ranged from 2 c¢m year!, for pioneer species, to 0.1 cm year’!, for some brushwood species.

The same happened with the increments in volume. Research conducted by Higuchi et al. (1997),
in the same region of study, describe the growth and the development of a forest, ten years after
the selective exploitation of wood. The results showed that the increments in trade volume with
bark were: 5.57 m? ha! year for exploitation of light intensity (DBH > 55 cm); 4.45 m® ha! year!
for mean exploitation (DBH > 50 cm); and 5.75 m? ha! year? for heavy exploitation (DBH > 40
cm). In the unmanaged area, the PAI was 2.82 m? ha year. As well as in the study of Silva et al.
(1996), for trade species (including only species locally and nationally commercialized and with
DBH 2> 50 cm), the increase was 1 m? ha! year’. In the region of Santarém/PA, Silva et al. (1996)
also obtained higher increment values, 7 and 13 years after exploitation. In these areas, the periodic
annual increments in volume ranged from 1.6 m?ha year in primary forest to 4.8 m?*ha year™ in
managed forest. A possible explanation for these results is that Silva et al. (1996) and Higuchi et al.
(1997) evaluated the forests about a decade after the exploitation, when they were showing higher
growth due to the intervention carried out. The forests studied in the present study were evaluated
23 years after the management, when a balance in its growth process is expected, approaching the
rates presented by primary forest.

Some studies conducted by other authors aim to elucidate the influence (positive or negative)
that forest management may have regarding carbon sequestration from the atmosphere. Schmid
et al. (2006) state that forest management (with different intensities of thinning, number of years
of the cycle, silvicultural treatments etc.) influences a particular forest to be considered a carbon
source or sink. Seidl et al. (2007) evaluated the correlation between carbon sequestration and the
sustainable wood production in a multiple-use forest in Austria and concluded that carbon seques-
tration from atmosphere is higher in sustainably managed forests than in non-managed forests. The
estimated costs indicate that the carbon sequestration through forest management is an efficient
mean to reduce atmospheric CO,. The authors emphasize the importance of developing sustainable
management strategies consistent with the multiple uses of forests.

To evaluate the forest recovery process after the experimental management, we made a compari-
son between the carbon contents of the forest before logging (occurred in 1987) and the stocks in
the years in which measurements occurred (2005, 2007, and 2010). By Figure 2 we may note that
the forest is very close to reach the existing stocks prior to exploitation. To confirm this information,
an analysis of variance was performed, followed by post hoc Dunnett’s test.
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Figure 2. Forest carbon stocks in 1986 (pre-logging) and in the years 2005, 2007, and 2010, in forest experimen-
tally managed.

Figura 2. Estoques de carbono florestal em 1986 (antes da exploragao) e nos anos de 2005, 2007 e 2010, na flo-
resta manejada experimentalmente.

Sci. For., Piracicaba, v. 46, n. 119, p. 427-436, set. 2018
DOI: dx.doi.org/10.18671/scifor.v46n119.10




Souza et al. — Carbon stock and dynamics in a managed forest in Central Amazon

The differences in mean values between treatment groups are greater than what would be expec-
ted by chance, thus, there is statistically significant difference (p = 0.022). To isolate the group that
differs from the others, Dunnett’s test was carried out, considering itas a factor of control the carbon
stock in the forest in 1986 (pre-logging).

Comparing to the carbon stock contained in the forest before the experimental logging, stocks
of 2005 and 2007 were significantly different. On the other hand, in 2010, the carbon stock did not
show a statistically significant difference, i.e., the carbon content equaled the quantities present in
the forest before the exploitation of this area, being recovered 23 years after exploitation, regarding
carbon stocks. Nevertheless, we cannot say that the forest area is ready to be managed again, mainly
because of its floristic composition, where in the managed area there is still greater predominance
of pioneering species, when compared with the non-managed area.

CONCLUSION

Regarding the effect of forest management on carbon sequestration, we concluded that there
was no difference between the logging treatments employed. After 23 years of application of the
treatments, the carbon stocks in the area equaled the stocks existing before logging, indicating forest
recovery in terms of biomass. Nevertheless, it cannot be said that the area is ready to be managed
again, mainly due to the high number of pioneer species still existing in the area.
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