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Effect of chronic ammonium nitrate addition on
the ectomycorrhizal community in a black spruce
stand1

Sergio Rossi, Adam Bordeleau, Daniel Houle, and Hubert Morin

Abstract: Observed modifications of ectomycorrhizal (ECM) communities have been connected to the increased N deposi-
tions of the 20th century. Because of their narrow niche width, small disturbances of soil conditions can produce greater ef-
fects on the fungal species than on their host trees. This study investigated the ECM community in a black spruce (Picea
mariana (Mill.) BSP) stand subjected to long-term additions of 9 and 30 kg N·ha–1·year–1 of ammonium nitrate, representing
3 and 10 times the atmospheric N deposition at the site, respectively. Root tip vitality and ECM presence were detected on
samples collected from the organic horizon and ECM were classified into morphotypes according to their morphological
and anatomical characters. In the control, 80.6% of the root tips were vital, 76.5% of them showing ECM colonization.
Higher root tip vitality and mycorrhization were observed in the treated plots. Forty-one morphotypes were identified, most
of them detected at the higher N inputs. Results diverging from the expectations of a reduction in ECM presence and diver-
sity could be related to a higher growth rate of the trees following fertilization. The repeated application of small N doses
could have been a better imitation of natural inputs from atmospheric deposition and could have provided more reliable re-
sponses of ECM to treatment.

Résumé : Les modifications qui ont été observées chez les communautés ectomycorhiziennes (ECM) ont été reliées à l’aug-
mentation des dépôts de N au cours du 20e siècle. À cause de leur niche étroite, de faibles perturbations des conditions de
sol peuvent avoir plus d’effets sur les espèces de champignons que sur les arbres qui leur servent d’hôtes. Cette étude a
porté sur la communauté ECM dans un peuplement d’épinette noire (Picea mariana (Mill.) BSP) soumis à des apports à
long terme de 9 et 30 kg N·ha–1·an–1 de nitrate d’ammonium représentant respectivement 3 à 10 fois les dépôts de N atmos-
phérique sur le site. La vitalité des apex racinaires et la présence d’ECM ont été détectées sur des échantillons collectés
dans l’horizon organique et les ECM ont été classées par morphotypes selon leurs caractéristiques anatomiques et morpholo-
giques. Dans le traitement témoin, 80,6 % des apex racinaires étaient pleins de vitalité; 76,5 % étaient colonisés par des
ECM. Une meilleure mycorhization et une plus grande vitalité des apex racinaires ont été observées dans les parcelles trai-
tées. Quarante et un morphotypes ont été identifiés dont la plupart ont été détectés dans les endroits où les apports de N
étaient les plus élevés. Le fait que les résultats ne correspondent pas aux attentes, soit une réduction de la présence et de la
diversité des ECM, pourrait être relié à un taux de croissance plus élevé des arbres à la suite de la fertilisation. L’application
répétée de faibles doses de N aurait peut-être mieux imité les apports naturels provenant des dépôts atmosphériques et aurait
pu fournir des réactions plus fiables des ECM au traitement.

[Traduit par la Rédaction]

Introduction

Because of low evapotranspiration and decomposition, the
boreal forest is characterized by slow nutrient cycles and a
gradual accumulation of organic matter either as raw humus
or as peat during the forest stand successions (Read et al.
2004; Rossi et al. 2009). Humus is the main reservoir of N,
containing up to 761 g·m–2, an amount 24 times higher than
that observed in vegetation (Berg and Dise 2004). However,

despite the huge presence of N in soils of the boreal forest,
the rates of decomposition of organic matter and mineraliza-
tion of nutrients are crucial factors for growth in these cold
ecosystems because <5% of N is in available form (Jackson
et al. 2008; Rossi et al. 2011). In the last 200 years, the
anthropogenic N depositions have altered soil cycles and
plant nutrition at both global and regional scales and are pro-
jected to rise dramatically in the near future as much as the
worldwide population growth (Galloway et al. 2004). Ac-
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cordingly, the productivity of the boreal forest is expected to
increase according to the trend observed during the 20th cen-
tury, which was related to the positive effect of N on tree
growth (Boisvenue and Running 2006; Thomas et al. 2010).
With respect to the trees of temperate forests, conifers in

boreal forest allocate higher proportions of their resources
for the metabolism of belowground organs, making fine roots
an essential system to investigate for understanding the
growth mechanisms of boreal species (Gower et al. 2001;
Ruess et al. 2003). Besides, the individual infectible root tip
is the resource for which root symbionts compete and root
colonization is a necessary condition for survival and repro-
duction of mycorrhizal fungi (Bruns 1995). Read et al.
(2004) reported that in heathland and boreal forest ecosys-
tems, roots <2 mm in diameter consist almost entirely of ec-
tomycorrhizae (ECM). ECM roots and their extramatrical
mycelial systems proliferate preferentially, but not only, in
and close to the superficial organic horizons to intensely ex-
ploit N polymerized within the litter. The ecological role of
this symbiosis in nutrient cycling and plant nutrition is evi-
dently of major importance in these ecosystems (Read et al.
2004).
The recent increased N depositions have been assumed to

be one of the main causes of the declines in species richness
and abundance of macromycetous sporocarps, particularly of
ECM (Arnolds 1991). ECM fungi have narrower niche width
than their host trees, and even minor alterations of soil condi-
tions are assumed to potentially produce greater effects in
ECM communities than in trees (Nantel and Neumann
1992). Moreover, with respect to their long-living hosts,
ECM represent more dynamic components of the partnership
and are able to respond directly and more rapidly to environ-
mental disturbances (Wallenda and Kottke 1998; Staddon et
al. 2002). Therefore, this study investigated the ECM com-
munity of black spruce (Picea mariana (Mill.) BSP) growing
in natural plots subjected for 8 years to repeated N additions
representing 3 and 10 times the current deposition measured
in the stand. The aim was (i) to evaluate changes in root tip
vitality and (ii) to verify whether and to what extent ECM
abundance was affected by N addition. Mycorrhizal trees are
assumed to perform better under conditions of poor nutrient
availability due to their superior cost efficiency, i.e., the
amount of nutrients acquired per C expended, whereas non-
mycorrhizal trees should be more cost efficient and grow bet-
ter at high nutrient levels (Corrêa et al. 2008). Consequently,
N enrichment was expected to alter the mycorrhizal fungal
community by reducing ECM presence and diversity in roots
(Wallenda and Kottke 1998; Lilleskov 2005). The choice of
working in a monospecific and experimentally manipulated
stand rather than a regional gradient of N availability allowed
shortcomings to be avoided related to differences in host spe-
cificity, local soil or climatic characteristics, or disturbance
history (Bruns 1995).

Material and methods

Study area and experimental design
This study was part of a larger research project aimed to

better understand N cycling in temperate and boreal forests
of eastern Canada in a context of increasing N atmospheric
depositions (Ste-Marie and Houle 2006; Houle and Moore

2008; Moore and Houle 2009). This specific investigation
was conducted on a site located close to Lac Tirasse (49°12′N,
73°39′W; 400 m above sea level) in the Réserve Faunique
Ashuapmushuan in Quebec, Canada. The site consisted of
a black spruce stand derived from a forest fire that occurred
in the 1940s. The region has a gently rolling topography on
thick and undifferentiated glacial till deposits. This area is
part of the black spruce – feather moss bioclimatic domain
with a potential vegetation composed mainly of black
spruce associated with balsam fir (Abies balsamea (L.)
Mill.), jack pine (Pinus banksiana Lamb.), white spruce
(Picea glauca (Moench) Voss), white birch (Betula papyri-
fera Marsh.), and trembling aspen (Populus tremuloides
Michx.). The climate is continental, with short, cool
summers and long, cold winters with a mean annual tem-
perature of 1.2 °C and total precipitation of 823 mm. About
300 cm of snow covers the ground from November to May,
only disappearing completely in June.
A detailed description of the experimental design can be

found in Houle and Moore (2008). Brifely, nine square plots
of 100 m2 with a buffer zone of at least 10 m between plots
were selected and randomly assigned as treatment or control.
Two different treatments were carried out consisting of apply-
ing 3 times (LN) (designated low N in the tables and figures)
and 10 times (HN) (designated high N in the tables and fig-
ures) the atmospheric N deposition measured in the site,
which was estimated at 3.0 kg·ha–1·year–1 (Ste-Marie and
Houle 2006). So, 9 and 30 kg N·ha–1·year–1 in the form of
ammonium nitrate were added in each plot for the LN and
HN treatments, respectively. To ensure an even distribution,
the ammonium nitrate was diluted in 10 L of deionized water
and the solution was sprayed in four passes with a Solo back-
pack. From 2001 to 2008, N was applied monthly during the
snow-free period (June–October) because multiple applica-
tions better imitate the natural and constant low input from
atmospheric deposition, reduce nutrient leaching, and avoid
possible toxic effects on soil biota.

Sampling and data collection
In September 2008, four cylindrical soil cores (5 cm in di-

ameter and 15 cm in length) were randomly collected from
the organic horizon in each control and treated plot, sealed
in plastic bags, immediately transported to the laboratory,
and stored at –10 °C in the dark. Cores were collected where
the majority of fine-root production of black spruce occurs
(Ruess et al. 2003) and at least 3 m apart to achieve the
greatest sampling efficiency for analysis of the ECM com-
munity (Lilleskov et al. 2004). From each sample, 15 root
fragments were randomly chosen among those with undam-
aged and fully developed apical tip and were carefully
cleaned in water under a stereomicroscope. Fifteen root tips
from the distal portion of the fragment were chosen and clas-
sified as vital or nonvital according to Montecchio et al.
(2004). Preliminary analyses performed on the site demon-
strated that this sampling size was adequate to statistically
represent the ECM community of the plots (data not shown).
Nonvital tips showed a scurfy surface and an easily detach-
able cortex, with or without remnants of ECM mantle. Vital
tips were well developed, turgid, and inflated. The vital tips
were classified as mycorrhized or nonmycorrhized according
to whether the ECM mantle was present or lacking, respec-
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tively. ECM systems were counted as one unit, irrespective of
the extent of ramification (Montecchio et al. 2004). Damaged
and not fully developed root tips were excluded from the ob-
servations.
All collected ECM were coded and classified into morpho-

types by recording their morphological and anatomical char-
acteristics under a stereomicroscope and a light microscope
at magnifications of 40× and 400×, respectively, using the
available literature (Agerer 1991; Goodman et al. 1996;
Agerer and Rambold 2004–2011). ECM characters included
occurrence and type of ramification, colour and features of
the mantle surface, and type and features of the outer, mid-
dle, and inner mantles. Also, when present, type and features
of the emanating elements (hyphae, rhizomorphs, cystidia,
laticifers) were observed and described to identify each mor-
photype univocally. The detection of the main microscopic
(anatomical) features besides the macroscopic (morphologi-
cal) characteristics allowed a more reliable and unambiguous
identification of the ECM in the different morphotypes (Meh-
mann et al. 1995).
A part of each soil core was analyzed separately to assess

element concentration. Soil was air dried at 65 °C for 48 h
and sieved through a 2 mm mesh. The amount of total C
and total N extracted in KCl was determined using a combus-
tion-element analyzer. pH, K, Ca, Mg, Mn, Al, Fe, Na, and S
were determined using an unbuffered ammonium chloride
solution (1 mol L–1, 12 h).

Statistical analyses
The variation in the number of morphotypes identified in

each sample (i.e., soil core) was used to statistically evaluate
the accuracy in the estimations. The average number of sam-
ples (n) required to achieve a fixed level of accuracy was cal-
culated using the approach of determination of sample size
for simple random sampling, with n = 4 s2/(32 x2), where x
was the mean number of morphotypes per sample, s was the
estimated standard deviation for each x, 3 was the upper limit
of the acceptable relative error, and factor 4 was a rounded
value to obtain 95% confidence limits for the prediction
(Snedecor and Cochran 1980). Because of the heteroscedas-
ticity of the variance with the number of morphotypes, the
appropriate values of s for each x were estimated with log–
log regressions according to Rossi et al. (2012).

Generalized linear mixed models (GLMMs) (GLIMMIX
procedure in SAS 9.2 (SAS Institute Inc., Cary, North Caro-
lina)) were used for analyzing the occurrence of vital and
mycorrhized tips. The sample proportions were modelled as
binomial ratios in GLMM with logit-link functions where
the response variable was implemented as the ratio between
number of events (e.g., number of vital tips) and number of
trials (e.g., number of observed tips). The number of mor-
photypes and densities of root tips and ramifications (i.e.,
tips and ramifications per unit of rootlet length) were com-
pared with ANOVA. Data for ramifications were log trans-
formed to respect the assumption of normality in data
distribution. Overall tests for the significance of the fixed ef-
fects and differences among treatments were evaluated with
Type III hypotheses and using contrasts, respectively. AN-
OVA was used also for testing the differences in element
concentration of the soil among treatments.
To investigate the effect of the treatments on ECM, the

identified morphotypes were used in a multivariate analysis.
Canonical discriminant analysis was used to find linear com-
binations of quantitative variables that provide maximal sepa-
ration between classes (i.e., control versus treatments) and
successively test the hypothesis that the class means are equal
in the population. The morphotypes were grouped by sample
(n = 36) and included in the analysis only if observed in at
least three different samples. Wilks’ l and Mahalanobis
squared distance were performed for overall and multiple
comparisons of the class means, respectively.

Results

Soil chemistry
Total C at the organic horizon varied between 372.8 and

408.3 g·kg–1, but no significant difference was observed
among treatments and with the control plots (ANOVA, F =
0.26, p = 0.77). Total N was 6.9 g·kg–1 in the control plots,
gradually increasing with treatments (ANOVA, F = 3.68, p =
0.03) and attaining 9.4 g·kg–1 in HN (Table 1). As total N
increased, the C:N declined accordingly from 56.6 to 43.4.
No significant difference was observed among treatments in
the other soil elements analyzed, with the exception of Al,
whose concentration increased by ~60%, with the greater dif-
ference calculated between control and LN plots.

Table 1. Soil chemistry (mean ± standard deviation) of the organic horizon in
plots subjected to 8 years of ammonium nitrate addition.

Nutrient C Low N High N
Total C (g·kg–1) 387.1±131.4a 372.8±95.9a 408.3±99.1a
Total N (g·kg–1) 6.9±2.3a 7.4±2.7ab 9.4±2.3b
K (mg·kg–1) 657.3±239.5a 582±221.3a 669.8±298.4a
Ca (mg·kg–1) 1143.8±585.2a 702.3±418.1a 1350.6±801.9a
Mg (mg·kg–1) 234.9±146.2a 148.5±53.6a 223.6±69.2a
Mn (mg·kg–1) 77.2±38.5a 65.1±43.8a 107.9±96.7a
Al (mg·kg–1) 204.8±60.1a 390.4±174.2b 303.8±193.2ab
Fe (mg·kg–1) 77.7±23.6a 99.9±48.5a 87.7±46.8a
Na (mg·kg–1) 58.1±40.6a 32.1±7.5a 35.6±10.7a
S (mg·kg–1) 82±28a 68.6±24.4a 92.2±23.7a
pH 2.7±0.1a 2.6±0.2a 2.7±0.2a
C:N 56.6±6.5a 53.7±16.2ab 43.4±4.7b

Note: Values with the same letter are not statistically different (p > 0.05).
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Root tips and ECM
The ammonium nitrate addition affected vitality and ECM

presence in root tips, as revealed by the GLMMs with highly
significant F statistics of 15.2 and 86.9, respectively (p <
0.0001). In the control, 80.6% of the root tips were vital
(Fig. 1). Greater proportions of vital root tips were observed
in the treated plots, on average 85.3% in LN and HN,
although no significant difference was detected by contrasts
between the two treatments (GLMM, p = 0.16). The propor-
tion of mycorrhized root tips gradually increased with the
amount of ammonium nitrate addition. The control exhibited
76.5% of root tips showing ECM, whereas the percentages of
mycorrhization attained 85.4% and 90.8% in LN and HN, re-
spectively (Fig. 1).
Along the roots of the control plots, an average of 10.0

tips·cm–1 were present (Fig. 2). The density of root tips sig-
nificantly decreased with treatment (ANOVA, F = 6.9, p =
0.001), with only 8.5 tips·cm–1 being calculated in HN. As a
consequence, the treatment allowed the production of either
longer roots or fewer root tips per unit of length of fine
roots. The density of ramifications ranged between 0.63 and
0.67 ramifications·cm–1 and no significant difference was ob-
served between control and treated plots (ANOVA, F = 1.0,
p = 0.33).

Morphotypes
The variance among samples in the number of morpho-

types was not homogeneous but increased exponentially
when few morphotypes were detected. This produced more-
than-proportionally high relative errors with few morpho-
types observed, as also shown in Fig. 3. With 36 samples,
the number of soil cores collected in this study, an acceptable
error in the estimation was achieved when five morphotypes
were identified, which corresponded to a relative error of
15%. Relative errors of only 10% could be achieved with a
number of morphotypes >16. Statistics estimated that relative
errors of 5% could be attained with both samplings higher
than 60 soil cores and with more than 20 morphotypes ob-
served per sample (Fig. 3).
A total of 41 morphotypes were detected in the plots, con-

sisting of a few dominant fungal species and many species

observed only occasionally (Appendix A). Although the se-
lected morphological and anatomical characteristics allowed
to associate most morphotypes with a species, genus, or fam-
ily, 12 morphotypes remained unidentified. Cenococcum geo-
philum Fr. 1829 was the more frequent morphotype, with
relative frequencies ranging between 14.6% and 22.6%.
Eighteen morphotypes were common to control and treated
plots, which mainly belonged to the families of Tricholoma-
taceae, Russulaceae, and Cortinariaceae. Six morphotypes
were observed only in the control and HN. Treated plots
showed 11 morphotypes that were not detected in the control
(Appendix A). On average, 5.2 morphotypes per soil core
were identified in control plots (Fig. 4). The ammonium ni-

Fig. 1. Proportion of vital and ectomycorrhizal root tips recorded in
black spruce (Picea mariana) after 8 years of ammonium nitrate ad-
dition. Bars with the same letter are not significantly different (p >
0.05).

Fig. 2. Density of root tips and ramifications in rootlets of black
spruce (Picea mariana) after 8 years of ammonium nitrate addition.
Boxes represent upper and lower quartiles, whiskers achieve the
10th and 90th percentiles, and the mean and median are drawn as
crosses and horizontal solid lines, respectively. Boxes with the same
letter are not significantly different (p > 0.05). For the density of
ramifications, statistical tests were performed on log-transformed
data.
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trate addition significantly affected the richness of morpho-
types (GLMM, F = 3.9, p = 0.02). The morphotypes in-
creased with treatment, attaining values of 6.4 and 8.5 in LN
and HN, respectively (Fig. 4). Contrasts detected significant
differences only in HN (p = 0.009), while no difference was
observed between the control and LN (p = 0.34).
Canonical axis 1 discriminated between the control and the

two treatments, while canonical axis 2 separated LN from the
control and HN (Fig. 5). No discrimination was observed
along canonical axis 3 (data not shown). Wilks’ l found sig-
nificant differences between classes (F = 2.5, p = 0.02),
which indicated that at least one class was different from the
others. According to the Mahalanobis squared distance, the
control was statistically different from LN and HN, with F
statistics of 4.0 (p = 0.03) and 5.3 (p = 0.01), respectively.

No difference was observed between LN and HN (F = 1.1,
p = 0.47). The results of the canonical discriminant analysis
demonstrated that the ammonium nitrate addition modified
the overall occurrence of morphotypes in treated plots.

Discussion

The present study investigated changes in the ECM com-
munity in experimental plots located in a natural black spruce
stand. The plots were subjected to 8 years of fertilization
with ammonium nitrate representing 3 and 10 times the cur-
rent N deposition, which increased the total N in the organic
horizon by 7.2% and 36.2%, respectively. The fertilization af-
fected root tip vitality and ECM, with greater proportions of
vital and mycorrhized root tips observed in the treated plots.
Also, higher numbers of morphotypes were detected in plots
subjected to 30 kg N·ha–1·year–1 (HN plots). Commonly, the
effect of N fertilization is a decline in ECM species produc-
ing abundant extrametrical mycelium and, consequently, a

Fig. 3. Sampling required to estimate the number of morphotypes in roots of black spruce (Picea mariana) at fixed levels of relative error.
Labels indicate the upper limit of accepted relative error between 0.05 and 0.3.

Fig. 4. Number of morphotypes per soil core recorded in root tips of
black spruce (Picea mariana) after 8 years of ammonium nitrate ad-
dition. Boxes represent upper and lower quartiles, whiskers achieve
the 10th and 90th percentiles, and the mean and median are drawn
as crosses and horizontal solid lines, respectively. Boxes with the
same letter are not significantly different (p > 0.05).

Fig. 5. Canonical discriminant analysis of the morphotypes identi-
fied in root tips of black spruce (Picea mariana) after 8 years of
ammonium nitrate addition. Dark grey refers to the untreated plots,
while light grey and black correspond to 3 and 10 times the atmo-
spheric N deposition measured in the site, respectively.
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decline in soil mycelium (Wallenda and Kottke 1998; Lille-
skov et al. 2002; Sims et al. 2007). However, contrasting re-
sults have also been found, with either positive (Kranabetter
et al. 2009) or no effect (Toljander et al. 2006; Avolio et al.
2009; Twieg et al. 2009) of inorganic N on mycorrhization.
When analyzing each ECM species separately, Lilleskov et
al. (2008) reported that the relative abundance of morpho-
types changed as a function of N availability, with the fre-
quency of certain morphotypes either increasing or
decreasing. Moreover, N addition modified the ECM diver-
sity by increasing the proportion of species producing incon-
spicuous sporocarps to the detriment of those producing large
sporocarps (Peter et al. 2001). The addition of large amounts
of mineral N to otherwise N-limited systems, like those
where this work was carried out, revealed increased fungal
biomass and ECM mycelial production (Clemmensen et al.
2006). It has been hypothesized that these effects could be
partly plant mediated. The growth of mycorrhizal mycelium
depends on current photosynthate from the host plant (Smith
and Read 1997; Olsrud et al. 2004), and ECM development
could have been stimulated by the increased rate of C fixa-
tion due to improved tree growth following fertilization.
ECM fungi could be affected by changes in the pH of the

forest soil that are usually associated with N inputs (Cairney
and Meharg 1999; Peter et al. 2001). However, the analyses
of soil in our experimental design showed no change in pH,
which ranged between 2.6 and 2.7 in both control and fertil-
ized plots. This confirmed that all variations observed in our
monitoring were caused by the direct impact of the increased
N fertilization. In their review, Wallenda and Kottke (1998)
reported critical annual loads of 15–20 kg N·ha–1 for substan-
tial changes in the formation and abundance of ECM fruit
bodies. As the process of mycorrhizal colonization of roots
is less responsive to environmental disturbances than fruit
body production (Brandrud 1995; Peter et al. 2001), higher
critical loads were proposed as affecting ECM roots (Wal-
lenda and Kottke 1998). Nevertheless, in our experiment,
changes in root tip mycorrhization and diversity of morpho-
types were statistically noticeable even with additions of
9 kg N·ha–1·year–1. The critical loads reported by Wallenda
and Kottke (1998) were estimated based on the available lit-
erature that consists of short-term studies, mostly lasting 2–
4 years, while the long-term (≥10 years) effects of continu-
ously increasing N deposition on ECM communities have so
far not been investigated and remain unknown. Our results
demonstrated that, when cumulated in the long run, even mi-
nor doses of N could notably influence ECM symbioses.
In woody plants, the biomasses of the smallest diameter

fine roots represent highly dynamic systems with rapid
growth and turnover rates and life spans that can range from
a few months to many years (Ruess et al. 2003; Treseder et
al. 2004). The gradual decrease in the number of root tips
per unit length of fine roots observed at higher N additions
(Fig. 2) corresponded to previous findings reported for Scots
pines (Pinus sylvestris L.) where thinner and longer fine
roots were produced by fertilized trees (Ahlström et al.
1988). It has been observed that fine-root longevity increases
at lower nutrient availability (Burton et al. 2000). The higher
proportion of vital root tips detected in our treated plots con-
trasted with that hypothesis, although it could involve the
turnover rather than the life span of roots. Our results could

be related either to their lower mortality or to higher degen-
eration of the dead roots or to both. On the one hand, the
lower mortality is explained by the higher proportion of my-
corrhized root tips (Fig. 1). ECM provide the host roots with
nutrients otherwise not directly available to trees, protect
from microbial pathogens, and enhance tolerance to environ-
mental stresses (Smith and Read 1997). Moreover, root tips
are considered relatively inexpensive to build because of their
high specific root length (i.e., length-to-mass ratio) and low
structural content but costly to maintain due to their high N
content and respiration rates (Pregitzer et al. 1997). The fer-
tilization could have supplied the essential elements to en-
hance the nutrition of the roots, thus increasing their life
span. On the other hand, the difference in substrate quality
due to higher N content and lower C:N in the soil could
have increased the activity of decomposer organisms (Silver
and Miya 2001), which in turn would have accelerated the
degradation of nonvital root tips. Thus, dead root tips under-
going faster degeneration would be less likely to be detected
and accounted for during the microscopic examinations be-
cause of their fast disappearance following death.
With respect to DNA sequencing, data deriving from mor-

photyping should be interpreted with caution because lump-
ing and splitting of taxa may occasionally occur with this
method (Lilleskov and Bruns 2001; Robertson et al. 2006).
Therefore, in this study, both morphological and anatomical
features of ECM were detected to make as reliable and un-
ambiguous an identification as possible of the different mor-
photypes on a large sample of root tips (Mehmann et al.
1995). The 41 morphotypes characterized in our plots were
close to the magnitude order of 29–33 species previously
found in black spruce stands (Malloch and Malloch 1981;
Robertson et al. 2006) and of 13–35 species proposed by
Bruns (1995), who, however, reported data mostly from sam-
pling methods using fruit bodies on very young stands or
plantations. Natural and old-growth stands are expected to
exhibit more diversified and rich ECM communities. More-
over, fruit body production is unlikely to reflect the below-
ground fungal community because a number of ECM
organisms do not produce sporocarps or form inconspicuous
reproductive structures (Lilleskov and Bruns 2001).
Canonical discriminant analysis showed that LN and HN

treatments significantly modified the overall occurrence of
morphotypes (Fig. 5). The ability of black spruce to shift
among fungal associates over different stands is well known
and is related to the geographical distribution of this species
and the necessity to accommodate a wide range of different
climatic and edaphic conditions (Robertson et al. 2006). In
nature, species have different sensitivities and some ECM
can cope better with, or even profit from, higher N availabil-
ities (Wallenda and Kottke 1998). Increases in the frequency
of some species or morphotypes, the ones more specialized
in the use of mineral N, were commonly observed at root
level after N additions (Boxman et al. 1998; Peter et al.
2001). The shortage of carbohydrates provided by trees for
fungal growth that is assumed to occur under high N levels
could have reduced the presence of species less efficient or
able to utilize sources of C (Peter et al. 2001). As a result,
the ECM with minor saprophytic capabilities could have
been outcompeted by the species better adapted to find and
exploit the C sources of litter and soil debris. The functional
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and ecological significance of the observed modifications in
the occurrence of morphotypes and the consequent variation
in aboveground fruit body production expected in N-polluted
regions deserve particular attention and remain a critical chal-
lenge for future studies in these forests.

Conclusions
This paper reported an investigation on root tips of black

spruce growing in a natural stand of the boreal forest of Que-
bec, Canada, subjected to 8 years of fertilization, which was
expected to alter the mycorrhizal fungal community by re-
ducing ECM presence and diversity. In opposition to the ini-
tial hypothesis, results revealed evidence of a significant
increase in the proportions of vital and ECM root tips and in
the richness of morphotypes. This could be related to a
higher growth rate of the trees following fertilization, which
were able to improve C fixation and the availability of photo-
synthates for their fungal partners. It must be said that the
limited size of our sample imposes limits on generalizations,
mostly because of lack of replication of the treatment in other
stands, although the accuracy in the estimations shown in
Fig. 3 revealed that our sample size produced relative errors
lower than 15% in assessing the number of morphotypes.
However, the repeated application of small N doses in the
long run, as well as realistic N annual addition rates, allowed
a better imitation of the natural inputs from atmospheric dep-
osition and avoided possible toxic effects of N on soil biota,
thus providing more reliable responses of root vitality and
ECM colonization to fertilization.
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Table A1 appears on the following page.
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Table A1. Abundance and relative frequency (%) (in parentheses) of the 41 ectomycorrhi-
zal morphotypes detected in root tips of black spruce (Picea mariana) after 8 years of am-
monium nitrate addition.

Ectomycorrhizal morphotype Control Low N High N
Cenococcum geophilum 240 (14.65) 450 (22.66) 427 (18.97)
Tricholomataceae 153 (9.34) 70 (3.52) 91 (4.04)
Mycelium radicis atrovirens 199 (12.15) 167 (8.41) 111 (4.93)
Russulaceae I 198 (12.09) 182 (9.16) 160 (7.11)
Cortinariaceae I 203 (12.39) 419 (21.1) 292 (12.97)
Cortinariaceae II 105 (6.41) 27 (1.36) 17 (0.76)
Cortinarius I 157 (9.58) 131 (6.6) 17 (0.76)
Russulaceae II 6 (0.37) 23 (1.16) 24 (1.07)
Thelephoraceae I 1 (0.06) 36 (1.81) 5 (0.22)
Cortinariaceae III 46 (2.81) 81 (4.08) 96 (4.26)
Unknown fungus I 4 (0.24) 96 (4.83) 87 (3.86)
Thelephoraceae II 24 (1.47) 8 (0.4) 117 (5.2)
Cortinariaceae IV 2 (0.12) 2 (0.1) 138 (6.13)
Unknown fungus II 2 (0.12) 4 (0.2) 135 (6)
Lactarius I 5 (0.31) 156 (7.85) 56 (2.49)
Leotiaceae 11 (0.67) 13 (0.65) 94 (4.18)
Lactarius II 1 (0.06) 45 (2.27) 20 (0.89)
Lactarius III 14 (0.85) 7 (0.35) 6 (0.27)
Cortinarius II 3 (0.18) 0 13 (0.58)
Unknown fungus III 2 (0.12) 0 1 (0.04)
Unknown fungus IV 9 (0.55) 0 11 (0.49)
Leccinum 57 (3.48) 0 20 (0.89)
Paxillus involutus 1 (0.06) 0 53 (2.35)
Hydnellum 41 (2.5) 0 10 (0.44)
Unknown fungus V 1 (0.06) 0 0
Unknown fungus VI 24 (1.47) 0 0
Sebacinaceae 4 (0.24) 0 0
Cortinariaceae V 5 (0.31) 0 0
Neocudoniella radicella 113 (6.9) 0 0
Unknown fungus VII 7 (0.43) 0 0
Thelephoraceae III 0 19 (0.96) 0
Unknown fungus VIII 0 28 (1.41) 56 (2.49)
Unknown fungus IX 0 5 (0.25) 3 (0.13)
Thelephoraceae IV 0 3 (0.15) 14 (0.62)
Piloderma fallax 0 13 (0.65) 67 (2.98)
Unknown fungus X 0 1 (0.05) 1 (0.04)
Russulaceae III 0 0 42 (1.87)
Unknown fungus XI 0 0 5 (0.22)
Unknown fungus XII 0 0 18 (0.8)
Cortinariaceae VI 0 0 16 (0.71)
Cortinariaceae VII 0 0 28 (1.24)
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