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Abstract. Old-growth forests of southern Chile represent an important reserve of 
temperate forests worldwide. The precipitation chemistry in Chile still reflects the 
time of pre-industrial conditions. Thus, the productivity of the ecosystem mainly 
depends on the internal cycling of soil organic matter (SOM). However, 
catastrophic events, such as wildfires can initiate important changes in the physical 
and biogeochemical properties of SOM and therefore on the ecosystem habitat. We 
studied Araucaria-Nothofagus forests in the Andean mountains of Chile (38° S, 71° 
W) three years after they were affected by a huge wildfire in February 2002. The 
aims of this investigation were: (1) to analyze the effect of fire on the quality of 
SOM at different soil depths and (2) the changes in carbon content of an incomplete 
combustion of vegetal material after wildfire, refractory to decomposition, referred 
to as black carbon (BC). We used a combination of 13C and 15N analyses and 
SOM fractionation. The chemical and elemental composition of the soil samples 
was studied by solid state 13C CPMAS NMR spectroscopy and BC determination. 
We found an increase in nitrification rates after fire, and a wider aromatic C to alkyl 
C ratio of the incorporated char, leading to an increase in BC quantity. Our results 
point out that wildfire induces changes in the chemical composition of the SOM. A 
clear relationship between isotopic SOM signature and C and N cycling processes 
could be established. This indicates that 13C and 15N and NMR techniques can be 
used as proxy to assess the fire impact on the SOM dynamics.  
 
1. Introduction 
 
The southern cone of America represents an important reserve of worldwide 
temperate pristine forests [1]. Significant parts of these unpolluted forest reserves 
are dominated by the conifer Araucaria araucana (Mol.) K. Koch., in association 
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with several species of genus Nothofagus [2]. This area represents a remnant of the 
A. araucana original distribution [2, 3]. Fire is the most important disturbing effect 
that fragmented the Araucaria-Nothofagus forests of South-Central Chile and 
Argentina [4,5]. Fire disturbances may alter the SOM turnover and related soil 
characteristics [2,6] As such, incorporation of charred plant residues into the soil is 
expected to increase the passive SOM pool [7,8]. Postfire nitrification has been 
previously noted to cause a strong increase in soil NO3

-, and because nitrification 
discriminates against 15N, this may in turn lead to a 15N-enriched residual total N 
pool over the time [9,10]. On the other hand, the high percentage of the lighter N 
(14N) was lost relative to the heavier N (15N), indicating that the lighter isotope is 
preferentially volatilized, leaving compounds that are already isotopically enriched 
[10]. Studies of fire effects on 13C in soils have primarily focused on changes in 
soil 13C because of quality vegetation changes due to fire [11] and the changes in 
soil C isotopic composition due to aromatic C of the incorporated char into the soil 
too [12]  The goals of this study were, three years after the catastrophic event, (1) to 
analyze the effect of the fire on the quality of SOM at different soil depths, (2) to 
quantify changes in �“Black Carbon�” (BC) content after wildfire, and (3) to evaluate 
the impact of fire on the chemical composition of SOM. We expected that fire 
involves the selective preservation of depleted C compounds (lignin and other 
aromatic ring compounds, etc.) during chemical changes in SOM composition. On 
the other hand, we expect that fire stimulates the autotrophic nitrification process, 
resulting in the enrichment of 15N depleted NO3

- compounds. We hypothesize that 
fire would result in the depletion of 13C and enrichment of 15N in the SOM.   
 
 
2. Materials and methods 
 
2.1 Site description and soil sampling 
 
Forest vegetation is characterized as an Araucaria araucana (Mol) K. Koch - 
Nothofagus spp (Araucaria-Nothofagus) forest ecosystem in the Tolhuaca National 
Park (38º10�’ to 38º15�’ S, 71º41�’ to 71 º50�’ W, 1100-1300 m a.s.l.) in the Andean 
mountains of southern Chile. More than half of the National park area (ca. 20,000 
ha) was affected by wildfire in February 2002 [13]. Precipitation is surpassing 2,500 
mm yr-1. The climate is temperate -cold. The average temperature is 7.0ºC in the 
coldest month (July) and 19.9ºC in the warmest month (January) [14]. Snowfall 
events occur usually between July and September [15]. The soil is an Andisol 
according to the USDA classification [16]. 
 
2.2 Experimental design 
 
Unburned (UB) and burned (B) study sites were selected in two comparative forest 
areas, dominated by Araucaria araucana and Nothofagus spp. The selected stands 
possessed a similar slope, aspect, altitude and soil depth. Both sites are at 1 km 
apart from each other. Soil samples were taken from three plots in UB and B at a 
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depth of 0 - 5, 5-10, 10-20 and 20-30 cm in three independent soil pedons. Thus, in 
total 24 soil samples were taken for analysis three years after the catastrophic event.  
 
2.3 Analyses of 13C, 15N, total C (TC) and total N (TN) in the whole soil 
 
The isotopic and elemental C and N analyses were performed using an elemental 
analyser (ANCA-SL, PDZ-Europe, UK) coupled to an Isotope Ratio Mass 
Spectrometer (20-20, SerCon, UK). The measured isotopic ratios are expressed as  
values (�‰) relative to Vienna Pee Dee Belemnite (VPDB), and atmospheric air for 
13C for 15N, respectively. The working standard was flour with a 13C value of -
27.01 ± 0.04�‰, a TC content of 39.95 ± 0.40�‰, a 15N value of 2.69  ±0.15�‰ and 
a total N content of 1.75± 0.04�‰ (both certified by the Iso - Analytical, UK). 
 
2.4 Chemical composition of SOM 
 
The material remaining after oxidation with diluted potassium dichromate, referred 
to as resistant elemental carbon (OREC), was regarded as black carbon (BC) [7]. 
Briefly, between 250 and 400 mg hydrofluoric acid (HF) treated soil was oxidized 
with 40 ml of  0.1 M K2Cr2O7 and  2 M H2SO4 solution at 60°C in an ultrasonic 
bath [12]. The samples were treated for 6 hours. For all samples, the oxidation was 
performed in duplicate and the C- and N-losses of the soil samples were calculated 
relative to the HF-treated samples in a carbon balance. Thereafter, HF mineral-free 
samples were analyzed by solid-state 13C NMR spectra of on a Bruker DSX-200 
NMR spectrometer. The chemical shift regions 0�–45, 45�–110, 110�–140, 140�–160 
and 160�–220 ppm were respectively: alkyl C, O-alkyl C, C substituted aryl C, O 
substituted aryl C and carboxylic C [17, 18].  

 
2.5 Potential N mineralization 
 
An incubation experiment was conduced to examine the potential N mineralization. 
First, air dried bulk soil samples from the four depth layers were brought to 
gravimetric water content, corresponding to 60% water-filled pore space, calculated 
with the bulk density of intact soil cores taken from the field. Three replicates of 30 
g air dried soil were incubated in a 0.25 L plastic flask. The flasks were covered 
with parafilm to permit gas exchange, while retard water loss. The incubation was 
conduced in a growth chamber with a constant temperature of 15ºC. Sampling was 
performed at day 0, 3, 5, 7 and 15; extraction was done with a 1:2 soil: extracting 
KCL (1M) solution for NH4

+-N and NO3
--N determination, using a continuous flow 

autoanalyzer (Bran and Luebbe, Germany).  
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2.6 Statistical analysis 
 
Statistical analysis was done using Statistics 6.0 software. For each sampling depth, 
an analysis of variance (ANOVA) was conducted to determine the effect of 
wildfire. The mean separation of ANOVA results was determined using Turkey�’s 
post-hoc test (P < 0.05).  
 
3. Results 

3.1. CT, NT, 15N, 13C and chemical shift of whole soil in the profile 
 
There were no significant differences in CT (g C kg-1 soil) and NT (g N kg-1 soil) at 
different soil depths. The 13C values varied between -24.9 and -25.5�‰ in unburned 
soil and from -26.0 to -26.7�‰ in burned soil; at the different soil depths no 
significant differences in 13C values were found. The 15N varied of 5.71 to 0.8�‰ 
in unburned soil, and from 6.3 to 2.8�‰ in burned soil. Significant differences in 

15N values were found in all soil profiles with exception for the 10-20 cm depth.  
 
The chemical shift of HF treated soil samples and OREC samples are shown in Fig. 
1a and 1b. The control soil (Fig. 1) shows a high signal assigned to alkyl C (~ 74%). 
The dominant peak in this region at 31 ppm is generally assigned to lipids, cutin, 
suberin, waxes and other aliphatic biomacromolecules [12, 19]. However, burned 
soil (Fig.2) shows a relative increase of the signal assigned to aryl-C (110-160 
ppm). The dominant peak in this region at 135 ppm is generally assigned to 
aromatic C�–O and C�–N of lignin, black carbon and other aromatic compounds [12, 
19]. The black carbon content expressed as OREC, almost does not exit in the 
unburned control soil. However, burned soils presented the highest contribution of 
aryl C, mainly for the top 5 cm depth (Fig. 2 and 3).  
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Fig. 1. Solid�–state 13C NMR spectra of the residue after HF treatment and after 
dichromate oxidation (OREC) for the unburned Araucaria-Nothofagus forest 
ecosystem in the Tolhuaca National Park, Southern Chile. 
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Fig. 2. Solid�–state 13C NMR spectra of the residue after HF treatment and after 
dichromate oxidation (OREC) for the burned Araucaria-Nothofagus forest 
ecosystem in the Tolhuaca National Park, Southern Chile. 
 

 
We found a positive and significant correlation between 13C stable isotope values 
in the whole soil and the aryl-C (r2= 0.65) (Fig. 4). However, no correlation was 
found between 15N and aryl-C. 
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Fig. 3. Relationship between aryl-C (% of total carbon) and 13C (�‰) of the whole 
soil for different soil depths for the unburned and the burned Araucaria-Nothofagus 
forest ecosystems in the Tolhuaca National Park, Southern Chile. 
 

 
3.2. Quantitative contribution of BC 

 
The BC (OREC) as a % of initial C content is presented in Fig. 4. The oxidation 
residues of burned soil ranged from 12% to 5%. The control area presented the 
lower values and ranged from 6% to 7%, being homogeneous for all soil depths. A 
higher percentage was found until 10-20 cm; thereafter, the values were uniform.  
 
3.3 Net potential N mineralization rates 
 
Net potential ammonification, after incubation of soils from different depths, ranged 
from -1.1 to 1.7 mg NH4

+-N kg-1 soil for the unburned soil, and from -0.5 to 0.7 mg 
NH4

+-N kg-1 soil for the burned soil.  ANOVA revealed no effect of fire. The net 
potential nitrification varied between 2.0 to -0.7 mg NO3

--N kg-1 soil for the 
unburned soil and between 14.1 to -1.2 mg NO3

--N kg-1 soil for the burned soil. Net 
potential ammonification and nitrification rates are show in Table I. 
Ammonification rates ranged from 1.32 to 0.60 mg NH4

+-N kg-1 soil d-1 for the   
unburned soil and between -0.66 to 0.54 mg NH4

+-N kg-1 soil d-1 for the burned soil. 
On the other hand, the nitrification rate ranged from -1.1 to 0.31 mg NO3

--N kg-1 
soil d-1 for the unburned soil and from -3.83 to -2.59 mg NO3

--N kg-1 soil-1 d-1 for the 
burned soil. However, we did not find a significant difference between the plots in 
the studied area, due to high standard deviations found for each sample.  
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Fig. 4. Black Carbon as oxidation resistant elemental C (OREC) at different soil 
depths for unburned and burned soils from the Araucaria-Nothofagus forest 
ecosystems in the Tolhuaca National Park, Southern Chile 
 
Table I. Potential mineralization rate in soil layers of unburned and burned 
Araucaria-Nothofagus stands; standard deviations are between brackets; significant 
differences (P < 0.05) between treatments in the same soil layers are indicated by 
different letters 
 

 

 

 

 
 
 
 
 
4. Discussion  
 
Several studies indicate that wildfires are the most important disturbance factor in 
pristine forests [20,21,22]. Chemical soil properties have a direct effect on biomass 
productivity and SOM dynamics. Thus, alteration during fire can substantially 
affect SOM quality and quantity, both in the short and long term [20, 19]. 
  

Depth 

(cm) 

N mineralization rate 

(mg NH4
+-N kg-1 d-1) 

Nitrification rate 

(mg NO3
--N kg-1 d-1) 

 Unburned Burned Unburned Burned 

0-5 1.32± 0.29a 0.54 ± 0.20a 0.01 ± 0.01a -3.83 ± 2.77a 
5-10 1.44± 0.06a 0.52 ± 0.01a -1.10 ± 0.12a -3.76± 2.10a 
10-20 0.69± 0.04a -0.66 ± 1.36a -0.33 ± 0.11a -2.33± 2.66a 
20-30 0.60± 0.19a 0.43 ± 0.37a 0.31 ± 0.04a -2.59± 2.83a 
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Whole soil was depleted in 13C and enriched in 15N in burned sites, while 
unburned soil had an opposite behaviour. Changes in isotopic nutrient composition 
between both sites can be explained by losses and transformations of SOM 
compounds [10]. Losses of labile material due to fire generate a residual SOM 
containing more recalcitrant C compounds such as lignin and charcoal [23,20]. 
Easily lost compounds, such as cellulose and hemicellulose are typically 
enrichemed in 13C by 1-2�‰ relative to whole plant material. Moreover, aromatic 
aminoacids, phenylanine and tyrosine, being principal precursors of lignin, are 
relatively depleted in 13C [24]. Lignin is 13C depleted by 2-6�‰ relative to whole 
plant material [25]. Another reason why burned soil is more depleted in 13C can be 
the incorporation of BC because of fire [25]. We compared the chemical shift 
regions of 13C CPMAS NMR and found a higher percentage of aryl-C (assigned to 
aromatic C�–C and C�–H of lignin, charcoal and other aromatic compounds) in the 
burned soil as compared with the unburned soil. Similar results were pointed out by 
Murage et al. [26], who found that charcoal, equivalent to our BC samples were 
depleted in 13C relative to whole soil. Rumpel et al. [12] found that fresh black 
carbon with relative values of 13C of 29.2�‰, which may indicate that fire can 
contribute to conservation of aryl-C (aromatic C, lignin, black carbon and other 
aromatic compounds), components that are depleted in 13C. However, there was no 
correlation between 15N, stable isotope in the whole soil and aryl-C. Therefore, the 
enrichment in 15N in the soil found three years after the fire is due to enhanced 
nitrification rates. That has its origin in the increased charcoal material due to fire. 
Therefore, wildfire strongly modifies the composition of soil organic N forms, 
reducing the most labile fractions and enhancing the most recalcitrant pools [27,28]. 
So, post-fire nitrification was increased by the autotrophic process in which NH4

+-N 
is converted to NO3

--N [29]. Post-fire studies on N pools in the same ecosystems 
showed a 2 to 26 fold increase in the soil ammonium (NH4

+-N) in the first year of 
measurements, while in this study we found a 3- to 4-fold increase in soil nitrate 
concentration after three years post-fire. The excess of nitrate enriched the soil and 
plant in 15N. Similar results after wildfire was observed by Boeckx et al. [30] in a 
site very near to our study area. The same behaviour was found by Montaldo [3], 
but also opposite trends were reported by Covington and Sackett [32]. 
  
According to DeLuca et al. [29], higher nitrification rates in burned soils might be 
related to the increased abundance of charcoal in burned soils. Otherwise, charcoal 
has the potential to enhance nitrification due to increased fixed N and improved 
availability of other nutrients (B, Mo, K, Ca and P), as well as a higher pH. In 
addition, charcoal has the capacity to adsorb organic components [33] that might 
induce NO3

 - immobilization or sorb compounds that are otherwise inhibitory to 
nitrification [34]. Similar results were discussed by DeLuca et al. [29], who found a 
higher nitrate concentration in the presence of charcoal as compared to unburned 
soil. In our study, NH4

+ immobilization decreased as a result of burning (date don 
not showed). Lower N mineralization rates might be expected if microbial biomass 
is substantially reduced afterwards. DeLuca et al. [29] and Yamato et al. [37] 
showed that biochar itself contained small amounts of nutrients that would be 
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available to both soil biota (including mycorrhizal fungi) and plant roots. Lastly, 
DeLuca et al. [29] showed that biochar from forest wildfire stimulated net 
nitrification rates, most likely by adsorbed inhibitory phenols. An the other hand, 
according to Rondon et al. [38] and Warnock et al. [39] mycorrhizal infection 
increases when biochar was added to soil. 
 

5. Conclusions  
 
Our results with respect to C dynamics suggest that fire induces changes in C 
composition of the SOM, towards more depleted C compounds due to more 
charcoal components which are involved in selective preservation of aromatic rings 
originating from lignin. This results in less 13C in the residue left behind in 
aromatic�–rich char. With respect to N dynamics, we found increased nitrification 
rates after fire and because nitrification discriminates against 15N, this may in turn 
lead to a 15N-enriched residue in the soil. This conclusion indicates that 13C and 

15N can be used as proxy to assess the effect of fire on C and N dynamics. This 
conclusion is valid, especially for the upper soil layer (0-10 cm).  
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