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The forests of Nothofagus pumilio have historically been affected by forest fires. The effects of fire on cer-
tain above and belowground, biotic and abiotic components of these ecosystems have been previously
documented, albeit belowground components have received much less attention. It has been suggested
that the effects observed in the short-term after a fire usually differ from the longer-term effects. The
long-term effects of fire (i.e. >5 years after burning) on belowground components in Nothofagus forests
are currently unknown. In the present study we evaluated the long-term effect of fire on ectomycorrhiza
(ECM) colonization and morphotype composition in N. pumilio roots, as well as soil chemical properties in
temperate forests in Patagonia. Sampling was conducted in three mature monospecific forests. In each,
nearby burned and unburned sites were selected. The time since the occurrence of fires differed between
areas (i.e. 6-10 years). Within each site, 3 transects of 40 m were established randomly along which 5
samples of roots and soil were collected in spring and autumn. The main results were: (1) in comparison
with the unburned site, ECM colonization was lower in the burned site in the area with the shorter time
length since fire occurrence and no effects in the other two areas were observed; (2) richness and diver-
sity were not significantly affected by fire but there was a significant effect of season for both parameters,
being higher in spring; (3) ECM dominance was significantly higher in the unburned than in the burned
site in Tronador, while in Challhuaco the opposite was observed, mainly in autumn; (4) in general carbon,
nitrogen and phosphorous decreased while pH increased in the burned sites; (5) ECM colonization pos-
itively correlated with NH*" and phosphorus and negatively with pH but was not significantly correlated
with organic matter or any other soil variable. Altogether the results suggest that effects of fire on ecto-
mycorrhiza and soil properties in N. pumilio forests are probably related to the time elapsed since fire
occurrence combined with site characteristics. In addition, the direct and indirect effects of fire in these
forest systems may persist for more than 10 years.
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1. Introduction mented (Veblen et al., 2003), although belowground components

have received much less attention. Alauzis et al. (2004) examined

The important role played by disturbance in shaping stand-level
and landscape-level forest patterns has been recognized (Attiwill,
1994). Among disturbances, fire is one of the most far-reaching,
either in space or time (Bond and Keeley, 2005). Fire generates spa-
tio-temporal changes that affect the structure and functioning of
communities in many ecosystems (Sousa, 1984). In southern
South-America, fire constitutes the main disturbance factor of the
Andean-Patagonian forests (Veblen and Lorenz, 1987, 1988; Veb-
len et al., 1992, 1996). In particular, the forests of Nothofagus pumi-
lio which range attitudinally from 38 to 55° north-south, have
historically been affected by forest fires (Veblen et al., 2003). The
effects of fire on some above and belowground biotic and abiotic
components of these ecosystems have been previously docu-
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soil chemical and microbial properties in burned and undisturbed
forest stands during the 4 years immediately after burning. They
found that fire significantly increased pH, electrical conductivity,
extractable phosphorus, and cations. In turn, a significant reduc-
tion in organic C and total N was observed. Among biotic compo-
nents, a decline of microbial activity and microbial biomass was
also observed (Alauzis et al., 2004). However, due to successional
dynamics, short-term effects usually differ from long term effects
(Neary et al., 1999).

The long-term effects of fire (i.e. >5 years after burning) on
belowground components in Nothofagus forests have not been
studied. Moreover, despite the fact that this deciduous tree species
depends on ectomycorrhiza (ECM) for nutrient uptake and that
ectomycorrhizal associations are a key soil biotic component in
temperate ecosystems (Smith and Read, 2008), the impacts of
burning on ectomycorrhizal fungi associated with Nothofagus have
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not been studied. Numerous studies in other systems have shown
that mycorrhizal symbiosis can be directly affected with increasing
levels of anthropogenic disturbance (Allen, 1988; Klopatek et al.,
1991, 1994). Forest fires can cause direct and indirect effects on
ECM communities (Neary et al., 1999). Direct effects could be re-
lated, for example, to increases in soil temperature which elimi-
nate the fungal biomass present in the organic horizon (Stendell
et al., 1999). However, since mycorrhizal fungi mediate the access
to soil resources by the plant, indirect effects are to be expected
due to changes in chemical properties of soil (Neary et al., 1999).
Most studies of the impact of fire on ECM fungi conducted in coni-
fer forests, mostly involving Pinus spp.; have reported negative to
neutral effects (Danielson, 1984; Visser, 1995; Baar and Kuyper,
1998; Horton et al., 1998; Baar et al., 1999; Jonsson et al., 1999;
Stendell et al., 1999; Grogan et al., 2000; Dahlberg et al., 2001;
Mah et al., 2001; Purdy et al., 2002; Rincén and Pueyo, 2010). In
addition, the experimental designs of these studies vary consider-
ably with respect to fire intensity, duration of fire, and time after
burning. Also, since these studies involve north temperate forests,
it is difficult to extrapolate their results to the south temperate
deciduous forests.

In the present study we compared ECM colonization, morpho-
type composition in roots of N. pumilio, and chemical soil proper-
ties in burned and unburned areas in the Patagonian temperate
forest region of Argentina.

2. Materials and methods
2.1. Study area

The study region is located within the Nahuel Huapi National
Park in Patagonia (705.000 ha), Argentina (Table 1). Sampling
was conducted in spring (from November 29 to December 3,
2005) and autumn (from April 4 to 8, 2006) in mature monospe-
cific forest of N. pumilio (deciduous broad-leaf species). Three study
areas were selected (C° Challhuaco, C° Otto, C° Tronador). In each of
them, nearby burned and unburned sites were selected. The areas
have different time spans, 6-10 years, since the occurrence of fires
(Table 1).

Climate is characterized by a mean annual precipitation ranging
from 500 to 2300 mm (increasing from E to W), and a mean annual
temperature of 5-10 °C (increasing from S to N). Precipitation, rain
and snow, is concentrated in autumn and winter (March-Septem-
ber). Summer is generally dry in this region. Soils are Andisols with
a low degree of development, characterized by a high capacity to
stabilize organic matter and store water (Mazzarino et al., 1998).

2.2. Sampling design

In each area, one burned and one unburned site was selected
and, within each site, 3 transects of 40 m were randomly estab-
lished but separated by at least 50 m. In each transect, 5 samples
(8 m apart) of roots and soil were collected in two seasons, spring
and autumn (30 samples/area/season, total = 180). In this study
each transect is the sampling unit. Samples were collected with a

soil corer, 15cm deep and 8 cm in diameter, at approximately
15-30 cm from the base of a tree. This sampling distance, estab-
lished in order to standardize root sampling in each transect, is
within the range suggested in the literature for mycorrhizal sam-
pling (e.g. Cornelissen et al., 2003; Avis et al., 2003). If a tree was
not present at a point, then we selected the closest tree. Roots
and soil samples collected in sites affected by fire were taken from
living trees; some of these were in poor condition. We always se-
lected mature trees (>30 cm diameter), thus many of them still
had signs of damage in burned sites. The root systems and soils
samples were placed separately in plastic bags and kept at 4 °C un-
til processing.

2.3. Ectomycorrhizal morphotype identification

In the laboratory, the ECM were extracted carefully from soil
samples and were sorted into morphotypes according to their mor-
phological and anatomic features using a Wild M5A stereo micro-
scope at 10-40x magnification. Criteria for sorting included color,
mantle layers, branching pattern, emanating hyphae, characteris-
tics of rhizomorphs, and cystidia, following accepted methodology
(Agerer, 1991, 1999).

2.4. Colonization and composition of ECM morphotypes

The percentage of ECM colonization was calculated as the num-
ber of ECM root tips divided by the total number of root tips (Geh-
ring and Whithan, 1994). The percentage of colonization by each
ECM morphotype was calculated for each sample by dividing the
number of root tips colonized by each ECM morphotype by the to-
tal number of root tips and multiplying by 100 (Helm et al., 1999).
Diversity of morphotypes was calculated by the reciprocal of Simp-
son’s dominance index (Magurran, 1988) using the mean relative
percentage of each morphotype associated to each sample. Mor-
photype richness was calculated as the total number of different
ECM morphotypes encountered in each sample.

2.5. Analysis of soil properties

A portion of the soil samples from each site was sent to the Lab-
oratory of Edaphologic analysis of the Facultad de Ciencias Agrop-
ecuarias (Universidad Nacional de Cordoba) to determine: %
organic matter, % organic carbon, % total nitrogen, C:N, N-NO*~
(ppm), NH*" (ppm) and phosphorus (ppm), pH 1:2,5 (Sparks,
1996). Three soil samples for each study area (1 sample per tran-
sect; 3 transect per site) were analyzed. Each sample was obtained
from the mixture of 5 subsamples.

2.6. Data analysis

All mycorrhizal and soil variables were analyzed by three-way
ANOVA with “fire”, “area” and “season” and their interactions as
main effects. In addition, we performed Spearman’s correlation
analysis between mycorrhizal and soil variables to examine for
possible relationships. When data did not meet the assumptions

Table 1
Location, climatic characteristics and year of fire occurrence at the study sites.
Area Fire Latitude (°S) Longitude (°W) Elevation (m a.s.l) Mean annual
Precipitation (mm) Temperature (°C)
Challhuaco 1996 41° 15 19,0” 71° 16’ 53,0” 1140 1500 6,3
Otto 1998 41° 08’ 45,7" 71° 22’ 18,5” 1320 1500 5,1
Tronador 1999 41° 11’ 58,0” 71° 49 42,9 1233 1750 4
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Table 2
ANOVA values of colonization, diversity, dominance and richness of ECM morpho-
types. Sources of variation in the analysis were “fire”, “area”, and “season”.

Factors ECM morphotypes
Colonization (%) Diversity Dominance Richness
F p F p F p F p
Fire (F) 7,89 380 478 7 1,89 Ns
Area (A) 12,28 2,87 540 7 658
Season (S) 0,38 Ns 1269 ™ 1014 " 5502 7
FxA 3,93 " 393 7 7,40 ’ 2,06 Ns
FxS 3,72 ) 0,22 Ns 034 Ns 1,21 Ns
AxS 0,17 Ns 0,72 Ns 054 Ns 0,06 Ns
FxAxS 0,53 Ns 0,75 Ns 0,97 Ns 0,36 Ns
Nsp > 0.1;
T p<0.1;
" p<0.05;
™" p<0.01.

of normal distribution and homogeneity of variance they were
rank-transformed. All analyses were carried out with the Infostat
Statistical Package (Di Rienzo et al., 2001).

3. Results
3.1. Ectomycorrhizal colonization

In total, 25,198 root tips were quantified, of which 22,449 were
mycorrhizal tips (89%), corresponding to 23 different ECM
morphotypes.

The data show that the percentage of mycorrhizal colonization
was significantly higher in sites not affected by fire while no differ-
ences between seasons were observed (Table 2, Fig. 1a). However,
there was a significant interaction factor between fire and forest
area because the effects of fire were evident in Tronador in both
seasons and in Otto in autumn while no effects were evident in
Challhuaco in either season or in Otto in spring (Fig. 1a).

3.2. Composition of ECM morphotypes

The diversity index of morphotypes showed marginally signifi-
cant differences between burned and unburned sites and forest
areas but a significant interaction factor between them (Table 2).
This is because diversity tended to be higher in burned sites in
Tronador but not in the other areas (Fig. 1b). In addition, there
was a significant effect of season because diversity was higher in
spring. There was a significant effect of fire, areas, and season
but also a significant interaction factor between fire and area on
morphotype dominance (Table 2). In the unburned site at Tron-
ador, dominance was higher than in the burned site, while in Chal-
lhuaco the opposite was observed, mainly in autumn. In the other
combinations of area and season there were no evident effects of
fire, while dominance was generally higher in autumn (Fig. 1c).
There was a significant effect of area on morphotype richness (Ta-
ble 2). Tronador tended to have higher values than Otto and Chal-
lhuaco. In spring, richness was significantly higher than in autumn
(Fig. 1d).

3.3. Soil properties

With the exception of C:N, all soil properties measured showed
significant differences between burned and unburned sites (Ta-
ble 3, Fig. 2d). Unburned sites showed higher values for organic
matter (%) and organic C (%) in Challhuaco and Otto but not in
Tronador indicated by a significant interaction factor between fire
and area (Fig. 2a and b). These two parameters were higher in

spring (Fig. 2a and b). Total N (%) followed a similar pattern
(Fig. 2c). N-NO3~ and NH*" were significantly affected by fire and
area while only NH** was affected by season (Table 3). There was
a significant interaction term among the three factors for these
variables with the exception of fire by area on NH**. In autumn,
N-NO*~ was higher in unburned site only in Challhuaco while in
spring only in Otto. In the remaining combinations no evident dif-
ferences were observed (Fig. 2e). In autumn, NH** was higher in
unburned sites, mainly in Challhuaco and Tronador. In spring, the
patterns were similar but only in Tronador were the differences
clearly evident (Fig. 2f). Phosphorus was also higher in unburned
sites in both seasons, mainly in Tronador (Fig. 2g). The pH was gen-
erally higher in burned sites in both seasons (Fig. 2h).

4. Discussion

Despite the importance of soil fungal communities in ecosys-
tems (Allen, 1991; Smith and Read, 2008), it is not clear how dis-
turbances such as fire affect the dynamics of these communities.
Most of the available information seems to be contradictory due
to the existence of differences in experimental methodologies,
intensity and duration of fires, and the studied ecosystems.

The results of this study, carried out in three areas differing in
precipitation regime and fire age, show that fire affects ectomycor-
rhizal communities and chemical soil parameters, but these effects
were context dependent, that is, they varied according to the dif-
ferent areas and seasons.

4.1. Effects of fire on ECM colonization

The effects of fire on ECM colonization were mainly evident in
Tronador, the area with the shortest time since fire occurrence
(i.e. 6-7 years). Here, colonization was lower in the burned site.
In the other two areas, differences in mycorrhizal colonization
were negligible suggesting that the time elapsed since fire occur-
rence (i.e. 7-8 in Otto and 9-10 in Challhuaco) was sufficient to
reach pre-disturbance levels. Similar patterns were observed in
the other ECM parameters. We question that fire intensity was
responsible for the observed results because Tronador seems to
have suffered the least intense fire event while Challhuaco the
most intense (see below) and thus, the opposite results would have
been expected.

Similar results to those obtained here were reported in other
studies for the northern hemisphere, where fire induced a decrease
in the number of mycorrhizal tips of conifer species (Torres and
Honrubia, 1997; Stendell et al., 1999; Dahlberg et al., 2001) as well
as Quercus ilex (De Roman and De Miguel, 2005).

4.2. Effects of fire on ECM composition

Richness and diversity were not significantly affected by fire in
this study. The evidence in the literature is variable and it is some-
times difficult to compare and to draw conclusions. For example,
published studies generally involve sites that range from immedi-
ate (i.e. short-term) to long-term impacts of fire and from low to
high fire intensities. Some of them measured morphotype compo-
sition in roots while others performed molecular analyses in soil
samples. They also ranged from seedlings to mature trees, growth
in the greenhouse or in the forest, respectively.

However, in mature forests, fire can negatively affect richness
and/or diversity of morpohtypes (Danielson, 1984) or have no ef-
fects at all (De Roman and De Miguel, 2005). While Danielson
(1984) measured the immediate effects of high intensity fire in Pi-
nus sylvestris, De Roman and De Miguel (2005) considered longer
terms (i.e. 4-6 years) and low intensity fire on Q. ilex. According
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Fig. 1. ECM colonization and morphotype composition in unburned and burned areas in mature monospecific forest of Nothofagus pumilio. (a) Colonization (%), (b) diversity,

(c) dominance, and (d) richness.

Table 3
ANOVA results on soil variables. Sources of variation in the analysis were “fire”, “area”, and “season”.
Soil variables Factors
Fire (F) Area (A) Season (S) FxA FxS AxS FxAxS
F p F p F p F p F p F p F p
Organic matter (%) 32,66 541 " 8,92 32,04 0,55 Ns 0,33 Ns 1,21 Ns
Organic carbon (%) 32,66 - 541 “ 8,82 32,04 0,55 Ns 0,33 Ns 2,21 Ns
Total nitrogen (%) 23,85 7,55 0,01 Ns 28,88 0,18 Ns 2,92 ’ 1,77 Ns
C:N 0,28 Ns 1,76 Ns 17,85 1,85 Ns 0,31 Ns 8,59 0,79 Ns
N-NO3~ (ppm) 7,54 o 16,92 0,12 Ns 11,06 3,43 " 18,11 18,7
NH* (ppm) 69,59 o 48,46 66,6 1,61 Ns 3,29 . 3,92 - 7,93 -
Phosphorus (ppm) 19,39 19,3 1,3 Ns 5,97 0,76 Ns 2,45 Ns 1,18 Ns
pH (1:2,5) 56,72 16,41 - 7,26 - 535 - 3,67 ) 597 0,11 Ns
Nsp > 0.1.
" p<0.1.
" p<0.05.
" p<0.01.

to our results regarding soil properties, it could be presumed that
the intensity of fires in this study was high albeit differing between
areas (Table 3). Indeed, Alauzis et al. (2004) reported that fire
intensity in Challhuaco was high. Therefore, it is possible that the
lack of differences in richness and diversity found here may be re-
lated to the time elapsed since fire occurrence. For instance, in
Tronador, the area with the shorter time length since fire occur-
rence, dominance was clearly higher in unburned sites. Recently,
Rincén and Pueyo (2010) concluded that fire severity, site slope,
and elapsed time after fire caused shifts in the presence or relative
frequencies of a number of EM types in regenerated Pinus pinaster
seedlings. The evidence so far suggests that ECM might be affected

by fire in complex ways that include fire history, host plants, and
site characteristics (see below).

4.3. Effects of fire on soil properties

While the volcanic soils in the Patagonia region have a high
capacity to stabilize the organic matter and organic C, retain phos-
phorus and water, and buffer pH (Mazzarino et al., 1998), our re-
sults show that fire effects on soil properties persist for years. In
Challhuaco, 4 years after the fire occurrence, Alauzis et al. (2004)
showed a significant decrease in total organic C and N and a signif-
icant increase in pH. Our results suggest that even 8-10 years after
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Fig. 2. Chemical parameters in burned and unburned soils in mature monospecific forest of N. pumilio. (a) Organic matter, (b) organic carbon, (c) total nitrogen, (d) C:N, (e) N-

N0, (f) NH*, (g) phosphorus, and (h) pH.

the fire occurrence the effects still remain evident in that area and
to a lesser degree in Otto. In contrast, these effects were not evi-
dent in Tronador. Differences in phosphorous and NH*" were
mainly evident in Tronador with higher values in the unburned

site. It has been shown that immediately after fire occurrence;
there is an increase in phosphorous levels that tend to decrease
returning to previous levels with time (Serrasolsas and Khanna,
1995; Certini, 2005). The substantial differences in phosphorus be-
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Table 4

Spearman’s correlation coefficient between % of colonization and the composition of ECM morphotypes with soil variables.

Soil variable ECM morphotypes
Colonization (%) Diversity Dominance Richness
R p R p R p R p
Organic matter (%) —0,06 Ns 0,1 Ns 0,28 Ns -0,11 Ns
Organic carbon (%) —0,06 Ns 0,1 Ns 0,28 Ns -0,11 Ns
Total nitrogen (%) -0,23 Ns 0,3 Ns 0,13 Ns 0,02 Ns
C:N 0,32 Ns -0,48 - 0,22 Ns -0,33 Ns
N-NO3~ (ppm) 01 Ns 0,17 Ns 0,12 Ns 0,03 Ns
NH*" (ppm) 0,58 " -0,48 " 0,33 Ns —-0,08 Ns
Phosphorus (ppm) 0,54 -0,37 " 0,02 Ns 0,16 Ns
pH (1:2,5) -04 - 0,05 Ns -0,16 Ns —0,46
Ns p > 0.05.
" p<0.05.
" p<0.01.

tween the burned and unburned sites from Tronador but not Chal-
lhuaco and Otto, suggest that the effect of fire on some soil proper-
ties are also dependent on the time elapsed since fire occurrence.
Altogether the results suggest that carbon, nitrogen, and phospho-
rous decreased in burned sites while pH increased.

4.4. Relationship between ectomycorrhizas and soil properties

Fire affects mainly the upper soil layers (Neary et al., 1999; Patt-
inson et al., 1999; Certini, 2005) causing changes in the composi-
tion of biotic communities (Neary et al., 1999; Mao et al., 2002).
It is known that changes in soil nutrient availability affects the
dynamics of mycorrhizal fungal communities after fire (Dahlberg
et al., 2001). Treseder et al. (2004) concluded that colonization of
ECM fungi in boreal forests of Alaska requires up to 15 years to re-
turn to pre-disturbance levels and that this recovery is closely re-
lated to the recovery of soil organic matter. In our study, ECM
colonization positively correlated with NH** and phosphorus and
negatively with pH but no significant correlation with organic mat-
ter or any other soil variable was observed (Table 4). Altogether
these results suggest that the effect of fire on ECM colonization
in Tronador might be mediated by the changes in NH*" and phos-
phorus observed in that area (Table 4).

In addition, diversity negatively correlated with NH**, phospho-
rus and C/N while richness negatively correlated with pH. These re-
sults suggest that phosphorous and nitrogen availability rather
than organic matter relates to some ectomycorrhizal variables
and that fire may also affect ectomycorrhizal composition indi-
rectly by the effects on those chemical properties.

5. Conclusions

Overall, our results indicate that long term effects of fire on
ectomycorrhizas and soil properties in N. pumilio forests are con-
text dependent. The belowground biotic and abiotic components
in these forests are probably related to the time elapsed since fire
occurrence combined with site characteristics. The results also
suggest that the direct and indirect effects of fire in these forest
systems persist for more than 10 years. These findings together
with those reported in the literature suggest that further studies
are needed to understand patterns and mechanisms regarding
the effects of fire on belowground components in temperate
ecosystems.
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