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Nitrogen addition stimulates forest litter decomposition
and disrupts species interactions in Patagonia, Argentina
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Abstract

Nitrogen (N) deposition and biodiversity loss are important drivers of global change, with uncertain consequences for
carbon (C) and nutrient turnover in terrestrial ecosystems. We evaluated the simultaneous effects of N deposition and
plant diversity on litter decomposition within a temperate forest in Patagonia. We identified ‘tree triangles’ created by
the intersection of three tree-canopies that directly controlled micro-environmental conditions on the forest floor, and
combined it with an N addition treatment. Triangles were composed of one or three Nothofagus species (N. dombeyi, N.
obliqua or N. nervosa). We placed litterbags containing litter of each of the Nothofagus species and litterbags containing a
mixture of the three species within all triangles and assessed mass loss over 2 years. We used a standard litter type in
all triangles to independently evaluate triangle effects on decomposition. N addition had strong and positive effects
on decomposition with an average 46% increase in the decomposition constant. Litter species significantly differed in
their response to N addition; litter with higher lignin content and lower labile C content had larger increase in
decomposition due to fertilization. Also, N addition disrupted two types of species interactions that control
decomposition. The affinity relation between litter and decomposers, that enhanced decomposition of home litter
(‘home-field advantage’) that was demonstrated to be significant for all three Nothofagus species, disappeared with N
addition. Second, N addition modified litter species interactions, transforming neutral effects of litter mixtures to
positive, nonadditive effects on mass loss. Finally, N addition stimulated N release from decomposing litter which
was modulated by plant species effects. Together, these results suggest that N addition to unpolluted forests increases
C loss, contrary to what has been observed for temperate forests in industrialized areas of the world, and that
alterations in nutrient pools have effects on species interactions, including the elimination of affinity effects for
decomposition.
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ing of the mechanisms by which human-induced

Introduction .
environmental change affects natural ecosystems.

The amount of biological reactive nitrogen (N) has
doubled globally in the last century (Martinelli et al.,
2006; Galloway et al., 2008) and biodiversity has
declined worldwide as a result of human activities
(Chapin et al., 2000). Given the co-occurring changes
in N availability and plant diversity, it is crucial to
understand their interactive effects to predict ecosystem
response to global change. Biodiversity encompasses
several components such as species identity, species
assemblages, species richness and species interactions.
Evaluating which components of biodiversity have an
impact on ecosystem functioning and how they interact
with N deposition would give us a better understand-
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The ability to predict ecosystems’ ability to store
carbon (C) relies on our understanding of how N
deposition and biodiversity change independently and
interactively affect decomposition (De Deyn et al., 2008;
Adair et al., 2009). Decomposition is one of the main
pathways of C release to the atmosphere from natural
ecosystems. The effects of N deposition and plant
diversity on litter decomposition have been assessed
independently, but their effects are poorly understood.
Traditionally, it has been proposed that N availability
limits organic matter decomposition (Swift et al., 1979).
The C:N ratio of leaf litter (~40) is much higher than
the C:N ratio of decomposer microorganisms (~5-17)
(Paul & Clark, 1996), suggesting that N concentration in
leaf litter is not sufficient to satisfy microbial require-
ments. Accordingly, many studies have shown that
microorganisms import N from the soil solution to the
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decomposing litter (Hart & Firestone, 1991; Frey et al.,
2000), and that the degree of immobilization and the
point of nutrient release depend on the initial N content
of the litter (Parton et al., 2007). Similarly, it has been
frequently reported that decomposition rates are posi-
tively correlated with total N content or C:N ratio of
the litter (Aerts, 1997). However, N fertilization experi-
ments in temperate forests and grasslands have shown
widely variable effects on decomposition, with evi-
dence for increased mass loss (Hunt et al., 1988; Hobbie,
2000), neutral effects (Prescott, 1995; Hobbie & Vitousek,
2000) or inhibition of decomposition (Magill & Aber,
1998). Recent meta-analyses concluded that responses
to N addition depend on fertilization doses, levels of
background N atmospheric deposition, and litter qual-
ity of different species (Knorr et al., 2005), and that
overall, there is little evidence to suggest a strong
directional effect of N addition on litter decomposition
in forest ecosystems (Janssens et al., 2010).

Plant species diversity effects on litter decomposition
have been evaluated independently of N deposi-
tion effects, largely through litter mixture experiments
(Hattenschwiler et al., 2005). These experiments allowed
for testing the effects of plant species identity, assem-
blage and richness (Wardle et al., 1997; Chapman &
Koch, 2007). At the same time, other components of
plant species diversity such as species interactions with-
in litter mixtures or plant-decomposer interactions
have received much less attention, but can be important
in affecting decomposition (Hattenschwiler & Gasser,
2005). For example, affinity relationships between plant
litter and the decomposer community result in a faster
litter mass loss when litter decomposes in its place of
origin than in other microsites within the same ecosys-
tem (Vivanco & Austin, 2008; Ayres et al., 2009). This
‘home-field advantage’ for decomposition highlights
aspects of biodiversity that are unlike the usual spe-
cies-richness approximation. Moreover, plant species
diversity effects have been studied as a result of varia-
tion in leaf litter traits but indirect effects through
abiotic and biotic changes in the soil environment have
been evaluated on only a few occasions (Hector ef al.,
2000). In particular, the study of tree species diversity
effects in old-growth temperate forests has been con-
strained by challenges in experimental design and con-
founding effects (Vivanco & Austin, 2008).

Deciduous temperate forests are among the biomes
that have been most heavily impacted by air pollution
and land-use change (Reich & Frelich, 2002). Europe
and North America host the largest expanse of decid-
uous temperate forests, which have received chronic
and increasing inputs of N since the industrial revolu-
tion (Galloway et al., 2004; Dentener et al., 2006). N
deposition effects on forest ecosystems have been

primarily evaluated in the Northern Hemisphere where
N levels have increased with chronic deposition over
more than a century, making it difficult to use these
studies to predict future impacts on undisturbed eco-
systems. There is still an important fraction of tempe-
rate forests that are under low, natural levels of N
deposition including the northwestern United States,
southeast Australia and temperate South America, and
some of these regions are projected to receive increasing
amounts of N deposition in the future (Dentener et al.,
2006). At the same time, the vast majority of N addition
experiments have been conducted in regions which are,
or have been, subject to atmospheric N deposition from
human activity (Janssens et al., 2010). As such, the study
of pristine temperate forests can provide insights into
the biogeochemical conditions that constrain ecosystem
functioning before human domination of natural sys-
tems and provide an opportunity to evaluate biogeo-
chemical theories that have been developed in areas
subject to strong human influences (e.g. Hedin ef al.,
1995; Perakis & Hedin, 2002). In addition, the responses
of these unpolluted systems to experimental N addi-
tions would increase our understanding of the control
of N on ecosystem functioning and its potential impact
on the global C balance (Reay et al., 2008).

Patagonian forests, located at the southern end of the
South American continent, are far from urban areas and
protected from anthropogenic sources of N (Hedin et al.,
1995). These forests offer the opportunity to test the
effects of N deposition on litter decomposition in
unpolluted conditions. Additionally, long-term coexis-
tence of tree species is the ideal situation to evaluate
how long-term interactions between plant species and
their environment are able to modulate the effects of N
deposition on C and nutrient cycling. In a previous
study, we reported results from an experiment that
simultaneously evaluated direct effects of leaf litter
diversity (litter effects) and indirect effects of living
plant species on the decomposition microenvironment
(microsite effects) in a natural temperate forest ecosys-
tem (Vivanco & Austin, 2008). Here we show how N
addition to the soil interactively modifies plant species
controls on decomposition through litter and microsite
effects in a 2-year experiment in the same study site.
Specifically, we tested the following hypotheses: (1) N
addition increases C and N turnover rates because it
alleviates biogeochemical restrictions on microbial
activity in unpolluted temperate forests; (2) Plant
species composition modulates N addition effects on
decomposition directly through litter quality, and indir-
ectly through plant species-specific changes created in
the soil environment; (3) N addition alters leaf litter
mixture effects on mass loss due to alterations of inter-
actions among litter types.
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Materials and methods

Study site and experimental design

We designed our experiment within a natural mosaic of tree
species diversity in a Nothofagus mixed forest, in northern
Patagonia, 30 km west from San Martin de los Andes (40°08'S,
71°30'W), Neuquén, Argentina. Average annual precipitation in
this area is 2300mm and mean monthly temperatures range
from 3 °C in winter (July) to almost 15°C in summer (January).
Soils are Inceptisols, suborder Distrandepts, derived from post-
glacial volcanic ashes (Ferrer & Irrisarri, 1990). The overstory
vegetation of the study site was entirely dominated by three tree
species from the genus Nothofagus, which were evenly repre-
sented in terms of basal area (Vivanco & Austin, 2008). Under-
storey vegetation was dense and monospecific, almost
completely dominated by Chusquea culeou (cafia colihue).

Within the forest mosaic, we identified microsites with
different tree species composition. These microsites or ‘tree
triangles” were defined by the intersection of three tree-cano-
pies that directly controlled micro-environmental conditions
on the forest floor (Vivanco & Austin, 2008). The effective area
on the forest floor beneath the tree triangles was 4 m*. Mono-
specific triangles were composed of single Nothofagus species:
N. dombeyi, N. obliqua or N. nervosa. Plurispecific triangles were
delineated by three trees from different species; single tree of
N. dombeyi, a single tree of N. nervosa and a single tree of N.
obliqgua. Ten replicates of each microsite type were identified;
the microsites were distributed throughout the 6 ha study site.

We combined the microsite diversity treatment with a N
addition treatment (82.5kgNha 'yr' the first year and
60kgNha 'yr! the second year). We used urea (coated
sulfur urea, 39% N) to fertilize five replicates of each of the
four microsite types. We chose slow-release urea as the ferti-
lizer in an attempt to mimic N atmospheric deposition effects
that would occur chronically over time. Urea was applied on
the soil surface distributed at three times during the year
(January, May and October) over a 2-year period at a dose of
20kgNha™! at each time point. The first fertilization was
approximately two times higher (42.4kgNha™') to create a
situation of higher N availability at the onset of the experi-
ment. The fertilization treatment represented an average of
30% increase in the total amount of N that entered to the
system through annual net mineralization (annual net miner-
alization averaged between the 2 years of the experiment was
240kgNha ' yr~' (Vivanco, 2008)).

Litter decomposition experiment

Leaf litter from three Nothofagus species was collected in the
fall using nets suspended 2 m from the soil surface in the study
site. We prepared litterbags (2 mm fiberglass mesh) containing
2 g of air-dried leaf litter of N. dombeyi, N. nervosa, N. obliqua or
an equivalent mixture of the three species (mixed litter). We
also prepared litterbags with litter of black poplar (Populus
nigra) (2 g), a nonnative tree species which did not grow in the
study area and whose litter was collected in an adjacent black
poplar plantation. Litterbags were 15 cm x 15 cm, except for N.
dombeyi alone, where we used 10cm x 10 cm bags because of

the smaller leaves of this species. The idea was to create the
same litter density conditions among all litter treatments.
Litterbags were placed in the center of the plot on the forest
floor in all microsites (5 litter types x4 microsites x2 N
treatments x 5 sampling dates x 5 replicates = 1000 litterbags),
where all detritus and understorey vegetation had been
removed. Litter accumulation on the litterbags was prevented
by hand cleaning during most of the year to avoid confound-
ing effects of overstory litter on decomposition.

The experiment started in January (mid-summer) and litter-
bags were harvested at 43, 122, 268, 366 and 730 days. Litterbags
were collected from the field and brought to the laboratory for
processing. Samples were dried for 48 h at 65 °C; soil and debris
were carefully removed from litter and were oven-dried again
for the determination of dry mass. For the last sampling date
(730 days), litter from the mixed litter treatment was sorted by
species on the basis of color, texture and patterns of leaf margins.
Ash-free dry mass was determined for all samples to correct for
soil contamination from the field (Harmon et al., 1999). Mass loss
over time was approximated using a single exponential decay
model using In (M;/M,) =—kt, where M, is the initial ash-free
dry mass, M; is the ash-free dry mass at time f and k is the
decomposition constant (Swift et al., 1979). Linear regressions
were performed setting the intercept to zero. Data for the first
year only of decomposition from the nonfertilized microsites are
reported elsewhere (Vivanco & Austin, 2008).

Litter N dynamics was assessed by determining total N
content of the litter at the beginning of the experiment and
after 1 year in the field by dry combustion with a Carlo-Erba™
NA 2500 elemental analyzer (Haake Buchler Instruments Inc.,
Saddle Brook, NJ, USA) at the Pontificia Universidad Catdlica
de Chile. Percent N remaining was calculated as: %N; M/ %N;
My x 100, where %Ny is the initial N content, %N; is the N
content after 1 year (Harmon et al., 1999). Values higher than
100% indicated net accumulation of N in the litter, whereas
values lower than 100% indicated net N release.

Initial physico-chemical parameters associated with the C
quality of the litter and tensile strength are reported elsewhere
(Vivanco & Austin, 2008). Initial water content of the litter was
assessed by drying samples at 65 °C for 48 h. The amount of
ash in initial litter was determined by combusting samples in a
muffle furnace at 500 °C for 4 h. Initial litter Ca, K, Mg, Mn, Zn,
Fe and Cu content were determined by inductively couple
argon plasma emissions spectrometry (JY2000 ICP-AES, Hor-
iba Jobin Yvon, Longjumeau, France) following digestion in
nitric acid at Brown University.

Statistical analysis

We assessed the dependence of N addition on litter quality
calculating the ‘N addition effect’ on decomposition as the
percent change of the decomposition constant due to N
fertilization for each litter type in each microsite. We calculated
the ‘N addition effect’ (%) = (ky—kc)/kc x 100, where kc is the
average decomposition constant in control plots (1 = 5) and ky
is the average decomposition constant in N addition plots
(n=5). Then, we assessed the correlation of the N addition
effect for Nothofagus species with initial litter quality para-
meters of each litter type (n =12).
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N addition and biodiversity effects on decomposition for
the native Nothofagus species were analyzed with a three-way
analysis of variance (ANOVA), with fertilization, litter and
microsite as main factors. N addition and microsite effects
for the common litter substrate, Populus nigra, were analyzed
by two-way ANOVA. Affinity effects were tested by a two-way
ANOVA, with individual litter species (N. dombeyi, N. nervosa
and N. obliqua) and location (in situ vs. ex situ) as the main
factors for each fertilization treatment. The in situ location
corresponded to individual litter species decomposing in their
own monospecific microsite (3 species x 5 replicates). Ex situ
decomposition corresponded to individual litter species de-
composing in monospecific microsites of different species (3
species X 2 microsites x 5 replicates). Plurispecific triangles
were not considered in these analyses.

Nonadditive effects of tree species mixture on decomposi-
tion were analyzed at the litter level (mixed litter) and at the
microsite level (mixed tree species present in a microsite),
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under N-fertilized and nonfertilized conditions. For the litter
level, we assessed the effects of litter mixtures for (1) the whole
litter mixture and for (2) individual litter species within the
mixture. For the first analysis, we compared the observed
decomposition constants (k) of mixed litter against the pre-
dicted k values for each microsite and N treatment. Predicted
values of k for each plot were calculated by regressing the log
of the fraction of the average organic matter remaining of the
three litter species decomposing alone in the same plot against
time. For the second analysis, we compared mass loss of each
Nothofagus species after 2 years in the field when the litter was
decomposing alone against litter decomposing within the litter
mixture. For these analyses, we used a three-way ANOVA, with
a nested block design. Main effects were fertilization (control
vs. N-fertilization), condition (predicted vs. observed), micro-
site (N. dombeyi, N. nervosa, N. obligua and three species
triangles), and plot. Plots were nested within fertiliza-
tion x microsite interaction (each plot could be only under a
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Fig. 1 Nitrogen (N) addition and plant species’ effects on leaf litter decomposition. Leaf litter decomposition constants of three different
Nothofagus species and their mixture across microsites dominated by different Nothofagus species under control and N-fertilized
conditions. (a) N. dombeyi, (b) N. nervosa, (c) N. obliqua, (d) Mixed litter of the three Nothofagus species. Bars are means for each leaf litter
type (n=>5); 1 SE is presented. Decomposition constants differed significantly between N addition treatments, litter species and
microsites (P <0.001, P<0.01, P<0.01, respectively). The interactions litter species x N addition treatment and litter species x microsite

were also significant (P <0.05, P <0.01, respectively).
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single fertilization and microsite combination). For the micro-
site level of analysis, we compared average k-values obtained
in monospecific microsites with the average k-values obtained
in the plurispecific microsite for all litter types under both N

CJ NE)
0.8 N
c
©
17 0.6 -
c
o
O ~
=3
25 04f
3
o
£
8 0.2
@
(=}
00 1 1 1 1
0 g o 2
(&oe* & o'\\& &9
60 (\e ‘0 KL
N N\ >
Microsite

Fig. 2 Nitrogen (N) addition and microsite effects on decom-
position of a common substrate. Leaf litter decomposition con-
stants of Populus nigra across microsites dominated by different
Nothofagus species under control and N-fertilized conditions.
Bars are means for each microsite (n=5); 1 SE is presented.
Decomposition constants differed significantly between nitrogen
addition treatments (P <0.001).

treatments using a two-way ANOVA. All post hoc comparisons
were performed with a Tukey’s HSD test, and an o of 0.05 was
used for all the statistical analysis.

Correlations between decomposition constants and litter
quality, and N remaining in the litter and litter quality were
performed using data for the Nothofagus species for each
microsite (3 litter types x 4 microsites, n=12). Correlations
between N remaining in the litter and mass remaining were
performed using data for the Nothofagus species for each N
treatment (3 litter types x 4 microsites x 5 replicates, n = 60).
An o of 0.05 was used in all the statistical analyses.

Results

N effects on litter decomposition

N addition significantly and consistently stimulated
leaf litter decomposition in this Patagonian temperate
forest. Decomposition constants (k, yr’l) increased 46%
on average across all litter types (Figs 1 and 2). Litter
mass loss increased significantly after 120 or 270 days
depending on the litter type (Supporting Information,
Fig. S1).

Litter identity

Plant species identity modulated N stimulation effects
on decomposition directly through litter identity effects.

Table 1 Initial litter quality of three native Nothofagus species of the Patagonian forest and Populus nigra, species absent in the area

that was used as common substrate in this study

N. dombeyi

N. nervosa

N. obliqua P. nigra

Deciduous broad-

Deciduous broad- Deciduous broad-

Litter chemistry Evergreen broad-leaf leaf leaf leaf

Carbon fraction
Total carbon (%) 52% 0.3 522 0.3 49° 0.2 43¢ 0.4
Soluble carbohydrates (%) 64° 0.6 51° 0.6 57° 0.2 53° 1.1
Soluble polyphenols (%) 14.4° 0.4 5.9° 0.1 11.6° 0.6 49° 0.6
Lignin (%) 19.3° 0.8 29.2° 0.9 27.6> 2.3 21.5% 0.7

Nutrient content
N (%) 0.57° 0.004 0.99° 0.05 0.94° 0.02 0.66* 0.02
Ca (%) 1.66 0.05 1.76* 0.08 2.01° 0.07 4.13° 0.21
K (%) 0.20° 0.01 0.30* 0.02 0.45° 0.02 0.69° 0.08
Mg (%) 0.29° 0.01 0.28 0.01 0.27° 0.01 0.56° 0.00
Mn (ppm) 5552 9 298P 6 331° 15 137¢ 6
Zn (ppm) 320 1 80° 6 85° 2 61° 5
Fe (ppm) 60° 4 832 11 172° 36 140°° 11
Cu (ppm) 3.0° 0.2 6.1° 0.2 5.4° 0.3 3.7° 0.1
C:N ratio 91° 1 53° 2 52° 1 65° 2
Lignin: N ratio 34 1 29 1 29 3 32 0
Tensile strength (N'm~?) 1575° 132 544° 72 626" 55 369° 35

Values are means with 1 SE. Different letters indicate significant differences among species (P <0.05). Carbon fractions, N content

and tensile strength values are published data (Vivanco & Austin, 2008).
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The decomposition constants of the three Nothofagus
species significantly differed in their response to N
addition (N addition x litter type, P<0.05, Fig. 1).
N. nervosa showed a 70% increase under N addition
across all microsites, whereas N. dombeyi only showed a
20% increase. P. nigra, the common litter substrate,
showed a 60% increase in its decomposition constant
with N addition (Fig. 2).

Variation in decomposition responses to N addition
among Nothofagus species was most strongly associated
with the C quality of the litter. Although Nothofagus
species differed significantly in many aspects of their
litter chemistry (Table 1), including initial N content, only
C fractions showed significant associations with N effects
on mass loss (Table 2). Notably, N concentration did not
have a significant effect on the mass loss response to N
addition. In contrast, litter with high lignin content and
low labile C content (soluble carbohydrates and poly-
phenols) experienced a larger effect on mass loss due to N
addition than litter with low recalcitrant C (Table 2).
Together, the magnitude of N stimulation of mass loss
was most related to the C quality of the litter.

Microsite identity

Plant species identity weakly modulated the N addition
effects on decomposition through their influence in the
surrounding soil environment (microsite effects). Mi-
crosite identity significantly affected decomposition for
Nothofagus litter (Fig. 1) but not for the common sub-
strate (Fig. 2). Although decomposition in the different
microsites consistently increased in response to N addi-
tion, there was no significant interaction with microsite
on patterns of mass loss, either for P. nigra (micro-
site x N addition P=0.15) or for Nothofagus species
(Fig. 1, microsite x N addition P = 0.38).

Affinity and diversity effects with N addition

N addition altered species interactions that affect litter
decomposition in this temperate forest ecosystem.
Under nonfertilized conditions, interactions between
litter and microsite resulted in faster decomposition
when litter was placed in its microsite of origin (in situ)
than in other microsites (ex situ, Fig. 3). It seems that
individual tree species produced effects on below-
ground properties that enhanced decomposition of their
own litter, defining affinity effects between litter and
microsite, also observed after a single year of decom-
position (Vivanco & Austin, 2008). Under N-fertilized
conditions; however, there were no differences between
in situ or ex situ location for decomposition (Fig. 3),
demonstrating that N addition disrupted affinity rela-

tionships between plant species and their environment
that affected mass loss.

N addition also significantly altered leaf litter mixture
effects on mass loss (Fig. 4). Under nonfertilized condi-
tions, decomposition of mixed litter was the same as
expected from the average decomposition of the compo-
nent species in the mixture in all microsites (additive
effects). However, under N-fertilized conditions, decom-
position of mixed litter was significantly faster than was
expected from the single species decomposing under N
addition (nonadditive effects, Fig. 4a). The assessment of
mass loss of each species within the litter mixture after 2
years revealed that N. obliqgua decomposed faster than
expected based on single-species predictions under the
fertilization treatment (P<0.05, Fig. 4d), whereas the
other species did not show significant mass loss changes
due to litter mixing (Fig. 4b and c). Decomposition
constants in the plurispecific microsite did not differ from
the average decomposition in monospecific microsites in
either of the fertilization treatments.

N effects on litter N dynamics

N addition significantly reduced N immobilization
from the decomposing litter after 1 year in the field.
Under nonfertilized conditions, N remaining in litter
was 118% on average across all litter types, indicating
slight net N accumulation. Under N-fertilized condi-
tions, N remaining was unchanged, at 97% on average
across all litter types. In general, N dynamics was
significantly correlated with litter mass loss, with a
higher degree of N release for more-decomposed litter
either under both fertilized (r =0.56, P<0.0001) and
nonfertilized conditions (r = 0.46, P <0.001).

Litter identity

N addition effects on litter N dynamics varied signifi-
cantly among Nothofagus species (N addition x litter
type, P<0.05, Fig. 5). N. nervosa and N. obliqua litter
showed a clear switch from N accumulation to N
release under N fertilization in all microsites, whereas
N. dombeyi litter did not reveal significant changes in its
litter N dynamics with N addition (Fig. 5). N addition
also significantly stimulated N release from P. nigra
litter (Fig. 5). In general, litter N dynamics for the same
substrate showed lower variability in N-fertilized plots
than control plots.

Litter N dynamics of the Nothofagus species was
associated with their litter quality, and the direction
and strength of that association depended upon the N
addition treatment. Under nonfertilized conditions,
Nothofagus litter tended to accumulate N (Fig. 5) and
litter N dynamics did not show a significant relation-

© 2010 Blackwell Publishing Ltd, Global Change Biology, 17, 1963-1974
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Table 2 Correlation coefficients between litter chemistry and litter decomposition and with litter nitrogen (N) dynamics

Litter decomposition (k, yr’l)

Litter N dynamics (N
remaining %)

Litter chemistry N (-) N (+) N effectt N (-) N((+)

Carbon fraction
Total carbon —0.37 —0.31 0.28 0.16 0.46
Soluble carbohydrates 0.64* —0.11 —0.68* —0.43 0.85***
Soluble polyphenols 0.73* —0.02 —0.72% —0.47 0.71*
Lignin —0.50 0.19 0.58* 0.36 —0.93***

Nutrient content
N -0.47 0.20 0.56 0.34 —0.93***
Ca 0.14 0.32 0.03 —0.02 —0.69***
K 0.05 0.32 0.12 0.04 —0.76***
Mg 0.02 -0.31 -0.18 —0.08 0.81%**
Mn 0.48 —0.20 —0.56 —0.34 0.93%**
Zn -0.34 0.25 0.46 0.27 —0.93***
Fe 0.23 0.32 —0.05 -0.07 —0.61*
Cu —0.53 0.17 0.60* 0.38 —0.92%**
C:N ratio 0.39 -0.23 -0.50 -0.30 0.94%**
Lignin: N ratio 0.38 -0.23 -0.49 0.94%** 0.38

Correlation analysis was performed with different datasets: N (—), nonfertilized conditions (n = 12); N (+ ), N-fertilized conditions

(n =12). Significant correlation coefficients are presented in bold.

*P <0.05, **P <0.001.
TN effect, see ‘Materials and methods’ for details.
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Fig. 3 Nitrogen (N) addition and plant-soil interactions effects
on decomposition. Leaf litter decomposition constants in situ
(litter and microsite from the same species) and ex situ (litter and
microsite from different species) under control and N-fertilized
conditions. Bars are means for the monospecific treatments (in
situ, n =5; ex situ, n = 15); 1 SE is presented (*P <0.05).

ship with any of the litter quality parameters measured
(Table 2). In contrast, under N-fertilized conditions,
Nothofagus litter tended to release N (Fig. 5) and both
C quality and nutrient content of the litter were sig-
nificantly associated with litter N dynamics (Table 2).
For example, litter with higher content of recalcitrant C
(lignin) and less soluble C content (soluble carbohy-
drates and polyphenols) showed more N release from

the litter (less N remaining). Higher concentration of
nutrients such as N, Ca, K, Zn, Fe and Cu also favored N
release from the litter under N-fertilized conditions (Table
2). Collectively, litter with high C:N and lignin: N ratios
tended to release less N (more N remaining) under
N-fertilized conditions. Together, these results suggest
that N release occurred when both litter N and soil N
availability (through N-addition) were high.

Microsite effects

The effects of N addition on litter N dynamics signifi-
cantly varied among microsites. For example, N addi-
tion affected N dynamics differently in P. nigra litter
across microsites (microsite x N addition P =0.02).
There was a 48% difference in N accumulation in P.
nigra between N addition treatments in N. nervosa
microsites, whereas there was only 27% difference in
N. obligua microsites (Fig. 5).

Discussion

Here we show that N addition had strong and positive
effects on litter decomposition in an unpolluted tempe-
rate forest in Patagonia. We demonstrate that plant
species composition can modulate N addition effects
on decomposition directly through litter and indirectly
through plants effects on their immediate environment.
Also, we show for the first time that increased avail-
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Fig. 4 Nitrogen (N) addition and litter mixture effects on decomposition. (a) Predicted and observed decomposition constants of the
litter mixture of three Nothofagus species (mixed litter) under control N (—) and N-fertilized conditions N (+ ) over 2 years average across
all microsites (triangles). Predicted values are the average decomposition constant of each single Nothofagus species decomposing alone.
Litter mass loss of (b) N. dombeyi, (c) N. nervosa and (d) N. obliqgua decomposing alone or within the mixture after 2 years of incubation
under nonfertilized conditions and N-fertilized conditions. Bars are means across all control microsites (n=20) and N-fertilized
microsites (n = 20); 1 SE is presented. Different letters indicate significant differences among treatments.

ability of N disrupts the effects of two types of species
interactions on decomposition. One type of interaction,
the affinity relation between litter and decomposers,
that enhanced decomposition of home litter (‘home-
field advantage’), was eliminated with N fertilization.
Second, N addition modified litter species interactions
transforming additive effects to nonadditive effects of
litter mixtures on mass loss. Finally, N addition stimu-
lated N release from decomposing litter which was also
modulated by plant species effects through their litter
and the microenvironment they create.

N effects on litter decomposition

The significant and decisive stimulation of decomposi-
tion with N addition supports the idea that N is a
limiting resource for decomposers in this temperate
Patagonian forest. Similar stimulation of rates of litter
mass loss (17-18% change in litter mass remaining with
N addition) were reported in studies with intermediate

N additions (75-125N kgha ' yr '), areas under low N
deposition (<5kgha 'yr '), and incubation periods
equal or shorter than 2 years (Knorr et al., 2005). At
the same time, N stimulation of litter decomposition
observed in this Patagonian forest contrasted with
neutral or inhibitory effects reported in another meta-
analysis for temperate forests in the Northern Hemi-
sphere (Janssens et al., 2010), which include data from
20 N-fertilization experiments that differed in their
duration time, fertilizer types use, trees species compo-
sition, stand age, background levels of N deposition.
This range of responses to N deposition represents an
important challenge to our understanding of the effects
of increased atmospheric N deposition in terrestrial
ecosystems.

Difference in responses to N addition on litter decom-
position may be due to N legacy effects, site differences
or biotic differences in soil and plant communities.
In forests of the Northern Hemisphere with a long
history of relatively high N atmospheric deposition
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Fig. 5 Nitrogen (N) addition and plant species effects on litter N dynamics. Percent nitrogen remaining in leaf litter under control N (-)
and N- fertilized N (+ ) conditions, across microsites dominated by different Nothofagus species after 1 year in the field. (a) N. dombeyi
litter, (b) N. nervosa litter, (c) N. obliqua litter, (d) Populus nigra litter. Bars are means for each leaf litter type (n =5); 1 SE is presented.
Percent N remaining differed significantly between N addition treatments, litter species and microsites (P <0.001, P<0.001, P<0.01,
respectively). The interaction litter species x N addition treatment was significant (P<0.001) and litter species x microsite was

marginally significant (P = 0.053).

(10-20kgha 'yr "), it is possible that biogeochemical
conditions at the onset of the experiment (in the non-
fertilized plots) were fundamentally different than in
this unpolluted Patagonian forest. Forests exposed
to chronic elevated atmospheric N deposition might
differ in total soil N availability, microbial community
structure and microbial N requirements or different
litter chemistry (Aber ef al., 1998). Additionally, N addi-
tion has been shown to change microbial community
composition and decrease microbial diversity
(Allison et al., 2007) that could lead to a decreased
decomposition rate due to the loss of certain decom-
poser guilds. Finally, C-use efficiency can vary with
N availability (Agren et al, 2001, Manzoni et al.,

2008), which could explain why litter decomposi-
tion in forests with higher soil N background availability
might respond less to N fertilization than in forests with
lower N availability (Hobbie, 2005). Taken together, our
results demonstrate a consistent and clear response to N
addition which may be more representative of undis-
turbed forests which at present are not experiencing
high levels of N deposition from human activities.

Plant species effects: litter identity and N addition on
decomposition

Plant species identity was an important regulator of N
stimulation effects on mass loss through litter quality
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effects. In this forest, as in most temperate forests, litter
with more labile C compounds decomposed much
faster than litter with more recalcitrant characteristics
(Vivanco & Austin, 2008). At the same time and in
contrast with other ecosystems (Fog, 1988; Knorr et al.,
2005), litter with a higher proportion of recalcitrant C
(more lignin, less soluble polyphenols and carbohy-
drates) demonstrated a larger stimulation of mass loss
(N addition effect) when compared with litter with low
lignin content. Lignin content was positively correlated
with the N addition effect, while soluble carbohydrates
and soluble polyphenols were strongly negatively cor-
related (Table 2). N addition could have increased
lignin-degrading enzyme production stimulating mass
loss of recalcitrant C compounds but this possibility
contradicts the few studies evaluating N effects on
lignin degradation that have demonstrated no effect
(Hobbie, 2008; Sinsabaugh et al., 2008; Allison et al.,
2009) or inhibition (Carreiro et al., 2000; Sinsabaugh
et al., 2002) of N fertilization on lignin-degrading
enzyme in temperate ecosystems in North America.
While it is not clear what are the mechanisms behind
this litter quality relationship with N addition, this
study highlights the range of responses in litter decom-
position to N addition that are largely driven by species
identity.

Diversity effects: species interactions and N addition on
decomposition

N addition altered species interactions that affect litter
decomposition. Long-term plant species and soil inter-
actions in this temperate forest promoted affinity rela-
tionships that resulted in patches where litter
decomposed faster in microsites from its own species
than in other areas within the same forest (Vivanco &
Austin, 2008). This home-field advantage for litter
decomposition has been recently identified in a number
of forests around the world (Ayres et al., 2009), and has
been suggested, but not demonstrated, that the specia-
lization of the decomposer community to break down
litter that is encountered more frequently could be the
mechanism to explain the home-field advantage (Gholz
et al., 2000; Vivanco & Austin, 2008; Ayres et al., 2009).
Interestingly, N addition disrupted these affinity relation-
ships between the litter and the decomposer community,
eliminating the home field advantage for litter decay (Fig.
3). The advantage in specializing in a particular litter type
or the capacity to degrade particular compounds in the
litter might have been diluted by the higher N availability,
thus eliminating the advantage. It is possible that unpre-
cedented biogeochemical conditions created by N addi-
tion favored a different group of decomposers that were
not specialized for a particular litter type, and responded

directly to differences in litter chemistry and environ-
mental conditions.

N addition also altered litter interactions that
occurred within litter mixtures. Interestingly, additive
effects (where the rate is equal to the average of each
species alone) of litter mixtures on decomposition trans-
formed into synergistic effects (where the rate is
enhanced in mixture when compared with each species
alone) under N-fertilized conditions. Synergistic effects
of litter mixtures were mainly driven by the increased
mass loss of N. obligua when it was exposed both to N
fertilization and the presence of two other litter species.
Although the mechanisms involved in litter species
interactions have not been elucidated (Gartner & Car-
don, 2004), our results demonstrate two important in-
sights: (1) N availability alters litter species interactions;
(2) individual litter species responses can lead to non-
additive responses in litter mixture experiments as
opposed to unidirectional change of all species within
the mixture. To our knowledge, there are no other
reports of litter mixture experiments with N addition,
but studies aimed at the effects of plant species diver-
sity and N addition have also shown synergistic effects
on soil respiration (Madritch & Hunter, 2003), microbial
composition and enzyme production (Chung et al.,
2007), but with weak effects on litter decomposition
(Knops et al., 2007).

Individual species responses within litter mixtures
have been rarely assessed given the difficulty in identify-
ing species within a decomposing litter mixture after a
period of time. However, these few studies have shown
that, within a litter mixture, individual species can
respond differently to the presence of others. For exam-
ple, while one litter showed an increased mass loss due
to litter mixing, other species within the same mixture
can be indifferent or decrease mass loss due to litter
mixing (Héttenschwiler & Gasser, 2005; Chapman &
Koch, 2007). It is interesting to note that this change in
decomposition pattern in our study occurred only when
there was an increase in N addition, while nonfertilized
conditions demonstrated simple additive effects (Fig. 5,
Vivanco & Austin, 2008). It is possible that once prox-
imate N limitation was overcome, other limitations con-
strained mass loss, and synergistic effects were observed.
For example, it is possible that soluble carbohydrates and
polyphenols from N. dombeyi, that were positive corre-
lated with decomposition (Table 2), stimulated N. obliqua
and N. nervosa breakdown in litter mixtures once N
availability was increased.

N effects on litter N dynamics

The stimulation of N release in decaying litter with N
addition gives additional support to the idea that N
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availability limits C and nutrient dynamics in this
temperate Patagonian forest. Stoichiometric theory pre-
dicts that net mineralization of any element relates
directly to the extent of availability of that element to
the decomposer organisms (Swift et al., 1979). In the
circumstances of N limitation, net N accumulation
tends to prevail, as observed under nonfertilized con-
ditions (Fig. 5). Similarly, net N release occurs where N
is at nonlimiting availability, which could have been
represented by N-fertilized conditions (Fig. 5). At a
global scale, though, patterns of litter N dynamics
suggest that decomposers can degrade litter with low
initial N by reducing their C-use efficiency [amount of
new biomass C produced per unit organic resource C
consumed (Manzoni et al., 2008)]. This strategy is ex-
pressed in trends of decreasing critical litter C: N ratio
(C:N ratio below which net N release occurs) with
increases in initial litter C:N ratios (Manzoni et al.,
2010). In our study, C:N ratio of N-releasing and
N-accumulating litter did not differ significantly
(44 and 47, respectively), suggesting that at local scale,
litter initial N is not the only controlling factor of N
dynamics, in contrast to observed global patterns
(Parton et al., 2007). Rather, both litter initial N and
inorganic N appear to determine litter N dynamics
(Table 2). Given the tight association between mass loss
and litter N dynamics, it is possible that the postulated
changes in the microbial community to explain differ-
ences in decomposition due to N addition could also be
involved in litter N dynamics, although this remains to
be demonstrated.

Conclusions

One of the current scientific challenges is to understand
the factors that control the C balance in order to predict
the potential for C storage in terrestrial ecosystems.
Given current scenarios of co-occurring changes in N
deposition and biodiversity, it is imperative to under-
stand their interactive effects on decomposition.
Increases in N availably due to N deposition have
stimulated forest growth (Magnani et al., 2007; Thomas
et al., 2010) and decreased organic matter decomposi-
tion in temperate forests of industrialized areas of the
Northern Hemisphere (Janssens et al., 2010). However,
unpolluted temperate forests seem to respond differ-
ently to N addition. Our results demonstrate that in-
creases in N availability promote C loss from the forest
floor in a Patagonian forest. In addition, N addition
leads to a functionally homogeneous system due to the
disruption of long-term plant-soil interactions that
modulate litter decomposition and contribute to the
functional diversity of ecosystem processes. Together,
our results suggest that predictions of N deposition

effects on C storage are not wholly generalizable and
that regional variations must be taken into account in
order to accurately assess the C balance in terrestrial
ecosystems.

Acknowledgements

We thank A. Gonzélez-Arzac, P. I. Araujo, V. A. Marchesini, M.
Gonzalez-Polo, A. Fernandez Souto, F. Biganzoli, and J. Vrsalovic
for field assistance. A. Gonzalez-Arzac, A. Grasso, E. Galli,
L. Gherardi, and P. Rojas Machado provided laboratory assis-
tance. C. Pérez from Pontificia Universidad Catdlica de Chile
analyzed carbon and nitrogen content of litter and soil samples.
P. Flombaum and O. E. Sala provided important input on various
aspects of this project, and Dr F. Cortufo and two anonymous
reviewers provided valuable suggestions to improve a previous
version of this manuscript. We thank the School of Agronomy of
the University of Buenos Aires and IFEVA-CONICET for logistic
support in Buenos Aires, and Lanin National Park (Parque
Nacional Lanin) of Argentina for permission to conduct research
within the park. Financial support came from the Inter-American
Institute for Global Change Research (CRN-012), Fundacion
Antorchas of Argentina, the US National Science Foundation,
ANPCyT (PICT 21247/4 and PICT 31970/5) and UBACyT
(G812) of Argentina. L. V. was supported by graduate fellow-
ships from the University of Buenos Aires, and Fundacién YPF
of Argentina.

References

Aber ], McDowell W, Nadelhoffer K et al. (1998) Nitrogen saturation in temperate
forest ecosystems — hypotheses revisited. Bioscience, 48, 921-934.

Adair EC, Reich P, Hobbie S, Knops J (2009) Interactive effects of time, CO,, N, and
diversity on total belowground carbon allocation and ecosystem carbon storage in a
grassland community. Ecosystems, 12, 1037-1052.

Aerts R (1997) Climate, leaf litter chemistry, and leaf litter decomposition in terrestrial
ecosystems: a triangular relationship. Oikos, 79, 439-444.

Agren GI, Bosatta E, Magill AH (2001) Combining theory and experiment to under-
stand effects of inorganic nitrogen on litter decomposition. Oecologia, 128, 94-98.
Allison SD, Hanson CA, Treseder KK (2007) Nitrogen fertilization reduces diversity
and alters community structure of active fungi in boreal ecosystems. Soil Biology and

Biochemistry, 39, 1878-1887.

Allison SD, LeBauer DS, Ofrecio MR, Reyes R, Ta AM, Tran TM (2009) Low levels of
nitrogen addition stimulate decomposition by boreal forest fungi. Soil Biology and
Biochemistry, 41, 293-302.

Ayres E, Steltzer H, Simmons BL et al. (2009) Home-field advantage accelerates leaf
litter decomposition in forests. Soil Biology and Biochemistry, 41, 606-610.

Carreiro MM, Sinsabaugh RL, Repert DA, Parkhurst DF (2000) Microbial enzyme
shifts explain litter decay responses to simulated nitrogen deposition. Ecology, 81,
2359-2365.

Chapin FS, Zavaleta ES, Eviner VT et al. (2000) Consequences of changing biodiversity.
Nature, 405, 234-242.

Chapman SK, Koch GW (2007) What type of diversity yields synergy during mixed
litter decomposition in a natural forest ecosystem? Plant and Soil, 299, 153-162.
Chung H, Zak DR, Reich PB, Ellsworth DS (2007) Plant species richness, elevated CO,,
and atmospheric nitrogen deposition alter soil microbial community composition

and function. Global Change Biology, 13, 980-989.

De Deyn GB, Cornelissen JHC, Bardgett RD (2008) Plant functional traits and soil
carbon sequestration in contrasting biomes. Ecology Letters, 11, 516-531.

Dentener F, Drevet ], Lamarque JF et al. (2006) Nitrogen and sulfur deposition on
regional and global scales: a multimodel evaluation. Global Biogeochemical Cycles, 20,
4003.

Ferrer JA, Irrisarri JA (1990) In Provincia de Neuquén. Escala 1:1.000.000, Vol. 2Secretaria
de Agricultura, Ganaderia y Pesca. Proyecto PNUD 85/019, Instituto Nacional de
Tecnologia Agropecuaria, Centro de Investigaciones de Recursos Naturales. pp.
161-213.

© 2010 Blackwell Publishing Ltd, Global Change Biology, 17, 1963-1974



1974 L. VIVANCO & A. T. AUSTIN

Fog K (1988) The effect of added nitrogen on the rate of decomposition of organic-
matter. Biological Reviews of the Cambridge Philosophical Society, 63, 433—462.

Frey SD, Elliott ET, Paustian K, Peterson GA (2000) Fungal translocation as a
mechanism for soil nitrogen inputs to surface residue decomposition in a no-tillage
agroecosystem. Soil Biology and Biochemistry, 32, 689-698.

Galloway JN, Dentener FJ, Capone DG et al. (2004) Nitrogen cycles: past, present, and
future. Biogeochemistry, 70, 153-226.

Galloway JN, Townsend AR, Erisman JW et al. (2008) Transformation of the nitrogen
cycle: recent trends, questions, and potential solutions. Science, 320, 889-892.

Gartner TB, Cardon ZG (2004) Decomposition dynamics in mixed-species leaf litter.
Oikos, 104, 230-246.

Gholz HL, Wedin DA, Smitherman SM, Harmon ME, Parton W] (2000) Long-term
dynamics of pine and hardwood litter in contrasting environments: toward a global
model of decomposition. Global Change Biology, 6, 751-765.

Harmon ME, Nadelhoffer KJ, Blair JM (1999) Measuring decomposition, nutrient
turnover, and stores in plant litter. In: Standard Soil Methods for Long-Term Ecological
Research (eds Robertson GP, Coleman DC, Bledsoe CS, Sollins P), pp. 202-240.
Oxford University Press, Oxford.

Hart SC, Firestone MK (1991) Forest floor-mineral soil interactions in the internal
nitrogen cycle of an old-growth forest. Biogeochemistry, 12, 103-127.

Hattenschwiler S, Gasser P (2005) Soil animals alter plant litter diversity effects on
decomposition. Proceedings of the National Academy of Sciences USA, 102, 1519-1524.

Hattenschwiler S, Tiunov AV, Scheu S (2005) Biodiversity and litter decomposition
in terrestrial ecosystems. Annual Review of Ecology, Evolution, and Systematics, 36,
191-218.

Hector A, Beale AJ, Minns A, Otway SJ, Lawton JH (2000) Consequences of the
reducing of plant diversity for litter decomposition: effects through litter quality
and microenvironment. Oikos, 90, 357-371.

Hedin LO, Armesto JJ, Johnson AH (1995) Patterns of nutrient loss from unpolluted,
old-growth temperate forests — evaluation of biogeochemical theory. Ecology, 76, 493—
509.

Hobbie SE (2000) Interactions between litter lignin and soil nitrogen availability
during leaf litter decomposition in a Hawaiian Montane forest. Ecosystems, 3,
484-489.

Hobbie SE (2005) Contrasting effects of substrate and fertilizer nitrogen on the early
stages of litter decomposition. Ecosystems, 8, 644-656.

Hobbie SE (2008) Nitrogen effects on decomposition: a five-year experiment in eight
temperate sites. Ecology, 89, 2633-2644.

Hobbie SE, Vitousek PM (2000) Nutrient limitation of decomposition in Hawaiian
forests. Ecology, 81, 1867-1877.

Hunt HW, Ingham ER, Coleman DC, Elliott ET, Reid CPP (1988) Nitrogen limitation of
production and decomposition in prairie, mountain meadow, and pine forest.
Ecology, 69, 1009-1016.

Janssens IA, Dieleman W, Luyssaert S et al. (2010) Reduction of forest soil respiration in
response to nitrogen deposition. Nature Geoscience, 3, 315-322.

Knops JMH, Naeem S, Reich PB (2007) The impact of elevated CO,, increased nitrogen
availability and biodiversity on plant tissue quality and decomposition. Global
Change Biology, 13, 1960-1971.

Knorr M, Frey SD, Curtis PS (2005) Nitrogen additions and litter decomposition: a
meta-analysis. Ecology, 86, 3252-3257.

Madritch MD, Hunter MD (2003) Intraspecific litter diversity and nitrogen deposition
affect nutrient dynamics and soil respiration. Oecolgia, 136, 121-128.

Magill AH, Aber JD (1998) Long-term effects of experimental nitrogen additions on
foliar litter decay and humus formation in forest ecosystems. Plant and Soil, 203,
301-311.

Magnani F, Mencuccini M, Borghetti M et al. (2007) The human footprint in the carbon
cycle of temperate and boreal forests. Nature, 447, 849-852.

Manzoni S, Jackson RB, Trofymow JA, Porporato A (2008) The global stoichiometry of
litter nitrogen mineralization. Science, 321, 684-686.

Manzoni S, Trofymow JA, Jackson RB, Porporato A (2010) Stoichiometric controls on
carbon, nitrogen, and phosphorus dynamics in decomposing litter. Ecological
Monographs, 80, 89-106.

Martinelli LA, Howarth RW, Cuevas E et al. (2006) Sources of reactive nitrogen
affecting ecosystems in Latin America and the Caribbean: current trends and
future perspectives. Biogeochemistry, 79, 3-24.

Parton W, Silver WL, Burke IC et al. (2007) Global-scale similarities in nitrogen release
patterns during long-term decomposition. Science, 315, 361-364.

Paul EA, Clark FE (1996) Soil Microbiology and Biochemistry. Academic Press, San Diego,
CA.

Perakis SS, Hedin LO (2002) Nitrogen loss from unpolluted South American forests
mainly via dissolved organic compounds. Nature, 415, 416—419.

Prescott CE (1995) Does nitrogen availability control rates of litter decomposition in
forests. Plant and Soil, 169, 83-88.

Reay DS, Dentener F, Smith P, Grace ], Feely RA (2008) Global nitrogen deposition and
carbon sinks. Nature Geoscience, 1, 430-437.

Reich PB, Frelich L (2002) Temperate deciduous forests. In: The Earth System: Biological
and Ecological Dimensions of Global Environmental Change, Vol. 2 (eds Mooney HA,
Canadell JG), pp. 565-569. John Wiley & Sons Ltd., Chichester.

Sinsabaugh RL, Carreiro MM, Repert DA (2002) Allocation of extracellular enzymatic
activity in relation to litter composition, N deposition, and mass loss. Biogeochem-
istry, 60, 1-24.

Sinsabaugh RL, Lauber CL, Weintraub MN et al. (2008) Stoichiometry of soil enzyme
activity at global scale. Ecology Letters, 11, 1252-1264.

Swift MJ, Heal OW, Anderson JM (1979) Decomposition in Terrestrial Ecosystems.
University of California Press, Berkeley.

Thomas RQ, Canham CD, Weathers KC, Goodale CL (2010) Increased tree
carbon storage in response to nitrogen deposition in the US. Nature Geoscience, 3,
13-17.

Vivanco L (2008) Plant species identity and diversity effects on carbon and nutrient cycling in
temperate forests in Patagonia, Argentina. Doctoral thesis, University of Buenos Aires,
Buenos Aires, Argentina.

Vivanco L, Austin AT (2008) Tree species identity alters forest litter decomposition
through long-term plant and soil interactions in Patagonia, Argentina. Journal of
Ecology, 96, 727-736.

Wardle DA, Bonner KI, Nicholson KS (1997) Biodiversity and plant litter: experimental
evidence which does not support the view that enhanced species richness improves
ecosystem function. Oikos, 79, 247-258.

Supporting Information

Additional Supporting Information may be found in the
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Figure S1. Mass loss of four leaf litter types under control
and N-fertilized conditions in an old-growth forest in Pata-
gonia. Substrates are leaves from three native Nothofagus
species (a) N. dombeyi, (b) N. nervosa, (c) N. obliqua; (d) a
mixture of the three species in equal proportion; and (e) leaf
litter from Populus nigra, a non-native species. Values are
means for each leaf litter type across all microsites (n = 20);
one standard error is presented.
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