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SUMMARY

The carbon stock associated with tree biomass was estimated in evergreen forests near the town of Inío in Chiloé Island, Chile (43º21’ S,  
74º07’ W), analyzing its relation with biotic and abiotic properties. A total of 14 sampling plots of 20×50 m were located at 
variable distances from Inío and different elevations, slopes and aspects. At each plot, tree density, incident solar radiation, 
and spectral vegetation indices were quantified based on LANDSAT satellite data. Total tree carbon stock was estimated for 
each tree species and in total, using known allometric biomass functions based on the diameter at breast height (DBH), of 
all the trees in the plot with DBH> 3 cm. Four plots presented post-fire conditions, where tree carbon content had a mean  
(± SE) 7.7 ± 0.78 Mg ha-1, while in the unburned plots it was 384.4 ± 120 Mg ha-1. After removing the value of one plot with high carbon 
content, the average was 189.7 ± 45.6 Mg ha-1. Most of the sampled properties had a limited correlation with tree carbon content (R² 0.31-
0.69).  However, the amount of carbon of Nothofagus nitida was related to the total tree carbon in all the plots (post-fire and unburned) 
with R² = 0.96. This model substantially simplifies sampling efforts, since only DBH data of N. nitida is needed for the analyses (average 
of 15 individuals per plot). The tree carbon stock of forests of this area is high when compared to other forest types of the world.
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RESUMEN

El reservorio de carbono asociado a la biomasa arbórea fue estimada en bosques siempreverdes cerca de Inío en la isla de Chiloé, Chile 
(43º21’ S, 74º07’ O), analizando su relación con propiedades bióticas y abióticas. Un total de 14 parcelas de 20×50 m fueron ubicadas 
a distancias variables de Inío y diferentes altitudes y pendientes. Para cada parcela, también se cuantificó la densidad total de árboles, 
radiación solar incidente e índices espectrales de vegetación basados en datos satelitales LANDSAT. El reservorio de carbono en los 
árboles por especie y total fue estimado usando funciones alométricas conocidas, basadas en el diámetro a la altura del pecho (DAP), 
de todos los árboles de cada parcela con DAP > 3 cm. Cuatro parcelas presentaron una condición post-incendio, donde el contenido 
de carbono arbóreo promedio (± EE) fue de 7,7 ± 0,78 Mg ha-1, mientras que en las áreas no incendiadas fue de 384,4 ± 120 Mg ha-1.  
Después de remover una parcela con contenido de carbono alto, el promedio fue de 189,7 ± 45,6 Mg ha-1. La mayor parte de las 
variables muestreadas tuvieron una correlación limitada con el contenido de carbono arbóreo (R² 0,31-0,69). Sin embargo, la cantidad 
de carbono de Nothofagus nitida se relacionó con el total de carbono arbóreo en todos las parcelas (post-incendio y no incendiadas) 
con un  R² = 0,96. Este modelo simplifica el esfuerzo de muestreo sustancialmente, ya que solo requiere los datos de DAP de N. nitida 
para el análisis (promedio de 15 individuos por parcela). El reservorio de carbono arbóreo de bosques maduros en esta área es alto en 
comparación con otros tipos de bosque del mundo.

Palabras clave: reservorio de carbono, variables bióticas y abióticas, Nothofagus nitida, modelos alométricos.

INTRODUCTION

Atmospheric carbon dioxide (CO2) concentration in-
creased from 280 ppm (pre-industrial times) to 379 ppm 
in 2005, whereas the increase in the preceding 8,000 years 
of the industrial revolution was only 20 ppm (IPCC 2007). 
The general increase in greenhouse gases is the result of 

several factors including demographic growth, socio-eco-
nomical development and changes in technology (Metz et 
al. 2005). Atmospheric CO2 increase is attributed to global 
fossil fuel consumption and to the effect of land use change 
on soils and plants (IPCC 2007).

Deforestation is defined as the long-term or permanent 
removal of the forest cover in which land use change is 
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considered a primary cause (IPCC 2000). The decrease in 
vegetation implies both an immediate increase and a gra-
dual increase (depending on the final destiny of the logged 
biomass) in carbon emissions to the atmosphere, as well 
as a decrease in vegetation cover available for sequeste-
ring carbon. Forest ecosystems are the main terrestrial 
carbon reservoir, as well as the ecosystems with the grea-
test exchange of carbon between the atmosphere and the 
soil (Kim Phat et al. 2004). The amount of carbon in these 
ecosystems varies as a function of the biome, forest type 
and the compartment being analyzed (i.e., tree vegetation, 
necromass, litter layers, soil) (Ajtay et al. 1979) and the 
development stage (Gutiérrez and Huth 2012).

The potential carbon sequestration of forest ecosys-
tems can be directly determined by using methods that 
evaluate carbon fluxes at canopy scale in a short period of 
time, such as eddy covariance and Bowen ratio techniques 
(Moncrieff et al. 2000). Nevertheless, such methods are 
expensive and difficult to be implemented. Another less 
expensive approach is the comparison of carbon stocks in 
different times (Goodale et al. 2002, Schulp et al. 2008). 
In the case of forest ecosystems, the carbon able to be 
stored is a function of prevailing environmental condi-
tions (e.g. precipitation, vapor pressure deficit, elevation, 
slope, aspect, soil chemical and physical properties, soil 
morphology) and natural disturbance regimes (Keith et 
al. 2009). The effect of tree species has also been repor-
ted as a significant factor controlling soil carbon stocks in 
temperate and boreal forests (Vesterdal et al. 2013). The 
methods and working scales used for carbon estimation of 
forest ecosystems are diverse. The most common approach 
used is the forest inventory, which constitutes the basis for 
the application of statistical models for estimating above 
and below-ground biomass. The main restriction of this 
approach is its high cost, particularly when used in large 
areas (Brown 2002); therefore it is usually complemented 
with remote sensing techniques and modeling, integrated 
to geographic information systems that allow estimations 
at larger spatial scales (Spencer et al. 1997, Lu 2006, 
Zheng et al. 2007).

The forests of Chiloé differ from similar continental 
forests due to a particular combination of more hygro-
phytic plant species in which the Myrtaceae family domi-
nates (Villagrán et al. 1986). In addition, Chiloé forests are 
of particular interest due to the confluence of floristic ele-
ments from both the Valdivian (e.g. Aetoxicon punctatum 
(Ruiz et Pav.), Amomyrtus meli (Phil.) D. Legrand et Kau-
sel) and subantarctic (e.g. Euphrasia  antarctica,  Pratia  
repens,  Deschampsia laxa) forests (Villagrán et al. 1986).  
Historically, extensive areas of native forest ecosystems 
of Chile have been altered by human activities (e.g., fo-
rest fires, land use change, selective tree cutting) (Altami-
rano and Lara 2010, Castillo et al. 2012). In this regard, 
the southern part of Chiloé Island was declared a priority 
site for conservation of biodiversity (Chaiguata Priority 
Site) by the National Commission of Environment, also 

because it is the habitat of the largest population of Lon-
tra provocax (Southern river otter) and many amphibian 
species (CONAMA 2002). Although this area possesses 
high species diversity, their forest ecosystems are not well 
represented in the National Wildlife Protection System of 
the Chilean State (SNASPE) (Squeo et al. 2012). Private 
initiatives have counterbalanced this lack of representa-
tion, creating a relatively new conservation park: Tantau-
co. This park includes an important extension of the Chai-
guata Priority Site, in which pristine forest ecosystems as 
well as burned and logged forests are found. This mosaic 
of forest patches with different structural characteristics 
has not been evaluated in terms of their actual carbon  
stocks.

Given the ecological importance of these types of 
forests and the lack of information about the amount of 
carbon stored in these ecosystems, we hypothesized that 
carbon estimations can be developed from topographic 
and satellite spectral parameters, considering also the 
anthropogenic influence in the landscape (i.e., closeness of 
forests to human populated areas). We aimed at: 1) mea-
suring the carbon stock of coihue de Chiloé (Nothofagus 
betuloides)- tepa (Laureliopsis philippiana) forest stands 
and, 2) determining the relationship between biotic (e.g. 
tree density) and abiotic variables (e.g. elevation, solar ra-
diation, spectral parameters) with the amount of tree car-
bon. These two objectives were accomplished by installing 
a set of plots near the village of Inío, where abiotic charac-
teristics and vegetation structure data were collected. The 
tree carbon stock was determined using individual biomass 
functions (tree biomass as a function of its diameter) that 
were applied to density data of each plot. Carbon stocks 
were then correlated to the abiotic and biotic parameters. 

METHODS

Study area. The study was conducted in Tantauco Park, lo-
cated in the southern end of Chiloé Island (figure 1), which 
has a total area of 118,000 ha. The study area was near the 
village of Inío (43o21’45’’S, 74o07’16’’W). Elevations in 
the park range from 0 to 100 m a.s.l. in 77 % of the area, and 
between 100 and 300 m a.s.l. in the rest of the area. Appro-
ximately 95 % of the park has slopes lower than 34.4 %.  
Some specific locations with slopes higher than 66.4 % are 
possible to be found (Corporación Chile Ambiente 2005). 
Air temperatures vary between -2 and 27 oC, and mean 
annual precipitation is about 3000 mm (Corporación Chile 
Ambiente 2005). 

According to Gajardo (1994), the vegetation in the stu-
dy area is classified as Evergreen Forests and Wetlands. 
According to Corporación Chile Ambiente (2005) and 
using Cajander’s forest type classification (Cajander 1926, 
Donoso 1981), the most representative forest type of the 
area is Chiloé coihue (Nothofagus nitida (Phil.) Krasser) 
- tepa (Laureliopsis philippiana (Looser) Schodde), which 
covers about 31.4 % of the area (37,000 ha). Accompan-
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Figure 1. Location of the sampling plots at the Tantauco Park in Chiloé Island.
 Ubicación de los sitios de muestreo en el Parque Tantauco, en la Isla de Chiloé.

ying flora in this forest type is canelo (Drimys winteri J.R. 
Forst. et G. Forst.) and tiaca (Caldcluvia paniculata (Cav.) 
D. Don). The dominant soil texture is silty clay loam, with 
high organic matter content (22-38 % in the first 20 cm). 
Fertility is low, but Chiloé coihue-tepa forest type gene-
rally dominates in soils that are humid and have higher 
fertility (Corporación Chile Ambiente 2005).

A total of 14 sampling plots of 1,000 m2 (20×50 m) 
were located to capture the variability of the abiotic pro-
perties elevation, slope, aspect and distance from Inío vi-
llage. We expected the distance from human population to 
show the magnitude of perturbation, i.e., the closer to Inío 
(located by the ocean), the higher the perturbation of forest 
ecosystems and the lower the tree biomass.  
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Table 1. Specific and general equations of aboveground biomass (Bab) as a function of diameter at breast height (DBH) and the percen-
tage of belowground biomass, for tree species of the evergreen forest of the Coastal Mountain Range of Chile, from Gayoso et al. (2002).
 Ecuaciones de biomasa aérea generales y específicas en función del diámetro a la altura del pecho (DBH) y el porcentaje de biomasa subte-
rránea, de Gayoso et al. (2002).

Tree species Function DBH 
(cm) Adj- R2 Bb

 a

(%)
Ca

b

(%)
Cb

c

(%)

N. nitida Bab = -146.92+℮(4.76 + 0.05xDBH) 12 - 47 0.98 24.15 44.55 43.75

D. winteri Bab = -5.73+℮(3.25 + 0.07 ×DBH) 6 - 52 0.97 21.84 45.49 44.69

L. phillipiana Bab = ℮(-0.88+2.00×LN(DBH)) 6 - 74 0.95 - - -

W. trichosperma Bab=-170.11+℮(5.23+0.03×DBH) 6 - 91 0.97 - - -

P. nubigena Bab = ℮(-0.22+1.77×LN(DBH)) 7 - 54 0.99 29.38 45.89 44.07

Any tree Bab = ℮(2.08+0.15×DBH) < 20 cm 0.77 28.69 44.06 45.03

Any tree Bab = ℮(4.48+0.05×DBH) > 20 cm 0.76 28.69 44.06 45.03

a Belowground biomass as a percentage of aboveground biomass. 
b Percentage of carbon in aboveground biomass. 
c Percentage of carbon in belowground biomass.

Estimation of live tree carbon stock. In each plot, the diame-
ter at breast height (DBH) of all live trees (DBH > 3 cm) was 
measured. Aboveground tree biomass was estimated using 
allometric functions developed by Gayoso et al. (2002), 
which estimate tree biomass (kg) based on DBH, for five 
species present in our study (N. nitida, D. winteri, L. philip-
piana,  tineo (Weinmannia trichosperma (Cav.), and mañío 
macho (Podocarpus nubigenus Lindl.) (table 1). For the rest 
of the species or trees with DBH outside the range of the 
specific functions, we used a general biomass function for 
the evergreen forest of the Coastal Mountain Range of Chile 
(Gayoso et al. 2002) (table 1).   

For the estimation of belowground biomass (i.e. tree 
roots), we followed the aboveground/belowground bio-
mass ratios determined by Gayoso et al. (2002) specifically 
reported for five species of our study, and a mean conver-
sion value of 28.69% for the rest of the species (table 1). In 
order to transform above and belowground tree biomass to 
carbon weight, we used the conversion values estimated by 
Gayoso et al. (2002) (table 1). These conversion values ran-
ged between 43 and 46 %, which are lower than the 50 %  
proposed as a standard by IPCC (1996). The total carbon 
content from the tree biomass reservoir was estimated by 
adding together the above and belowground biomass.

Sampling and calculation of biotic and abiotic properties. 
Among the abiotic properties, elevation, slope and aspect 
were directly obtained from a 30 m ground resolution AS-
TER GDEM, Digital Elevation Model, freely available 
at http://www.gdem.aster.ersdac.or.jp/. Potential global 
solar radiation (kW h-1 m-2) was computed with the ‘solar 
analysis’ tool of the ArcGIS 10.1 software (ESRI, USA). 
This tool is able to map potential solar global radiation as 

a function of the solar constant, day length, latitude, lon-
gitude, slope and aspect, using a digital elevation model 
(DEM). The radiation value was calculated for each day 
of the year, estimating then the annual radiation in MJ m-2 
year-1. Northing, which is the linearization of the aspect, 
was defined as the cos (aspect*π/180). The variable ‘dis-
tance to Inío’ was estimated using algorithms of the Arc-
GIS 10.1 software; determining the central points of each 
sampling plot and the center of Inío village as the origin. 
For the calculation of spectral variables, we used the nor-
malized vegetation index (NDVI, Rouse et al. 1973), the 
corrected normalized vegetation index (NDVIc, Nemani et 
al. 1993) and the red green index (GreenIndex, Coops et al. 
2006). Additionally, the Tasseled cup transformation (Crist 
and Cicone 1984) was computed, since it allows the use of 
spectral information obtained from the visible, near-infra-
red, and medium-infrared spectra of the LANDSAT ETM+ 
satellite sensor. Greenness, Wetness, and Brightness indi-
ces were obtained with the Tasseled cup transformation 
(Kauth and Thomas 1976). All indices were calculated 
from two scenes captured on February 2 and 18 of 2008 
with 30 m of ground spatial resolution. Radiometric and 
atmospheric corrections of the LANDSAT images (Chavez 
1988) were made previous to estimating the indices. The 
coefficients used for calculating reflectance were obtained 
from the study of Chander et al. (2009). To correct the 
SLC-off error, both images were fused using the method 
of Scaramuzza et al. 2004. The reflectance bands were also 
used to obtain the Tasseled Cap transformation and the ve-
getation indices. Satellite image processing was made with 
the ENVI 5.0 software. The biotic properties sampled were 
total tree density and the carbon content associated with 
individual tree species that were found in all plots.
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Statistical analyses. We built linear regression models to 
estimate total tree carbon content (Mg ha-1) from abiotic 
and biotic predictors measured at the plot level. To select 
the group of variables that better explained the total tree 
carbon, we used a multiple regression analysis with the 
stepwise forward approximation (P < 0.05 to enter the mo-
del). All models reported were tested using the GVLMA 
package of the R software (Pena and Slate 2006), which 
does a global validation of linear model assumptions. Also, 
the R2, P-value and the relative root mean square error 
(RRMSE) parameters of the selected models were estima-

ted, and a Leave-One-Out Cross Validation was performed 
for the linear models using the Bootstrap package of the  
R software (Efron and Tibshirani 1993). Partial R2 was 
estimated for each variable in the case of multivariate mo-
dels. All statistical analyses were done with the R statisti-
cal software (R Development Core Team 2011).

Characteristics of plots and modeling scenarios. Sampling 
plots were located at a distance from Inío between 400 and 
5,110 m (table 2). Elevation varied between 11 and 232 m  
a.s.l., whereas the slopes ranged between 0 and 46.3o. Mo-

Table 2. Location and abiotic characteristics of the sampled plots.
 Ubicación y características abióticas de las parcelas muestreadas. 

Plot Coordinates
Lat/Long

Distance 
to Inío (m)

Elevation  
(m a.s.l.)

Slope
(degrees)

Aspect 

(northing)
Annual Radiation

(MJ m-2 year-1)
Forest 

condition

1 -43.363705 / 
-74.112928

650 14 6.3 -0.45 3508 Unburned

2 -43.363399 / 
-74.107107

940 32 20.9 0.31 3607 Unburned

3 -43.361346 / 
-74.136485

550 24 13.7 0.96 3767 Unburned

4 -43.358569 / 
-74.132440

510 11 10.1 -0.61 3437 Unburned

5 -43.352921 / 
-74.104115

620 46 46.3 0.84 3848 Unburned

6 -43.351325 / 
-74.107235

400 28 9.3 0.97 3713 Unburned

7 -43.284889 / 
-74.121162

5110 232 26.0 0.72 3883 Post-fire

8 -43.290648 / 
-74.117085

4520 181 25.2 -0.97 3098 Post-fire

9 -43.359382 / 
-74.107018

655 66 28.4 -0.37 3296 Unburned

10 -43.357944 / 
-74.107360

520 67 39.7 -0.03 3346 Unburned

11 -43.298230 / 
-74.119453

3660 109 12.0 -0.74 3444 Post-fire

12 -43.302938 / 
-74.120507

3140 104 5.4 0.26 3590 Post-fire

13 -43.318548 / 
-74.123402

1460 12 24.8 -0.95 3176 Unburned

14 -43.363710 / 
-74.111163

740 12 0.0 -0.71 3566 Unburned

Meana 67 8.4 0.11 3514

 SDa 66.9 6.9 0.74 245
a  Mean and SD were obtained from a 500 m buffer radius that encompassed all the sample points. 
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Table 3. Tree density (individuals per hectare) for the species found in the sampled plots.a

 Densidad (individuos ha-1) de las especies arbóreas presentes en las parcelas muestreadas. a

Plot Nn Dw Am Lp Ts Cp Pn Al Wt Pl Ap La Lf Ec Total G c

1 90 320 10 70 1,640 70 40 120 0 10 0 0 0 0 2,370 88.9

2 420 160 10 0 100 130 0 40 20 50 20 0 0 10 960 49.2

3 190 3,130 20 0 80 30 0 0 0 0 0 0 0 0 3,450 53.5

4 130 590 60 0 20 70 0 20 0 0 0 0 0 0 890 36.4

5 140 70 730 340 0 100 0 0 0 0 0 0 0 0 1,380 56.2

6 80 480 500 360 0 30 10 0 0 0 0 0 0 0 1,460 68.4

7 b 360 230 0 0 120 10 0 0 40 0 0 0 0 0 760 2.0

8 b 140 20 0 0 140 0 0 0 210 0 0 0 0 0 510 0.9

9 10 210 620 80 0 30 0 0 0 0 0 0 0 0 950 57.5

10 30 280 390 310 0 50 0 0 0 0 0 0 0 0 1,060 51.3

11 b 80 160 0 0 90 20 10 0 100 0 0 0 70 20 550 1.7

12b 350 70 10 0 80 20 0 0 140 0 0 0 10 0 680 1.6

13 40 680 950 50 0 200 20 0 0 0 0 20 0 0 1,960 78.6

14 90 300 150 510 0 0 0 0 0 0 0 0 0 0 1,050 58.5

Mean 154 479 246 123 162 54 6 13 36 4 1 1 6 2 1,288 43.2

SE 130 787 87 47 114 15 11 32 17 3 1 1 5 1 217 8
a Nn: N. nitida; Dw: D. winteri; Am: A. meli; Lp: L. philippiana; Ts: T. stipularis; Cp: C. paniculada; Pn: P. nubigenus; Al: A. luma; Wt: W. trichosper-
ma; Pl: P. laetevirens (Gay) Franch.; Ap: A. punctatum; La; L. apiculata; Lf: Lomatia ferruginea; Ec: Embothrium coccineum J.R. Forst. et G. Forst. 

b Post-fire condition plots. 
c Basal area (m2 ha-1). 

deled incident solar radiation varied between 3,098 and 
3,883 MJ m-2 year-1. Given the fact that we estimated the 
Mean ± SD of the variables included in table 2 using a 500 m  
radius around the plot center points, it is clear that our 
plots included the extreme values of a 95 % confidence 
interval. Elevation had a mean ± SD of 67 ± 66.9 m a.s.l, 
whereas slope was 8.4 ± 6.9° and the solar radiation was 
3,514 ± 245MJ m-2 year-1. The northing varied between 
-0.91 and 0.97. 

Tree density seriously varied, between 510 and 3,450 
individuals ha-1 (table 3), which suggested that the plots 
represented different stages of development of the forest. 
We used Reineke’s model to establish if all plots followed 
this density-size model, which states that as trees get lar-
ger, tree density decreases. We plotted tree density and 
quadratic mean diameter of each plot (figure 2), together 
with Reineke’s model reported by Gezan et al. (2007) for 
coihue (Nothofagus dombeyi (Mirb.) Oerst.). Four plots 
clearly deviated from the expected value, which coincides 
with lands previously altered by forest fires; therefore a 
low density and low quadratic mean diameter is expected. 
Hereafter we refer to these plots (N° 7, 8, 11, 12) as ha-
ving a ‘post-fire’ condition, to differentiate them from the 
‘unburned’ ones (table 2). 

Figure 2. Relation between the quadratic mean diameter (QMD) 
and tree density (D) at each plot. The curve represents the relation 
reported by Gezan et al. (2007) for N. dombeyi (D = e11.7630 *CMD-

1.4112). The identification number of each plot is included in the graph.
 Relación del diámetro cuadrático medio (QMD) con la den-
sidad de árboles (D) en cada parcela. La línea representa la relación re-
portada por Gezan et al. (2007) para N. dombeyi (D = e11,7630 *CMD-1,4112). 
La identificación del número de la parcela se incluye en el gráfico.
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A total of 14 tree species were identified in the sampled 
plots (table 3). Only N. nitida and D. winteri had a 100 % 
frequency, whereas Amomyrtus meli (Phil.) D. Legrand et 
Kausel and C. paniculata were found in 78.6 and 85.7 % of 
the sampled plots, respectively. On the contrary, Luma api-
culata (DC.) Burret and Aextoxicon punctatum (Ruiz et Pav.) 
were only found in one of the plots. Floristic composition 
varied among plots, although N. nitida and D. winteri were 
present in all of them and usually very abundant (table 3). In 
the post-fire condition, W. trichosperma and tepú (Tepualia 
stipularis (Hook. et Arn.) Griseb.) were among the most fre-
quent species, although in the unburned sites, L. philippiana, 
A. meli and C. paniculata showed relatively high density.

For these reasons we generated two scenarios for the 
analyses of tree carbon and its relationship with abiotic 
and biotic variables: A, excluding the four post-fire plots 
(N = 10); and B, considering all the plots (N = 14). Addi-
tionally, because there was one plot showing an extremely 
high tree carbon content, we generated a third scenario 
(C), excluding this one plot (N = 13). 

RESULTS

Total and species-specific carbon content. Total carbon 
content in the above and belowground tree biomass varied 
between 5.5 and 1,408 Mg ha-1 (table 4). The average car-
bon content of the sites affected by fire was 7.7 Mg ha-1, 
while for the non-affected sites the carbon content was in 
average 384.4 Mg ha-1. These two values are not statisti-
cally different (P = 0.08) given that the carbon content of 
plot 13 (1,408 Mg ha-1) makes the variability very high (SE 
= 120 Mg ha-1). If this plot is removed from the analyses, 
the average of the unburned plots goes down to 189.7 Mg 
ha-1, being significantly higher than that from the post-fire 
condition plots (P = 0.002).

In terms of individual contribution of tree species to the 
carbon stock, the major contribution was made by N. nitida 
(figure 3). Only in two of the 14 sampled plots, the major 
contribution to the carbon stock was made by D. winteri. 
A significant contribution to carbon stocks was also made 
by L. philippiana, T. stipularis, and A. meli in some of the 
sampled plots (N° 5, 10, and 14). The contribution of the 
other tree species to the carbon stock (as a group) was 
lower than 4 %. 

Modeling total carbon using abiotic and biotic variables. 
Table 5 shows the simple and multiple regression analyses 
that significantly explained total carbon of tree biomass, 
for the three analysis scenarios. In scenario A (excluding 
the post-fire plots), the distance to Inío had a significant 
effect on total tree carbon content.  The distance was also 
the only variable selected with the stepwise procedure run 
with abiotic variables, with R2_adj = 0.54. In scenario B 
(including all the plots), only the biotic variables showed a 
significant effect on total tree carbon content, and carbon of 
N. nitida was the variable that had the highest R2_adj (0.96) 

Table 4. Species-specific and total carbon content (Mg ha–1) in 
tree biomass (above and belowground), separated by forest con-
dition. a

 Carbono por especie y total de la biomasa arbórea (Mg ha–1), 
diferenciados por la condición del bosque. a

Forest condition Plot Nn Dw CT

Post-fire

8 1.9 0.3 5.5

11 1.5 1.9 7.8

7 4.3 3.3 8.7

12 4.4 1.2 8.9
Mean ± SE 7.7 ± 0.78

Unburned

4 29.8 61.4 96.6

2 101.1 18.7 170.3

14 20.7 72.8 179.4

5 49.5 34.3 202.2

10 167.5 16.4 249.4

3 149.5 114.9 260.6

9 232.0 60.7 366.5

1 211.4 25.6 421.9

6 382.9 57.1 488.6

13 1349.5 52.0 1408.1
Mean ± SE 384.4 ± 120

a Nn, N. nitida; Dw, D. winteri; CT, total tree carbon in the plot; 

(table 5). The model of N. nitida was slightly improved 
when adding the density of all trees (R2_adj 0.97; partial R2 
of N. nitida 0.98, partial R2 of density 0.34). In scenario C 
(excluding plot 13) a higher number of variables showed 
significant relation with the total tree carbon, but carbon 
of N. nitida and overall density collectively predicted total 
carbon with highest power (R2_adj = 0.88; table 5) (Partial 
R2 were 0.88 for N. nitida and 0.25 for density).

In terms of the spectral variables derived from satellite 
images, only the GreenIndex had a significant contribution 
to total carbon modeling. Using the stepwise process, the 
model generated with this index (together with the distan-
ce to Inío) gave an R2_adj of 0.69 (Partial R2 were 0.56 
for Distance to Inio and 0.44 for Greenindex) (table 5). 
Elevation showed a significant inverse effect only in this 
modeling scenario (C).

Of the biotic variables, tree density had a quadratic 
effect in scenarios A and C (table 5). The carbon content of 
individual tree species could only be considered in the case 
of D. winteri and N. nitida because they were present in all 
the plots. The carbon content of D. winteri was significant 
only on scenario C, whereas the carbon content of N. niti-
da had a significant relation with the total tree carbon stock 
in all the modeling scenarios (table 5), even when all the 
plots were included (scenario B) (figure 4). 
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Figure 3. Contribution (%) of each species to the total tree carbon stock. The top graph shows the contribution of the two or three spe-
cies that sum 65 % or more; the bottom graph shows the contribution of the rest of the species. The post-fire plots are 7, 8, 11 and 12.
 Contribución porcentual de carbono por especie en cada parcela. El gráfico superior muestra la contribución de las dos o tres especies que 
suman 65 % o más; el gráfico inferior muestra la contribución del resto de las especies. Las parcelas incendiadas son 7, 8, 11 y 12.

DISCUSSION

We found large variability of tree species composition 
and tree carbon content among the sampled plots, which 
suggested that they represent different successional stages. 
In general, biotic variables showed a better predictive va-
lue of the total tree carbon stock.

We used five specific allometric functions and a general 
function for the rest of the species present in our study, 
which were proposed by Gayoso et al. (2002) (table 1) to 
estimate total carbon. The only allometric model that we 
found in literature specifically built in Chiloé was reported 
by Naulin (2002) for D. winteri (DBH range: 7 - 32 cm).  
We used the DBH data from Naulin (2002) to test the agre-



Table 5. Simple and multiple regression models for estimating the total tree carbon (CT) based on abiotic and biotic variables, for 
scenarios A (excluding the post-fire condition plots, N =10), B (including all the plots, N =14) and C (excluding plot 13, N =13). a

 Modelos de regresión simples y múltiples para estimar carbono arbóreo total (CT), basado en variables abióticas y bióticas para los escenarios 
A (excluyendo las parcelas con condición post-incendio, N=10), B (con todas las parcelas, N=14) y C (excluyendo la parcela 13, N=13). a

Variables
Model R²_adj P RRMSE (%) R²_LOOCV

    Scenario A
Elevation (A) - - - - -
Distance to Inío (DI) -294.4 + 0.96 DI 0.54 0.009 59.8 0.33
Stepwise abiotic -294.4 + 0.96 DI 0.54 0.009 59.8 0.33
Density (D) -0.001 + 1.73 D -0.0004 D2 0.31 0.11 68.8 -
C D. winteri (CDw) - - - - -
C N. nitida (CNn) 127.29 + 0.954 CNn 0.98 <0.001 11.2 0.98
Stepwise biotic 127.29 + 0.954 CNn 0.98 <0.001 11.2 0.98

    Scenario B
Elevation (A) - - - - -
Distance to Inío (DI) - - - - -
Stepwise abiotic - - - - -
Density (D) - - - - -
C D. winteri (CDw) - - - - -
C N. nitida (CNn) 81.1 + 1.01 CNn 0.96 <0.001 22.9 0.94
Stepwise biotic 27.03 + 0.971 CNn +0.048 D 0.97 <0.001 19 0.94

    Scenario C
Elevation (A) 297.19 -1.51 A 0.34 0.0203 64.5 0.25
Distance to Inío (DI) 311.466 - 0.072 DI 0.54 0.0026 54.3 0.45
Stepwise abiotic 81.97 – 0.054 DI + 1259.84 GI b 0.69 0.001 42.8 0.65
Density (D) -0.035 + 0.701 D – 0.0002 D2 0.67 0.001 43.5 -
C D. winteri (CDw) 103.84 + 2.383 CDw 0.19 0.07 71.8 0.07
C N. nitida (CNn) 53.968 + 1.301 CNn 0.86 <0.001 29.4 0.81
Stepwise biotic 20.68 + 1.188 CNn +0.036 D 0.88 <0.001 26.1 0.76

a RRMSE, relative root mean square error; R2_LOOVC, R2 estimated with Leave-One-Out Cross Validation (it applies only to linear models); 
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Figure 4. Observed vs. predicted total tree carbon for the 14 
sampled plots, based on the carbon of N. nitida.
 Carbono total observado vs predicho, para las 14 parcelas 
muestreadas, basado en el carbono de N. nitida.

ement between her model and Gayoso et al.’s and the re-
sult was an almost perfect linear relation (slope = 1.0053,  
R2 = 0.98, N = 15). This suggests that using the models of 
Gayoso et al. (2002) in Chiloé in other areas is reasonable, 
having the advantage that their models cover a wider range 
of DBH (e.g., for D. winteri model, DBH range: 6 - 52 cm).

The abiotic variables showed a low predictive value of 
total tree carbon. Significant models showed that a larger 
total tree carbon was related to lower altitudes and higher 
distances to Inío (table 5), although the latter result applied 
only when we removed the burned sites, which happened 
to be located farther from the village (table 1). Total solar 
radiation did not have a good predictive value, possibly 
due to the low variation in topography in the study area, 
as a result of low variability in altitude (11-232 m) and 
slopes (0-46.3°), which in turn generated a low variation 
in annual solar radiation (3,098 – 3,883 MJ m-2 year-1). 
Kumar et al. (1997) for example found a broader range 
of annual solar radiation for a site located at latitude 36° 
south (3647 – 11,253 MJ m-2 year-1), with similar variation 



Table 6. Comparison of carbon stock estimated in this study for each forest condition with other forest types.
 Comparación del contenido de carbono estimado en este estudio para cada condición del bosque con otros tipos de bosque.

Forest type Carbon stock
(Mg ha–1) a

Source

Evergreen broadleaf post-fire (Chile)     7.7 This study

Boreal in slope (Canada)   81.4 Hazlett et al., (2005)

Boreal riparian (Canada)   83.8 Hazlett et al. (2005)

Coniferous forest in areas surrounding parks (Canada)   76.8 (32 %) Sharma et al. (2013)

Pine-oak degraded (Mexico)   87.5 (54 %) Ordoñez et al. (2008)

Coniferous forest in parks (Canada) 101.7 (36 %) Sharma et al. (2013)

Rainforest Tucuman Bolivian (Argentina) 107.1 (58 %) Gasparri y Manghi (2004)

Oak (Mexico) 112.8 (79 %) Ordoñez et al. (2008)

Pine-oak (Mexico) 115.7 (53 %) Ordoñez et al. (2008)

Pine (Mexico) 126.8 (57 %) Ordoñez et al. (2008)

Fir (Mexico) 134.5 (79 %) Ordoñez et al. (2008)

Rainforest Misiones (Argentina) 165.1 (72 %) Gasparri y Manghi (2004)

Evergreen broadleaf (Chile)b 189.7 This study

Mixed evergreen forest (Chile) 250.0 (68 %) Vann et al. (2002)

European beech (Spain) 293.0 (77 %) Merino et al. (2007)

Andean Patagonian (Argentina) 334.9 (69 %) Gasparri y Manghi (2004)

Lowland podocarp-broadleaved (New Zealand) 339.8 Tate et al. (1997)

Evergreen broadleaf unburned (Chile) 384.4 This study

a In parenthesis, the percentage of total carbon stored in live-tree biomass. 
b This is the mean value after excluding one plot with extremely high tree carbon content.
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in slope (0-40°) but higher variation in altitude (90-800 m).  
If we consider that the calculations of incident radiation 
include shortwave radiation only, the effects of highly 
frequent cloudy days in our study area should further de-
crease the expected effect of latitude and slope on solar 
radiation.

Despite the fact that various studies have demonstra-
ted the importance of satellite images in biomass mode-
ling (Zheng et al. 2004, Labrecque et al. 2006, Ji et al. 
2012), the spectral characterization of satellite images was 
not relevant in this study. A potential explanation would 
be linked to the floristic composition of the studied sites, 
where N. nitida is the tree species that defines the total 
biomass of the forest. Spectral indexes are based in the 
spectral response of vegetation between the red and near 
infrared wavebands. With the high levels of biomass in the 
studied sites, there is a high probability that conventional 
spectral indexes were saturated, thereby impeding the de-
tection of spectral differences (Hobbs 1995). The GreenIn-
dex, derived from the red and green reflectance, was the 
only spectral variable that showed a significant statistical 
relation with the tree carbon stock. A possible explanation 

is because it considers the green spectrum instead of the 
near infrared band in the index formulation. According 
to Gitelson et al. (2010), in order to detect changes based 
on reflectance measurements in dense canopies, the nor-
malization considering the green band instead of the near 
infrared band (used in the other indices), should be more 
sensitive to detect changes in reflectance, allowing a better 
discrimination of vegetation conditions related to the chlo-
rophyll activity. Further studies should consider the use 
of remote sensing techniques capable of estimating more 
detailed spectral information, such as hyperspectral sen-
sors or vertical information of the vegetation (e.g., LiDAR 
sensors). In this regard, several studies have predicted to-
tal biomass estimation with acceptable accuracies (Koch 
2010, Gleason and Im 2012). In our case, an issue that may 
have influenced in the low predictive value of the spectral 
indices is the confounding effect of dead biomass on the 
spectral signature of the forest stands.

The high contribution of N. nitida to the total tree car-
bon content when considering all the plots (R2_adj = 0.96) 
implies that the most simple and practical model for total 
tree carbon determination would only require determining 
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DBH of this species, which holds true even in the post-fire 
plots. The contribution of N. nitida is better appreciated 
in the sites with high tree carbon content, which represent 
forest stages near maturity (old growth), where mature in-
dividuals (high DBH and biomass) of N. nitida occupy a 
dominant canopy position.

Total tree carbon stock in the unburned sites (table 4) 
was in the range reported in literature for different types 
of forest ecosystems (table 6). The only exception to this 
trend was found in plot 13 that contained 1,408 Mg ha-1 of 
carbon. This unexpected high value is due to the presence 
of two N. nitida individuals with DBH around 140 cm;  
these two trees accounted for 90 % of the total carbon stock 
of the sampling plot (figure 3). For comparison purposes, 
we estimated the total tree carbon separately for those 
plots that did not have a fire history (N = 10), the second 
set considered all the remaining plots (N = 14) and the 
third excluded one plot because of its high carbon content  
(N = 13); total carbon contents were in average (± stan-
dard deviation) 7.7 ± 0.78, 384.4 ± 120, 189.7 ± 45.6 Mg 
ha-1, respectively. When the elevated carbon content of 
one plot was excluded from the analyses, the mean total 
carbon content was still high when compared with the fo-
rest ecosystems that we reviewed and very similar to what 
Vann et al. (2002) reported for a forest in Chiloé island 
(table 6). The tree carbon stock represents between 32 % 
and 79 % of the total carbon stored in the forest ecosys-
tems (table 6). The evergreen forests of Chiloé have an ele-
vated carbon storage capacity; thereby their conservation 
is highly relevant. More detailed studies about the other 
carbon storage reservoirs (i.e. soils, understory and necro-
mass) will contribute to a better understanding of carbon 
storage and dynamics in these ecosystems.  
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