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Predicting global changes and their effects on ecosystem functioning has been a central issue of ecology
during the last decades. Scaling-up from species characteristics to ecosystem processes is a common
approach to achieve that goal. However, ecosystem processes are shaped by complex interactions be-
tween biotic and abiotic components, complicating their predictability. We evaluated how close we can
get to ecosystem-level decomposition (i.e. in situ litter mixtures decomposition) based on aggregated
functional traits (calculated as weighted averages of species litter quality and decomposability) in
mountain grasslands patches of central Argentina. We found that aggregated functional traits were not
significantly correlated to in situ decomposition; i.e. contrary to other works, in our system it is not
possible to scale up from species characteristics to ecosystem-level decomposition. This pattern was
consistent when litter quality and decomposability were weighted by either species standing biomass or
by litter input. These two ways of aggregation were highly correlated, indicating that standing biomass
was a good proxy of the contribution that species make to litter layer. Aggregated functional traits were
strongly associated to litter mixtures decomposability (a proxy for community-level decomposition),
indicating that there are no strong interactions among litters of the species decomposing together.
However, litter mixtures decomposability was not correlated to in situ decomposition, showing that
community-level and ecosystem-level decomposition were not related. We suggest that the soil envi-
ronment generated by vegetation structure of the different grassland patches could be controlling in situ
decomposition. The prediction of decomposition and nutrient cycling changes associated to land-use
change calls for the consideration of variables which integrate different controls; i.e. not only species
identity and abundance, but also climate and microclimate. In particular, studies combining decom-
posability and in situ decomposition could help to more accurately understand and predict the different
mechanisms involved in nutrient and carbon cycling.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

During the last decades considerable research effort has been
directed to understand species effects on ecosystem processes
(Wardle et al., 1998; Díaz et al., 2013). In this quest, plant functional
traits (i.e. vegetative or reproductive characteristics which
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influence plant response to environment and/or plant effects on
ecosystem functioning, P�erez-Harguindeguy et al., 2013) have been
indicated as a simple tool to predict changes in ecosystem pro-
cesses from shifts in plant communities (Lavorel and Garnier, 2002;
Tardif et al., 2014). The rationale behind this approach is that, in
addition to their direct effects, environmental factors (e.g. climate)
and disturbance-related factors (e.g. herbivory pressure) affect
ecosystem functioning indirectly through their influence on plant
species' abundance. Plant species, in turn, affect ecosystem pro-
cesses through their functional traits (Díaz, 2001; Lavorel and
Garnier, 2002). As dominant species concentrate a large propor-
tion of the biomass of a given community, energy and nutrient
fluxes and, therefore, ecosystem functioning would depend mostly
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on their trait values (the ‘mass ratio hypothesis’ proposed by Grime,
1998). Based on the previous view, to predict ecosystem func-
tioning based on species functional traits, the values of those traits
have to be weighted by the abundance of the species. These
weighted traits are defined as ‘aggregated functional traits’, also
known as community weighted means (Fig. 1, Díaz and Cabido,
1997; Lavorel and Garnier, 2002). This scaling-up approach from
species to ecosystems has been tested on different properties such
as primary productivity (e.g. Vile et al., 2006), temporal stability of
the communities (e.g. Polley et al., 2007), biomass pools and fluxes,
water use and light interception (Mokany et al., 2008), and litter
decomposition (e.g. Garnier et al., 2004).

Decomposition is a fundamental process in the regulation of
organic matter pools, nutrient cycling and energy fluxes (Chapin
et al., 2002). In the context of actual and predicted global changes
and their consequences for human well being, there is an urgent
need to understand decomposition and its potential feedback on
climate and on carbon stocks (IPCC, 2007). Decomposition is
regulated by three main factors: environmental conditions, litter
quality and the community of decomposers (Swift et al., 1979).
Litter quality, e.g. N and lignin content, determines the potential of
species litter to decompose (hereafter “single species litter
decomposability”, Figs. 1 and 2a, Cornelissen, 1996; Cornwell et al.,
2008; P�erez-Harguindeguy et al., 2013). At a local scale, when
environmental conditions remain relatively constant, litter quality
may play a determinant role for decomposition rates (Lavelle et al.,
1993; Aerts, 1997; Cornwell et al., 2008). Several studies have
shown that litter quality-related traits weighted by species’
standing biomass (hereafter “biomass-aggregated” litter quality)
can be reliable predictors of the natural litter mixtures decom-
posability, which has been considered as an indicator of decom-
position at the community level (Figs. 1 and 2b, Garnier et al., 2004,
2007; Cortez et al., 2007; Quested et al., 2007; Fortunel et al., 2009;
Pakeman et al., 2010; Furey et al., 2014). However, scaling-up from
the species to ecosystem level should aim at predicting actual
decomposition as it occurs in the field, under the influence of both
biotic and abiotic factors (Garnier et al., 2007; Tardif et al., 2014).

Up to now, only Garnier et al. (2004), Cortez et al. (2007) and
Quested et al. (2007) specifically tested the feasibility of scaling-up
decomposition from species to ecosystems. They studied gradients
of vegetation patches at different successional stages and thus, with
Fig. 1. Scaling-up approach to predict actual decomposition from species to ecosystem
level. Dotted arrows relate variables used for calculating aggregated functional traits
(litter quality and decomposability) in both ways (standing biomass and litter input).
different plant composition. All these works analyzed the rela-
tionship between aggregated functional traits related to litter
quality (leaf dry matter content, specific leaf area, etc.) and in situ
litter mixtures decomposition (i.e. decomposition of natural litter
mixtures incubated in the same site where the litter was collected,
Figs. 1 and 2c), which is the closest estimate of actual decomposi-
tion as it occurs naturally in the ecosystem (Quested et al., 2005).
From these tests, only Garnier et al. (2004) and Cortez et al. (2007)
found that biomass-aggregated litter quality traits were associated
to in situ decomposition along vegetation gradients. Despite the
success reported with these two studies, it is not new that
ecosystem processes are shaped by complex interactions between
component species and between species and abiotic conditions,
and thus, they may be not always easy to predict (Swift et al., 1979;
Tardif et al., 2014). Regarding decomposition, we can easily imagine
on at least three factors that may interfere with our ability to scale
up from species to ecosystem level.

First, if litter input is not directly related with standing biomass,
species standing biomass may not be driving decomposition at the
community or ecosystem level. In fact, some authors have shown
that litter input can differ from that expected from standing
biomass depending on species’ leaf longevity (Aerts, 1995) and on
particular in situ conditions (Barlow et al., 2007; Hansen et al.,
2009). In line with this, Quested et al. (2007) found that the cor-
relation between aggregated functional traits (leaf dry matter
content, specific leaf area, and leaf nitrogen and carbon content)
and in situ litter mixtures decompositionwas significant only when
the functional traits were weighted by growth forms contribution
to the litter layer (“litter input-aggregated” functional traits here-
after), but not when weighted by species standing biomass, as it is
most frequently done.

Second, litters decomposing in mixtures may interact chemi-
cally, physically or through microorganisms’ activities. Those in-
teractions may determine a lower or higher decomposability than
the one expected by the weighted average of its components
(H€attenschwiler et al., 2005; P�erez-Harguindeguy et al., 2008;
Cuchietti et al., 2014). Although this increase or decrease in
decomposition due to litter mixtures interactions can be low, some
experiments show that it can be as much as 20e30% or even 65% in
extreme cases (Gartner and Cardon, 2004).

Third, soil environment (soil physicochemical and biological
properties, aswell asmicroclimate) can also affect decomposition at
local scales (Hector et al., 2000; Orwin et al., 2006). Specifically,
vegetation structure, soil type, and the community of micro-
organisms may significantly affect soil environmental conditions
fordecomposition changing the actual decompositionpatterns from
that expected by the weighted average of the component species
(Swift et al., 1979; Eviner and Chapin, 2003; Bardgett, 2005).

In this context, we aimed to test if we can scale up decompo-
sition from species to ecosystem level in mountain grasslands of
central Argentina (Fig. 1). Based on the mass ratio hypothesis, we
compared in situ litter mixtures decomposition with aggregated
functional traits (litter quality traits and decomposability itself). In
addition, we specifically assessed the effect of three possible factors
whichmay challenge our capability to scale up decomposition from
species to ecosystem level: (a) litter input (compared to standing
biomass), (b) litter interactions during decomposition in litter
mixtures, and (c) the soil environment where litter is decomposing.

2. Materials and methods

2.1. Study area

The study was conducted in Pampa de Achala, a high plateau
located at the upper belt of C�ordobamountains in central Argentina



Fig. 2. (a) Single species decomposability: simultaneous incubation of single species in a common garden. (b) Litter mixtures decomposability: simultaneous incubation of litter
mixtures from different plots in a common garden. The dry weight loss (%) in (a) and (b) is the result of the structural and chemical properties of the substrates, and thus constitutes
an expression of its quality for microorganisms in relation to other substrates within the same common garden. In particular, the dry weight loss (%) in (b) also accounts for the
possible interactions between the litters within the mixtures. (c) In situ litter mixtures decomposition: incubation of litter mixtures in the same plots where the litter mixtures were
collected. The dry weight loss (%) in (c) is the joint result of the substrate quality and litter interaction in combination with the soil environment where the substrates are incubated,
i.e. soil physicochemical and biological properties, as well as microclimate.
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(31� 340 S, 64� 500 W) at 2100 m a.s.l. Mean annual temperature is
8 �C with no frost-free period. Mean annual precipitation is
900 mm, with most rainfall concentrated in the warmest months,
between October and April (Cabido and Acosta, 1985; Colladon
et al., 2010). The landscape is a mosaic of grasslands, granitic out-
crops and Polylepis australis Bitter woodlands (Cabido and Acosta,
1985; Cingolani et al., 2004). The main economic activity is live-
stock raising, mainly cattle and sheep, which started at the
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beginning of the 17th century and completely replaced large native
herbivores by the beginning of the 20th century (Díaz et al., 1994).
The study was performed in Quebrada del Condorito National Park,
where domestic livestock are maintained in some areas to preserve
vegetation patchiness and hence plant biodiversity (Cingolani et al.,
2010). When grazed by large herbivores, the landscape presents a
mosaic of lawn patches and closed and open tussocks grasslands
with species of different foliar quality (Cingolani et al., 2003, 2014;
Vaieretti et al., 2013). Lawns, where herbivores tend to congregate,
are dominated by short palatable plant species such as forbs and
graminoids, with high nutrient content and foliar attributes sug-
gesting high relative growth rates. Closed tussock grasslands are
dominated by tall tussock grasses and are less used by the herbi-
vores. Open tussock grasslands have a mixture of short vegetation
and tussock species (Pucheta et al., 1998; Cingolani et al., 2007;
Vaieretti et al., 2010, 2013).

In this study, we used a paddock with low to moderate cattle
grazing (0.15e0.20 Cattle Equivalents per ha of vegetated land, i.e.
discounting rock surface). We selected a representative area of
about 225 ha within the paddock. In this area we chose 10 different
sites (about 15 m � 15 m) for each of the three vegetation patch
types (lawn, open tussock grassland and closed tussock grassland,
N¼ 30). All sites were located at similar altitudes
(2150e2200m a.s.l.) and on gentle slopes (1e5%) distributed across
the dominant topographic positions present in the area. Soil
organic carbon (C) content is 2.5e9.0 %, the total N content is
0.2e0.7 % and pH is 4.5e5.4 (for further details related to soil
physicochemical properties see Vaieretti et al., 2010, 2013).

2.2. Species selection

In February 2006 we made floristic surveys at each of the 30
sites within a 4 m � 4 m plot, and we registered the complete
floristic composition. We visually estimated species cover in 5%
categories (10%, 15%, 20%, etc.) except for low cover values (<10%),
which were estimated in 1% categories (1%, 2%, etc.). When cover
was far less than 1%, we registered 0.1% for species present. From
these data we calculated the relative cover of each species. Thenwe
selected only the most abundant species, until 80% cover was
reached in each floristic sample (following Garnier et al., 2004;
Pakeman and Quested, 2007; P�erez-Harguindeguy et al., 2013). By
this methodwe selected a total of 21 species (Appendix A, Table A1)
for further measurements and analyses. Species’ nomenclature
follows Zuloaga et al. (2008) and its online actualization (www.
darwin.edu.ar).

2.3. Plant volume as a surrogate of biomass

Several studies use surrogates of standing biomass such as
cover, frequency, allometric equations and others, instead of
measuring biomass itself (e.g. Quested et al., 2007; Garnier et al.,
2007). Previous findings in our study area (Pucheta et al., 2004)
indicated that the volume of the vegetation (estimated through the
average height and the cover proportion in a given area) was
strongly related to its actual biomass. Thus, wemeasured the height
of the vegetative fraction of six representative adult plants of each
of the 21 selected species. These measures were not associated to
the plots, but measured across the sites since individual height of
most species is similar across patches. The average height (cm) of
the different species multiplied by their cover (cm2, calculated from
the percent cover in the 4m� 4m plot) was the volume estimation
(cm3) of each species at each plot. Only when species were very
variable in height according to the patch type, wemeasured heights
in each patch type and used the average height of the species for
each particular patch type for the estimations.
2.4. Litter input estimation

Weuseddata fromVaieretti et al. (2013) to estimate litter inputof
the study sites. Four to six permanent squares (1 m � 1 m) were
randomly distributed within each site to estimate the annual litter
input rate (g m�2). Each square was cleared of all litter at the
beginning of autumn (April 2006) and accumulated litter from each
square (sub-samples) was collected in August 2006, October 2006
and May 2007. At the laboratory, litter was dried at 60 �C, until
constant weight was attained. Then, the proportion of each growth
form in the litter sub-samples was visually estimated. Proportion of
species could not be estimated since many of the species were not
recognizable from senesced tissues. The growth forms considered
were: tussockgrasseswith thick leaves (mainly Poa stuckertii (Hack.)
Parodi, hereafter ‘‘thick tussock grasses’’), tussock grasses with thin
leaves (mainly Deyeuxia hieronymi (Hack.) Turpe and Festuca lilloi
Hack., hereafter ‘‘thin tussock grasses’’), Eryngium agavifolium Gri-
seb., perennial graminoids, annual graminoids (mainly Muhlenber-
gia peruviana P. Beauv. Steud.) and forbs (Vaieretti et al., 2013). The
difference between tussocks and graminoids is principally size; the
first are much taller and erect than the second ones. In addition,
tussocks are perennial while graminoids can be perennial or annual
(Díaz and Cabido, 1997). E. agavifoliumwas considered as a separate
group because its rosettes are very different from the rest of the
rosettes (Díaz and Cabido, 1997; Díaz et al., 1998). The dry weight of
each growth form sub-sample was calculated for each date by
multiplying the growth form proportion in the litter layer by the
total dry weight of the sub-sample. The values of all sub-samples
were averaged to obtain one value per growth form per site.
Finally, the annual litter input of each growth formwas calculated by
summing up the values of all dates, and the total annual litter input
by summing up the values of all growth forms (of the 21 species
described above). For further details see Vaieretti et al. (2013). The
procedure is similar to that used by Quested et al. (2007).

2.5. Single species decomposability (Fig. 2a)

Data on single species decomposability was obtained from Poca
et al. (2014). To determine decomposability (percentage of dry
weight loss) of the 21 selected dominant species litter was
randomly collected across all sites. 20 litterbags for each of the 21
species of 0.3 mmmesh nylon were made and filled with 1 g of air-
dried material, following Cornelissen (1996) and P�erez-
Harguindeguy et al. (2013).

In an ungrazed paddock within the study area a decomposition
bed was prepared were all litterbags were simultaneously incu-
bated; i.e. decomposability is a relative term to the substrates
incubated together in a common garden (further details in Fig. 2a).
Litter bags were placed randomly on the soil surface, where vege-
tation and litter were previously removed, with one side in contact
with the ground. Then all the litter bags were covered with a fine
layer of litter from the area to simulate natural conditions of
decomposition. Litterbags were incubated for either 10 or 28 weeks
(from December 2008 to March 2009 and from December 2008 to
July 2009 respectively). At each date 10 litterbags for each species
were retrieved. After incubation, all samples were stored at �14 �C
until processing. Once defrosted, adhering soil, soil fauna and other
extraneous materials were removed. Samples were oven-dried for
at least 48 h at 60 �C, and then weighed. Initial dry mass was
calculated from thewater content of a subsample that was weighed
simultaneously to the samples when the litterbags were built,
oven-dried until constant weight at 60 �C and then re-weighed.
Decomposability of each sample was estimated as the percentage
of dry weight loss at the end of the incubation period (Cornelissen,
1996). Samples were averaged to obtain one value per species per
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incubation period. As litter dry weight loss after the two incubation
periods was highly correlated (r¼ 0.91, P � 0.001), for all the cal-
culations and relationships here explored, we only used the dry
weight loss of the first incubation period as an estimator of
decomposability. Consistently, in previous studies, this period (ten
weeks) seemed adequate to capture the decomposition dynamic in
the study area (Vaieretti et al., 2010, 2013).

2.6. Single species litter quality

Data of single species litter quality was obtained from Poca et al.
(2014). As parameters of litter quality we selected: nitrogen, lignin,
cellulose and hemicellulose content. Nitrogen content was deter-
mined using an Autoanalyser (RFA 300-Alpken, Wilsonville, O.R.,
USA) following O'Neill and Webb (1970). Lignin, cellulose and
hemicellulose content were determined following the technique of
Goering and Van Soest (1970). We considered the sum of these
three variables (“fiber content” hereafter), as an additional indica-
tor of litter quality since it is a functional trait that integrates all the
recalcitrant components of the litter. At species level fiber content
was one of the litter quality traits that better correlated to litter
decomposability (Poca et al., 2014).

2.7. Aggregated functional traits (Fig. 1)

To scale from species to ecosystems we calculated aggregated
functional traits (nitrogen and fiber content and litter decompos-
ability itself) as follows:

Biomass-aggregated. This weighted average was estimated for
each site as the volume-weighted average of the 21 selected
dominant species:

Biomass� aggregated traits ¼
Xn

pi traiti
Fig. 3. Correlations among aggregated fiber content and decomposability and com-
munity and ecosystem-level decomposition. Capital letters indicate the reference of
the relationships, while numbers correspond to correlation coefficients. Full arrows
indicate correlations with biomass-aggregated traits while dotted arrows indicate
correlations with litter input-aggregated traits. Significant correlations (P � 0.01) are
shown with an asterisk (*), while marginally significant correlations (0.01 < P � 0.1)
are indicated with the initials “ms”.
i¼1

Where pi is the relative volume of each species (indicator of its
relative biomass) within each site, n is 21 (the number of selected
species) and traiti is the value of the trait (litter decomposability,
nitrogen or fiber content) for the species i. The relative volume was
calculated considering only the 21 species under study.

Litter input-aggregated. This averagewas calculated based on the
input of litter of the different growth forms as follows:

Litter input� aggregated traits ¼
Xn

j¼1

lj traitj

Where lj is the relative litter production of the growth form j
within each site,n is the number of growth forms at each site, traitj is
the value of the trait (litter decomposability, nitrogen or fiber con-
tent) for the growth form j. When the growth form had more than
one species, this value was calculated as an average of the values of
the component species of that growth form. In a previous study in
the area it has been demonstrated that these traits were more var-
iable between than within growth forms (Poca et al., 2014).

2.8. Litter mixtures decomposability, in situ decomposition and
quality (Figs. 1, 2b and 2c)

We used data of in situ litter mixtures decomposition, litter
mixtures decomposability (as indicators of ecosystem- and
community-level decomposition respectively) and quality from
Vaieretti et al. (2013). To obtain these data, in September 2006,
Vaieretti et al. (2013) collected a sample of naturally shed mixed
litter from the soil surface in each site. The authors measured litter
mixtures’ decomposability by incubating litter mixtures in a com-
mon garden experiment following the same procedure as the one
described in Section 2.5 for the 21 single species. In addition, they
obtained in situ litter mixtures decomposition through the incu-
bation of litter mixtures in the same sites where the mixtures were
collected. Vaieretti et al. (2013) used for both experiments the same
litterbag methodology as the one explained in Section 2.5 for the
species common garden experiment. They measured litter mix-
tures quality (nitrogen and fiber content) through the same
methods used to determine single species litter quality. They
measured the quality parameters in the mixture, representing in
this way the average quality of the component species altogether.
For further details see Vaieretti et al. (2013).

2.9. Data analysis

To evaluate the association between the variables measured we
used Pearson correlations, where the sampling unit was the plot
(N¼ 30). In Fig. S1 of the Supplementary Material we show the
scheme of the data analysis that is described in this section. This
same scheme is used later for showing the results (see Fig. 3). Only
to corroborate that litter quality traits were associated with
decomposability, we tested if biomass-aggregated nitrogen and
fiber content were related with biomass-aggregated decompos-
ability (Fig. S1 arrow A), and that litter mixtures quality (litter
mixtures nitrogen and fiber content) were related with litter mix-
tures decomposability (Fig. S1 arrow M).

We tested how well we can scale up from single species func-
tional traits to ecosystem-level decomposition by correlating
biomass-aggregated traits (nitrogen, fiber content and decompos-
ability) to in situ litter mixtures decomposition (Fig. S1 arrows B
and C).

We correlated biomass-aggregated decomposability with litter
input-aggregated decomposability, and the samewas done for both
litter quality traits (nitrogen and fiber content) to analyze if
standing biomass is representative of the litter input as a weighting
factor. Furthermore, we tested if we can scale up from species to
ecosystem-level by correlating the litter input-aggregated quality



Fig. 4. Scatter plots of biomass-aggregated decomposability (% of dry weight loss)
against (a) in situ litter mixtures decomposition (% of dry weight loss) and (b) litter
mixtures decomposability (% of dry weight loss). Correlation coefficients are indicated
in the plots. Significant relationships (P � 0.01) are shown with an asterisk (*).
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and/or decomposability to in situ litter mixtures decomposition
(Fig. S1 arrows E and F), instead of biomass-aggregated litter quality
and/or decomposability (Fig. S1 arrows B and C). Then, all possible
correlations with biomass-aggregated quality and/or decompos-
ability on the one hand (Fig. S1 arrows A, G, K and I), and with litter
input-aggregated litter quality and/or decomposability on the other
hand (Fig. S1 arrows D, H, L, and J), were performed. A similar de-
gree of association would indicate that standing biomass of each
species in the community is indeed reflected in the contribution
that the species makes to the litter layer. However, if litter-
aggregated trait values are more strongly associated than
biomass-aggregated ones it would indicate that the standing
biomass of the species is a poor indicator of their contribution to
the litter layer.

We correlated biomass-aggregated and litter input-aggregated
decomposability with litter mixtures decomposability to evaluate
a possible effect of litter interactions between the component
species of litter mixtures (Fig. S1 arrows I and J). Strong associations
between those variables would imply that non-additive in-
teractions between species in mixtures would not be big enough to
challenge predictions based onweighted averages; and that we can
easily scale up from species to community-level decomposition.
Furthermore, we explored an additional way to evaluate a possible
effect of litter interactions between the component species of litter
mixtures performing a correlation between biomass-aggregated
litter quality traits (nitrogen and fiber content) and litter mix-
tures decomposability (Fig. S1 arrow K and L).

Finally, we correlated litter mixtures quality and decompos-
ability with in situ litter mixtures decomposition (Fig. S1 arrows N
and O respectively). We considered that strong correlations would
indicate a strong influence of those variables in actual decompo-
sition (i.e. ecosystem level-decomposition) showing that the micro-
environmental conditions do not modify substantially the patterns
expected by litter mixtures traits.

We tested homoscedasticity and normality of residuals with
Levene and KolmogoroveSmirnov tests, respectively. We used a
P� 0.01 of significance.We did not perform a Bonferroni correction
to avoid the increase of type II error (Cabin and Mitchell, 2000), but
we lowered the P-value of significance to avoid the increase of type
I error. We did not attempt to perform a structural equation
modeling because we were not interested in partial correlation
coefficients since the main relationships were not significant (see
Fig. 3 arrows B, E and C and F). On regards to the heterogeneity of
the data coming from different years (with probably different
temperatures, humidity, etc.) we consider it is not relevant sincewe
are not comparing in situ experiments of different years, but
different common gardens and common gardens with in situ in-
cubations. For all the statistical analyses reported above we used
the package SPSS Inc (version 17.0).

3. Results

As results obtained through the analysis for nitrogen and for
fiber content followed the same trends (though the signs of cor-
relations were opposite) we only described the results obtained for
aggregated fiber content as an example (Fig. 3). The results ob-
tained for aggregated nitrogen content are shown in the Appendix
(Appendix A1, Fig. A1).

As expected, biomass-aggregated fiber content and biomass-
aggregated decomposability were strongly correlated (Fig. 3 ar-
row A). Also, litter mixtures fiber content was significantly corre-
lated to its decomposability (Fig. 3 arrow M). However, in situ litter
mixtures decomposition was not significantly correlated with
biomass-aggregated fiber content (Fig. 3 arrow B) or with biomass-
aggregated decomposability (Fig. 3 arrow C and Fig. 4a). In other
words, in situ litter mixtures decomposition was not explained by
the dominant species’ traits (litter quality and decomposability)
and abundance.

Biomass-aggregated traits were strongly correlated with litter
input-aggregated traits (r¼ 0.90, P � 0.001 for fiber content; and
r¼ 0.94, P� 0.001 for decomposability). However, as with biomass-
aggregated traits, in situ litter mixtures decomposition was neither
correlated with litter input-aggregated fiber content nor with
decomposability (Fig. 3 arrows E and F). In addition, all the
remaining relationships here explored through both ways of ag-
gregation of the traits were qualitatively similar in significance and
degree of association (Fig. 3 arrows A, G, K and I compared to D, H, L,
and J). These results suggest that species standing biomass is a good
estimator of the contribution that species make to the litter layer at
each site, for the physiognomies present in the studied grasslands.

We found that both biomass-aggregated and litter input-
aggregated decomposability were significantly correlated with
litter mixtures decomposability (Fig. 3 arrow I and Fig. 4b and Fig. 3
arrow J, respectively). This indicates that there are no strong in-
teractions between litters of the species decomposing together in
the litter mixtures. This idea was reinforced by the significant
correlation between biomass and litter input-aggregated fiber
content and litter mixtures decomposability (Fig. 3 arrow K and L).

In situ litter mixtures decomposition was not significantly
correlated with litter mixtures fiber content or decomposability
(Fig. 3 arrows N and O respectively). That is, ecosystem-level
decomposition was not associated with community-level quality
or decomposition.
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4. Discussion

Our results show that we cannot scale up decomposition from
species to ecosystem level as easily as we can scale up from species
to communities for the grassland patches in central Argentina here
under study. This means that using aggregated functional traits of
the dominant species we can successfully predict community-level
decomposition (i.e. litter mixtures decomposability, encompassing
litter quality and the interactions between the litters within the
mixtures) but not ecosystem-level decomposition (i.e. in situ litter
mixture decomposition, comprising not only litter quality and in-
teractions but also the soil environment where the litter mixtures
were incubated). In this sense, the only difference between litter
mixtures decomposability and in situ decomposition is the envi-
ronment where they were incubated. Therefore, the soil environ-
mental conditions seem to be the cause by which ecosystem-level
decomposition cannot be scaled up from dominant species’ litter
quality and decomposability.

We found that biomass estimations can be a good proxy of litter
input. In this sense, our results disagree with Quested et al. (2007)
who found that aggregated functional traits calculated on the basis
of litter input related better to in situ litter mixtures decomposition
than those on the basis of biomass. It is important to distinguish
that Quested et al. (2007) found that 90% of the standing biomass
corresponded towoody species but the litter layer did not show the
same composition. The communities under study here have scarce
woody species and most of the species are forbs, graminoids and
tussocks (generally with shorter leaf lifespan than woody species).
This is probably the reason why the relationship between standing
biomass and litter is tighter in our study. In other words, the sim-
ilarity between standing biomass and litter input composition
could depend on the vegetation structure and the leaf lifespans of
the system under study.

We also found a tight correlation between aggregated functional
traits and litter mixture decomposability; that is to say that litter
interactions in mixtures do not hinder the scaling-up from species
to communities. This do not mean that litter of different species do
not interact within mixtures, but that the magnitude of that
interaction, if occurring, is not strong enough to affect the general
patterns of decomposability. Our results are in line with previous
works where the magnitude of variation in decomposition due to
the interaction of species in a litter mixture is very low, although
sometimes significant, in comparison to differences due to their
average quality (P�erez-Harguindeguy et al., 2008; Hoorens et al.
2010a,b; Cuchietti et al., 2014; but see: Gartner and Cardon, 2004).

Although dominant species do control community-level
decomposition through their litter quality and decomposability;
they do not seem to control ecosystem-level decomposition in the
grassland patches analyzed. Our results show that lawns, domi-
nated by species with higher litter quality (lower fiber content and
higher nitrogen content), do have higher decomposability. But, the
higher decomposability does not necessarily lead to faster in situ
litter mixtures decomposition, compared to tussocks dominated by
species of lower litter quality and decomposability. Therefore, our
results are somehow in disagreement with general models of
decomposition which predict that at the local scale litter quality
always becomes themost important control of litter decomposition
(Lavelle et al., 1993; Aerts, 1997). This is not because litter mixtures
quality is not relevant itself as a control, but maybe its variability
between patch types is rather small (e.g. about 0.3% in N content in
comparison to 2% in a similar ecosystem in Güsewell et al., 2005)
compared to the variation of other factors at ecosystem level
(Vaieretti et al., 2013). Complementary to this, Manning et al.
(2008) stated that even if at species level there are differences in
litter quality and decomposability, these differences will only affect
ecosystem-level decomposition if its magnitude is big enough to
override other factors, as it seems to be here the soil environment.

The relevance of soil environment in decomposition patterns
has already been shown in studies with standard or common ma-
terials (i.e. common materials to all the incubation sites and of
known quality; as in Hector et al., 2000; Orwin et al., 2006;
Vaieretti et al., 2010). Our results do agree with a previous work
(Vaieretti et al., 2013) in the same study area where the authors
found that in situ litter mixture decomposition was correlated to
common substrates decomposition (litter of two plant species
incubated in the different vegetation patch types) but not to litter
mixtures quality. The authors suggested that changes in vegetation
structure produced by herbivores (e.g. in species abundance and
identity and consequently in litter quantity accumulated), would be
the ultimate driver of microclimatic differences between lawns and
tussock grasslands. These differences in microclimate conditions
(e.g. maximum and minimum soil temperature, and its daily or
seasonal variation, as well as variation in soil moisture) may in-
fluence microbial abundance and/or its metabolic rates (Swift et al.,
1979; Chapin et al., 2002). In consequence, our work evidences the
need of digging deeper into the effect of the soil environment on
decomposition (soil physicochemical and biological properties and
microclimate) when scaling-up from species to ecosystem level
decomposition.

5. Conclusions

Many studies have used the mass ratio conceptual framework in
the context of decomposition as a tool to scale up from species
traits and abundance to ecosystem processes (see Garnier et al.,
2004, 2007; Cortez et al., 2007; Quested et al., 2007; Fortunel
et al., 2009; Pakeman et al., 2010; Furey et al., 2014). Still, only
some of these works have incorporated the use of ecosystem-level
decomposition (Garnier et al., 2004; Cortez et al., 2007; Quested
et al., 2007). In situ litter mixtures decomposition can reflect not
only litter quality and litter interactions, as decomposability does,
but also the effect of soil environment. Then, this parameter con-
stitutes a more integral surrogate of decomposition as it actually
occurs in nature. We highlight the need of more experimental
studies where soil environmental variables are accounted. Specif-
ically, through the simultaneous incubation of standard materials
and in situ litter mixtures, the measurement of soil environmental
variables (e.g. soil and air temperature andmoisture, solar radiation
and micro-organisms identity and activity) and manipulation ex-
periments. In the context of global change and its components, the
accurate prediction of changes in decomposition and nutrient
cycling requires of the measure of parameters which integrate
different controls (species identity and abundance, climate and
microclimate, etc.). Studies combining decomposability, decom-
position of standard materials, in situ decomposition and soil
environmental variables could help to better understand and pre-
dict the different mechanisms involved in ecosystem functioning,
particularly the rates of nutrient cycles, and their potential feed-
back on climate and carbon stocks.
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Appendix A
Table A1
Scientific name, family and growth form of the 21 dominant species of the 30 sites
under study that represent the 80% of cover in each floristic sample.

Species Family Growth form

Bidens andicola var. decomposita Kunth Asteraceae Forb
Bromus catharticus var. catharticus Vahl Poaceae Graminoid
Carex fuscula ssp. fuscula d'Urv. Cyperaceae Graminoid
Chascolytrum subaristatum (Lam.) Desv. Poaceae Graminoid
Deyeuxia hieronymi (Hack.) Türpe Poaceae Tussock grass
Eleocharis pseudoalbibracteata S. Gonz�alez &

Guagl.
Cyperaceae Graminoid

Eragrostis lugens Nees. Poaceae Graminoid
Eryngium agavifolium Griseb. Apiaceae Eryngium

agavifolium
Eryngium nudicaule Lam. Apiaceae Forb
Festuca dissitiflora Steud. ex Griseb. Poaceae Graminoid
Festuca lilloi Hack. Poaceae Tussock grass
Grindelia globularifolia Griseb. Asteraceae Forb
Juncus pallescens var. achalensis Lam. Juncaceae Graminoid
Juncus uruguensis Griseb. Juncaceae Graminoid
Lachemilla pinnata (Ruiz & Pav.) Rothm. Rosaceae Forb
Muhlenbergia peruviana (P. Beauv.) Steud. Poaceae Graminoid
Nassella nidulans (Mez) Barkworth Poaceae Tussock grass
Plantago argentina Pilg. Plantaginaceae Forb
Poa hubbardiana Parodi Poaceae Graminoid
Poa stuckertii (Hack.) Parodi Poaceae Tussock grass
Sisyrinchium unguiculatum Griseb. Iridaceae Graminoid
Fig. A1. Correlations among aggregated nitrogen content and decomposability and
community and ecosystem-level decomposition. Capital letters indicate the reference
of the relationships, while numbers correspond to correlation coefficients. Full arrows
indicate correlations with biomass-aggregated traits while dotted arrows indicate
correlations with litter input-aggregated traits. Significant correlations (P � 0.01) are
shown with an asterisk (*), while marginally significant correlations (0.01 < P � 0.1)
are indicated with the initials “ms”.
Appendix B. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.actao.2015.02.005.
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