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a b s t r a c t

Pseudotsuga menziesii is one of the most widely planted conifers in the Patagonian Andes of Argentina,
with invading characteristics that are widely reported. Nevertheless, little is known about the role of its
obligate mycorrhizal associations in limiting or fostering the establishment of invading seedlings. We
studied the richness and abundance of endo- (AM) and ectomycorrhizae (EM) present in P. menziesii
seedlings growing in six Nothofagus forests invaded by P. menziesii seedlings (Nothofagus þ P. menziesii)
matrices. One transect along the maximum effective recruitment distance (ERA) was established at each
site in order to wrench seedlings and sample soils. P. menziesii showed effective associations with a wide
range of mycorrhizal symbionts: AM (ranging between 13.21 and 37.11%), EM (ranging between 79.91
and 89.14%) and Dark Septate Endophytes (DSE). Seedlings’ mycorrhization percentages were always
high, suggesting a good nursery effect provided by neighboring plantations. Mycorrhizal abundance (AM
% and EM%), EM morphotypes richness and evenness showed significant differences between sites,
indicating that P. menziesii displays a high plasticity being capable to select the more convenient
mycorrhizal arrangement at each invaded site.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Pseudotsuga menziesii (Mirb.) Blanco is one of the most widely
planted exotic Pinaceae in NW Patagonia, Argentina, valued for its
timber quality and growth rate (Andenmatten et al., 2002). This
activity has been encouraged by state financial support in order to
create a productive timber development in the region (Laclau et al.,
1999). Plantations have been located along a latitudinal gradient
from Neuquén to Chubut provinces, preferably at sites with native
forest boundaries, with sufficient rainfall and protected from heavy
frost. This situation has began to generate negative impacts on
native vegetation by displacement or invasion of native forests
given the invasive characteristics of P. menziesii (Orellana and
Raffaele, 2010; Richardson et al., 2008; Sarasola et al., 2006).
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Plant invasions threaten biodiversity conservation and incur
large economic costs (Akter et al., 2011; Binimelis et al., 2007; Mack
et al., 2000; Pimentel et al., 2005); however, why particular in-
vasions succeed and others fail is often not well understood. It is
well known that these processes are strongly influenced by envi-
ronmental site conditions such as soil and climatic variables (Davies
et al., 2000), that soil biota may promote invasion (Callaway et al.,
2004; Klironomos, 2002; Mangla et al., 2008) and that facilitation
by beneficial soil microbes such asmycorrhizasmay directly control
biological invasions (Richardson et al., 2000; Simberloff and Von
Holle, 1999; Horton and van der Heijden, 2008).

Mycorrhizal fungi are known to play a major role in nutrient
transfer and allocation (Ibijbijen et al., 1996; Hoffland et al., 2004;
Landeweert et al., 2001; Simard et al., 1997a, 1997b; Smith and
Read, 2008). Nevertheless, environmental factors such as temper-
ature, soil moisture and nutrients content modulate mycorrhizal
distribution (Brundrett, 1991). Key factors affecting the potential
benefit of mycorrhizas in particular sites are the supply of soil Na, P
and N (Abbott and Robson, 1991; Grove et al., 1991); it has been
shown that excessive Na, P or N levels in soil inhibit mycorrhizal
formation and restrict the activity of most mycorrhizal fungi
(Juniper and Abbott, 1993; Malajczuk et al., 1990). The influence of

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:mesalgadosalomon@gmail.com
mailto:cbarroetavena@ciefap.org.ar
mailto:mrajchenberg@ciefap.org.ar
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.actao.2013.01.018&domain=pdf
www.sciencedirect.com/science/journal/1146609X
http://www.elsevier.com/locate/actoec
http://dx.doi.org/10.1016/j.actao.2013.01.018
http://dx.doi.org/10.1016/j.actao.2013.01.018
http://dx.doi.org/10.1016/j.actao.2013.01.018


M.E. Salgado Salomón et al. / Acta Oecologica 49 (2013) 5e116
soil water and temperature on mycorrhizal fungi is variable; it may
affect fungal host-species combination, fungal spores germination,
photosynthesis rate and development of the host plant (Entry et al.,
2002).

Recent researches carried out in Patagonia (Argentina) have
shown high abundance of ecto- (EM) and ectendo- (ECM) mycor-
rhizas in P. menziesii nurseries and planted seedlings (Barroetaveña,
2004; Barroetaveña and Rajchenberg, 2003; Barroetaveña et al.,
2007) confirming their essential role in the establishment and
growth of this species (Trappe and Strand, 1969; Wright, 1971). The
presence of endomycorrhizas (AM) has also been reported by
Cázares and Smith (1996) and Cázares and Trappe (1993) in native
forests of the species, but they have not been studied in introduced
P. menziesii. Though there is no evidence that AM/EM succession
occurs, it is possible that AM fungi colonize cortical cells before EM
fungi (Cázares and Smith, 1996). Because Nothofagus is an ecto-
mycorrhizal genus (Singer and Morello, 1960), generalists AM fungi
could be provided by the understory vegetation (Fontenla et al.,
1998) and used by P. menziesii seedlings when invading native
forests from Patagonia. Nevertheless, no studies have inquired into
the role of native forest soils neighboring P. menziesii plantations as
providers of their obligate mutualistic associations (mycorrhizas).

The aim of this work was to evaluate the mycorrhizal status of
invasive P. menziesii seedlings growing in Nothofagus þ P. menziesii
matrices, to analyze the relationships between mycorrhizal status
with soil and climatic variables, and to discuss the possible roles of
mycorrhizas in the invasion process by P. menziesii.

2. Materials and methods

2.1. Sampling sites

The study was conducted at six sites with Nothofagus forests
neighboring P. menziesii plantations showing invasion of the latter
native forests of the former. The area is located at NW Patagonia
(Argentina) in the deciduous forest District, Sub-Antarctic Province,
Sub-Antarctic Domain (Cabrera and Willink, 1980). It presents
perennial forests dominated by species of Nothofagus dombeyi
(Mirb.) Oerst., N. obliqua (Mirb.) Oerst. or N. nervosa (Phil.) Krasser,
accompanied mainly by Luma apicula (DC.) Burret, Chusquea culeou
E. Desv., Berberis sp. and Schinus patagonicus (Phil.) I. M. Johnst. ex
Cabrera. For details on sampling sites features see Table S1 (sup-
plementary data online).

2.2. Seedling and soil sampling

A transect was established at each site, along the maximum
effective recruitment distance (ERA) (Sarasola et al., 2006). At each
site 25 invasive P. menziesii seedlings between 2 and 6 years old
were selected, wrenched and kept in plastic bags. Additionally, soil
samples were obtained and homogenized in order to obtain a
composite soil sample per site.

Soil samples were air-dried and sieved (2 mm). Features of the
�2 mm fraction were analyzed as follows: Soil pH (SpH, Bailey,
1943), Total nitrogen content (TN, Kjeldhal method,
Bremmer,1960; Bremmer and Mulvaney, 1982), Organic matter
content (OM,Davies,1974), exchangeable cations includingCa (CaC),
Mg, K and Na (Schollenber and Simon,1945), Electrical conductivity
(EC, Blakemore et al., 1987), and Available phosphorous (P, Bray and
Kurtz, 1945). The annual rainfall and mean temperature at each site
were obtained from the database of the Argentinean National
Weather Service (Servicio Meteorológico Nacional, 2010).

Seedlings measurements included stem height (H, from apex to
collar), stemcollar diameter (CD,measured at ground level), seedling
root system length (RL, sum of principal and lateral roots lengths).
2.3. Mycorrhizal status evaluation

AM and EM colonization percentages for each seedling were
estimated following Brundrett et al. (1996), using the complete root
system. Ectomycorrhizal colonization percentage (%EM) was esti-
mated as:

%EM ¼ ðnumber of EM tips=total tips of the root systemÞ
� 100

Endomycorrhizal colonization percentage (%AM) was estimated
by the grid intersect method (Brundrett et al., 1996), expressed as:

%AM ¼ ðnumber mycorrhizal intersects=total intersectsÞ
� 100

EMmorphotypes were characterized, determined and classified
according to Goodman et al. (1996), and the reference works by
Barroetaveña et al. (2006, 2007), Agerer (1994, 2001) and Agerer
and Rambold (2004e2010). Clearing and staining of roots to eval-
uate arbuscular mycorrhizas followed Cázares and Smith (1996)
and Cázares and Trappe (1993).

EM richness was calculated as the number of different mor-
photypes per seedling. Morphotype richness (S) was calculated as
the number of different morphotypes found at each site. EM mor-
photypes were used to estimate Shanon’s diversity index (H0,
Shannon and Weaver, 1949). Evenness index (E) was calculated
following Pielou (1969):

E ¼ H’=lnðSÞ
The number of morphotypes equally abundant per site (SH) was

estimated following Pla (2006):

SH ¼ eH’

2.4. Statistical analysis

AM and EM colonization percentages, and EM richness between
sites were not normally distributed and variances were not ho-
mogeneous (Shapiro Wilk and Levenne tests, respectively) (Everitt,
2005). Arcsine data transformation was performed. Differences in
AM%, EM% and richness between sites were analyzed by using the
generalized linear mixed models (GLMM) applying the restricted
maximum likelihood estimation method with subsequent com-
parison with DGC test (exclusive groups formation test) (Di Rienzo
et al., 2002) in R for R-DCOM in Infostat (Di Rienzo et al., 2010).

Comparisons of EM richness, S, H0, E and SH among sites were
analyzed with Kruskall Wallis test.

To further analyze the relationships between site variables and
mycorrhizal status, a Spearman correlation test (r) was performed,
including mean temperature (MT), annual rainfall (PP), soil pa-
rameters (SpH, TN, OM, CaC, Mg, K, Na, EC and P) and EM%, AM%, H0,
E, SH, and S.

All analyses were performed at 0.05 significance level with the
statistical package InfoStat for Windows, version 2011 (Di Rienzo
et al., 2011).

3. Results

3.1. EM status

EM colonization percentage was very high at all sites, ranging
between 79.91 and 89.14% (Fig. 1). However, there were significant
differences between two groups of sites (df ¼ 5; F ¼ 4.79;
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p ¼ 0.0005, DGC test), with Corcovado, Est. Newmeyer and Victoria
Island presenting significant lower values, than Est. Quechuquina,
Foyel and ENFORSA.

3.2. AM status

Values of AM% ranged between 13.21 and 37.11% (Fig. 1). A
general analysis showed that the study sites presented significant
differences in AM% with sites forming three groups (df ¼ 5;
F ¼ 9.62; p < 0.0001, DGC test), one including Corcovado with the
highest AM% value, another with Est. Quechuquina with the lowest
AM% value, and the other group with intermediate values formed
by the remaining four sites (Fig. 1).

During AM analysis, a constant presence of Dark Septate En-
dophytes (DSE) was detected in seedlings from all sites.

3.3. EM morphotypes richness

Individual seedling richness ranged between 2.9 and 4.5 mor-
photypes per seedling (Fig. 1) and showed that there were signifi-
cant differences between two groups of sites (df ¼ 5; F ¼ 6.99;
p < 0.0001, DGC test) Corcovado and Est. Newmeyer with higher
values and Est. Quechuquina, ENFORSA, Foyel and Victoria Island
with lower values (Fig. 1).

Morphotype richness ranged between 5 and 12 different mor-
photypes per site, and showed significant differences between sites
(H ¼ 1390.96; n ¼ 250; p < 0.0001, Kruskall Wallis test), Corcovado
and Est. Newmeyer with the highest values, Foyel with the lowest
value, while Victoria Island, ENFORSA and Est. Quechuquina formed
an intermediate group (Figs. 2 and 3).

Shannon’s diversity index showed significant differences be-
tween sites (p < 0.0001, Kruskall Wallis test) as did Evenness
(H¼ 1347.9; n¼ 250; p< 0.0001, KruskallWallis test) (Fig. 3); while
in Est. Newmeyer and Foyel EM morphotypes were more evenly
distributed, Corcovado showed fewer but dominant morphotypes,
and ENFORSA, Victoria Island and Est. Quechuquina formed a single
intermediated group. The number of equally abundant morpho-
types ranged from 3 to 5 morphotypes per site (Fig. 3).
Fig. 1. Mean AM% and EM%, EM richness (expressed as number of different morphotypes p
means significantly differences between sites (p ¼ 0.05).
3.4. Relationships between mycorrhizal status with soil and
climatic variables

Soil analysis showed that PP, MT, SpH, OM, CaC, EC and TN
differed between sites from a biological point of view based on
reference values for the region (La Manna et al., in press) and were
included in the correlation analysis; see Table S1 (supplementary
data online) for details on soil features. Other variables such as P
(varying from 6 to 7 mg/kg) and Na (varying from 138 to 230 ppm)
were always low, K (varying from 168.13 to 402.73 ppm) and Mg
(varying from 638.4 to 912 ppm) were always high, while soil
texture was always sandy loam; therefore, none of them were
included in the correlation analysis.

Spearman correlation analysis was consistent with the results
shown by the GLMM. EM colonization percentage was weakly
correlated with mean temperature (r ¼ 0.21, p ¼ 0.02, Spearman
correlation analysis, Table 1) and soil pH (r ¼ �0.28, p ¼ 0.0026,
Spearman correlation analysis, Table 1). AM colonization percent-
age was correlated more strongly with annual precipitation
(r ¼ �0.47, p < 0.0001, Spearman correlation analysis, Table 1) and
N content (r ¼ 0.34, p ¼ 0.0002, Spearman correlation analysis,
Table 1), and richness and Evenness were correlated with Ca con-
tent (r ¼ �0.81, p ¼ 0.05 and r ¼ �0.89, p ¼ 0.05, respectively,
Spearman correlation analysis, Table 1).

4. Discussion

The occurrence of AM and EM in the same individual has been
reported for many tree genera such as Acacia, Alnus, Casuarina,
Cupressus, Eucalyptus, Juniperus, Pinus, Populus, Salix, Tilia and
Ulmus (Becerra et al., 2005; Cázares and Smith, 1996; Cázares and
Trappe, 1993; dos Santos et al., 2001; Horton et al., 1998; Molina
et al., 1992; Smith et al., 1998; Wagg et al., 2008). In this work we
report the co-occurrence of AM, EM and DSE in the same in-
dividuals of P. menziesii for the first time.

Collier and Bidartondo (2009) found a ‘sit-and-wait’ strategy for
the mycorrhizae they studied, stating that trees invade first and
later do mycorrhizas. Results of this work indicate that P. menziesii
er seedling) and seedlings features of P. menziesii found at each site. *Different letters



Fig. 2. Colonization rates of P. menziesii seedlings with different EM morphotypes (En).
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forms AM and EM associations while invading, as it presents high
abundance of both AM and EM associations in invading seedlings
since 1 year old. These results also suggest that neighboring plan-
tations provide a good nursery effect, at least regarding EM species,
as it was demonstrated for Pinus ponderosa Dougl. ex Laws. plan-
tations in Patagonia (Salgado Salomón, 2007; Salgado Salomón
et al., 2011). Most of the EM species reported for P. menziesii
plantations and nurseries from Patagonia are exotic for the region
(Barroetaveña et al., 2006, 2007), with only two taxa with cosmo-
politan distributions [Thelephora terrestris Ehrh and Hebeloma
Fig. 3. Shannon index, Total observed morphotypes and evenness at each sit
mesophaeum (Pers.) Quél.] shared with Nothofagus forests (Singer,
1969).

Zhang et al. (2010) have hypothesized that ubiquity and pre-
sumed low level of host specificity of AM fungi determine that they
play a minor role in mediating invasion of exotic plants. Never-
theless, it should be pointed out that such ubiquity and low spec-
ificity guarantee a functional mutualistic association to many kinds
of plants including invading ones. The high levels of AM coloniza-
tion found in invasive P. menziesii in this study support this idea,
although their identity and the specific contribution to seedling
e *Different letters means significantly differences between sites (p ¼ 0.05).



Table 1
Spearman correlation’s coefficient between AM y EM colonization, Shannon index, evenness index, morphotype richness and environmental features.

EM% AM% PPa TMb pHSc OMd CaCe ECf TNg SHh Si Ej Hk

EM% 1 0.33 0.28 0.02 2.60E-03 0.92 0.31 0.07 0.55 0.31 0.04 0.34 0.1
AM% �0.09 1 8.30E-08 8.50E-04 8.50E-04 3.10E-04 0.04 0.02 1.80E-04 0.57 3.40E-03 3.40E-03 0.1
PP 0.1 �0.47 1 1.00E-12 1.60E-09 1.00E-12 1.70E-03 1.50E-10 1.00E-12 3.10E-06 3.50E-03 2.90E-09 1.00E-12
TM 0.21 �0.31 0.64 1 1.10E-08 4.30E-03 0.95 1.00E-12 0.14 5.80E-05 0.44 7.40E-05 1.30E-06
pHS �0.28 0.31 �0.53 �0.5 1 0.02 0.36 1.40E-12 0.13 1.10E-05 0.5 0.36 0.03
MO 1.00E-02 0.33 �0.61 �0.26 �0.21 1 1.00E-05 0.82 1.00E-12 2.20E-03 2.60E-09 1.00E-12 0.04
Cca 0.09 �0.19 0.29 0.01 0.09 �0.4 1 0.05 8.40E-05 0.01 1.00E-12 1.00E-12 1.20E-03
CE 0.17 �0.23 0.55 0.94 �0.6 0.02 �0.18 1 0.33 1.00E-12 2.20E-04 0.14 3.60E-11
CN 0.06 0.34 �0.68 �0.14 �0.14 0.96 �0.36 0.09 1 0.11 5.90E-08 1.90E-09 8.10E-04
SH �0.1 �0.05 0.42 0.37 �0.4 0.28 �0.26 0.62 0.15 1 0 0.32 1.00E-12
S �1.90E-01 0.27 �0.27 0.07 0.06 0.52 �0.81 0.34 0.48 0.62 1 0 4.60E-10
E 0.09 �0.27 0.52 0.36 0.09 �0.61 0.9 0.14 �0.52 �0.09 �0.66 1 0.97
H �0.16 �0.15 0.62 0.43 �0.2 �0.19 �0.3 0.57 �0.31 0.85 0.54 �3.00E-03 1

a PP: annual rainfall (mm).
b MT: mean temperature (�C).
c SpH: soil pH.
d OM: organic matter (%).
e CaC: soil calcium content (ppm).
f EC: electrical conductivity (ds).
g TN: total soil nitrogen content (%).
h SH: Number of morphotype equally abundant per site (Shannon Index).
i S: Total morphotype observed per site.
j E: Evenness index.
k H: Shannon index. Spearman correlation’ coefficients are below the main diagonal, p values are above the main diagonal. Significant coefficients and p values of the

variables are shaded.
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establishment have to be determined. On the other hand, EM fungi
are disproportionally represented in some families such as Pina-
ceae and Fagaceae in temperate and boreal forests (Baxter and
Dighton, 2005), and P. menziesii is estimated to associate with 514
species of EM fungi over its entire range (Barroetaveña et al., 2007).
The variation in fungal species associated to a single plant species
portends a wide range of mycorrhizal functional attributes. In this
study we have observed different mycorrhizal arrangements (AM
and EM) in seedlings from different sites. Even with similar mor-
photype richness, sites differed in ‘morphotypes selected’ by plants,
which accounted for the variety of possibilities that P. menziesii
seems to have when invading Nothofagus forests. Moreover, almost
all sites showed co-dominance of 4e5 morphotypes, but these
were never the same (see Fig. 2).

The beneficial contributions of AM colonization increase with
increasing plant moisture deficit (Entry et al., 2002), therefore the
symbiosis is encouraged under these conditions. AM symbiosis
may alleviate plant water deficit by several mechanisms, including
increasing water uptake due to hyphae extraction of soil water
(Auge et al., 1992; Davies et al., 1992), altering hormonal levels
causing changes in stomatal conductance (Drüge and Schönbeck,
1992), increasing turgor by lowering leaf osmotic potential
(Davies et al., 1993), improving nutrition of the host (Johnson and
Hummel, 1985) and improving plant recovery after drought
through maintenance of the soil-root continuum (Reid and Bowen,
1979; Sweatt and Davies, 1984). This could explain the significant
(though weak), negative correlation between AM colonization
percentages with annual rainfall found in this study. Evenness and
richness were weakly and negatively correlated with Ca soil con-
tent, and a possible explanation is that Ca ions have been reported
as antimicrobial compounds (Nout, 1992) and Mayor and Henkel
(2006) found Ca concentration was higher when EM fungi were
not present.

DSE have been reported for many conifers, mainly Pinus spp.
(Cázares and Trappe, 1993; Grünig et al., 2008; Peterson et al.,
2008; Usuki and Narisawa, 2007; Wagg et al., 2008) and in
various environments (Mandyam and Jumpponen, 2005), but not
for P. menziesii. There is little information regarding DSE func-
tioning. Jumpponen (2001) summarizes the evidence for and
against DSEs being a mycorrhizal association. An increase in shoot P
was observed in tree species inoculated with DSE (Haselwandter
and Read, 1982; Jumpponen et al., 2002), and it is possible that
DSE fungi provide invading plants, such as P. menziesii, with access
to more recalcitrant pools of C, N and P in litter and other detritus
(Peterson et al., 2004). But other authors support the idea that DSE
would be facultative biotrophic fungi because they are commonly
found in naturally senescent roots (Caldwell et al., 2000;
Jumpponen and Trappe, 1998; Robertson, 1954). In any case, the
presence of microsclerotia that ensure the reproduction of these
fungi in the ecosystem (Jumpponen and Trappe, 1998; Yu et al.,
2001), as found in the P. menziesii seedlings in our study, in-
dicates DSE were functional and active.

5. Conclusions

P. menziesii invasive seedlings are plastic regarding its mycor-
rhizal associations, able to form AM, EM and DSE in a single seed-
ling. Proportions of the three associations, including different EM-
morphotypes vary according to site conditions. Annual rainfall,
soil pH, mean temperature and Ca were associated to the different
mutualistic arrangements formed at each site. P. menziesii co-
invades with its symbionts and is successful in the establishment
period of invasion during the first 5 years old.
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