Plant Soil (2013) 364:119-129
DOI 10.1007/s11104-012-1349-6

REGULAR ARTICLE

Community-aggregated plant traits interact with soil
nutrient heterogeneity to determine ecosystem functioning

Pablo Garcia-Palacios - Fernando T. Maestre - Rubén Milla

Received: 10 February 2012 /Accepted: 25 June 2012 /Published online: 10 July 2012

© Springer Science+Business Media B.V. 2012

Abstract

Background and aims Spatial distribution of soil
nutrients (soil heterogeneity) and availability have strong
effects on above- and belowground plant functional
traits. Although there is ample evidence on the tight links
between functional traits and ecosystem functioning, the
role played by soil heterogeneity and availability as
modulators of such relationship is poorly known.
Methods We conducted a factorial experiment in micro-
cosms containing grasses, legumes and non-legume forbs
communities differing in composition to evaluate how
soil heterogeneity and availability (50 and 100 mg N)
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affect the links between traits and ecosystem func-
tioning. Community-aggregated specific leaf area
(SLA,g) and specific root length (SRL,.,) were
measured as both relevant response traits to soil hetero-
geneity and availability, and significant effect traits
affecting ecosystem functioning (i.e., belowground
biomass, [3-glucosidase and acid phosphatase activities,
and in situ N availability rate).

Results SRL,,, was negatively and significantly asso-
ciated to [3-glucosidase, phosphatase and N availability
rate in the high nutrient availability and heterogeneous
distribution scenario. We found a significant negative
relationship between SLA,,, and availability rate of
mineral-N under low nutrient availability conditions.
Conclusions Soil heterogeneity modulated the effects
of both traits and nutrient availability on ecosystem
functioning. Specific root length was the key trait
associated with soil nutrient cycling and belowground
biomass in contrasted heterogeneous soil conditions.
The inclusion of soil heterogeneity into the trait-based
response-effect framework may help to scale from
plant communities to the ecosystem level.

Keywords Ecosystem functioning - Functional traits -
Soil nutrient heterogeneity - Specific leaf area and
specific root length

Introduction

Abiotic filters such as resource availability and hetero-
geneity constrain the species and traits, from a regionally
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available pool, which can persist at a site (Diaz et al.
1999). Environmental factors pose selective pressures on
species traits, and thus filter the composition and struc-
ture of local communities (Weiher and Keddy 1999).
Following this model, we should be able to predict
how plant community assembly is altered by environ-
mental changes by taking into account the nature and
strength of the different filters, and the response traits for
each of these filters (Grime 2006). As a consequence,
plant communities with contrasting trait profiles may
impact ecosystem processes through differential abun-
dance of ecosystem-effect traits (Suding et al. 2008). In
this context, ecosystem processes will be predictable
only if those effect traits involved in the response to
environmental filters control ecosystem processes to a
significant extent (Lavorel and Garnier 2002).

The availability of soil resources is a major deter-
minant of plant productivity, and strongly influences
plant community assembly (Tilman 1982; Grime
2006). Changes in resource availability have also
strong effects on traits related with plant resource use
strategies above- and belowground, such as specific
leaf area and specific root length, respectively (Craine
et al. 2001). However, soil resources such as nutrients
are heterogeneously distributed in space (hereafter soil
heterogeneity) in most terrestrial ecosystems (Jackson
and Caldwell 1993; Gross et al. 1995). Plants have
developed contrasting root foraging mechanisms to
deal with such heterogeneity (Kembel et al. 2008;
Mommer et al. 2011). These mechanisms have
physiological, such as changes in nutrient uptake
capacity (Jackson et al. 1990), and morphological,
such as modifications in biomass allocation patterns
(Fransen and de Kroon 2001), consequences at the
plant level, which scale up to affect plant populations
and communities (Maestre et al. 2005; Maestre and
Reynolds 2006).

Interactions between nutrient availability and soil
heterogeneity are frequent and conspicuous, as plants
selectively place their roots in the highest nutrient
availability patches (Maestre et al. 2005; Maestre and
Reynolds 2007). Although the importance of this inter-
action goes beyond the functioning of plant modules
and individuals (de Kroon et al. 2012), only few studies
have approached it at the community level (e.g. Maestre
et al. 2005; Wijesinghe et al. 2005). As soil heterogene-
ity has profound effects on plant processes such as
productivity and community assembly, we may expect
potential cascading effects on ecosystem process tightly
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linked with them, such as C and N cycling (Huber-
Sannwald and Jackson 2001). How soil heterogeneity
modulates the effects of plant communities on eco-
system functioning will likely depend on the traits of
the dominant species (Grime 1998), especially those
traits related with resource-use strategy (Rajaniemi
and Reynolds 2004; Kembel et al. 2008). However,
it is unknown how links between plant communities
and ecosystem functioning are modified by soil hetero-
geneity and the root responses it promotes (de Kroon et
al. 2012).

In an earlier study, Garcia-Palacios et al. (2011a)
used model plant communities to assess the joint in-
fluence of plant functional group identity, nutrient
availability and soil heterogeneity on several surro-
gates of ecosystem functioning. In this study, we focus
on how plant functional traits mediate the relationship
between plant communities and ecosystem function-
ing, and most importantly, on how two abiotic filters,
soil heterogeneity and nutrient availability, affect this
functional link. We use a trait-based response-and-
effect framework (see Suding et al. 2008 for details)
to scale processes from plant individuals to ecosys-
tems through the community level in the context of
these two abiotic filters. Specific leaf area and specific
root length were measured at the community level as: 1)
relevant response traits to the availability and spatial
heterogeneity of soil nutrients (Wahl and Ryser 2000;
Craine et al. 2001); and 2) significant effect traits affect-
ing key ecosystem processes (belowground biomass and
carbon [C], nitrogen [N] and phosphorus [P] cycling;
Garnier et al. 2004; Diaz et al. 2007). These two func-
tional traits were incorporated to the dataset described in
Garcia-Palacios et al. (2011a) to address the following
questions: (i) are community-aggregated plant function-
al traits associated with surrogates of ecosystem func-
tioning?, and (ii) do changes in resource heterogeneity
and availability affect the relationship between
community-aggregated functional traits and surrogates
of ecosystem functioning?

Materials and methods
Experimental design
We conducted a microcosm experiment in the plant

growth facilities of the Rey Juan Carlos University,
located in Mostoles, central Spain (40°18'48"N, 38°52'
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57"W, 632 ma.s.l.). The experimental setting was a
completely randomized factorial design comprising
three factors described in detail by Garcia-Palacios et
al. (2011a). Four levels of plant functional group
compositions were used, all with the same species
richness: three mono-functional groups (all species in
each microcosms belonging to grasses, legumes or
non-legume forbs) and 3-PFG mixture (equitative rep-
resentation of each PFG). Two levels of nutrient avail-
ability (NA: 50 and 100 mg of N added as Lolium
multiflorum shoots) and two levels of spatial distribu-
tion of the organic material (NH: homogeneous and
heterogenecous) were added. Nine replicates were
established for each of the 16 treatment combinations,
providing 144 assemblages total. For this study we
only focused on two of these factors (NA and NH),
and used the different plant communities created with
the PFG factor to evaluate how NA and NH differently
constrained community mean trait values and the sub-
sequent effects on ecosystem functioning.

For this experiment, we selected 27 herbaceous pe-
rennial plant species naturally occurring in semi-arid
Mediterranean roadside grasslands and abandoned
fields undergoing secondary succession. Three different
plant functional group pools (grasses, legumes and non-
legume forbs) were assembled, each one containing nine
species (see Appendix A in Supplementary Material).
The mono-functional groups were obtained by random-
ly selecting six different species from each grasses,
legumes and non-legume forbs pool. The composition
of each replicate was modified to guarantee a minimum
of two species variation within each mono-functional
group. The 3-PFG mixture was created with two ran-
domly selected species of each pool, forming a six
species community. This design allowed us to evaluate
the effects of different plant community compositions
with a constant number of species. Seeds were obtained
from commercial suppliers (Intersemillas, Valencia,
Spain). Germination time was tested in a pilot experi-
ment and used to correct the date of sowing. The seeds
of each species were sown by hand and allocated ran-
domly at a density of 400 seeds m 2. Six weeks after
sowing, some individuals were removed to correct
species density to a final density per species of 60
individuals m 2. Weeds were regularly removed
during the experiment. To simulate field conditions
similar to those experienced by semi-arid grass-
lands in central Spain, all the microcosms were
kept under ambient light, temperature and rainfall

for 17 months, from February 2008 to June 2009 (Mean
monthly temperature=14.16 °C+1.48, mean monthly
rainfall=34.71 mm=6.68).

Microcosms consisted of PVC pots (depth 33 cm,
diameter 24 cm) filled with a 60:40 mixture of soil and
sand (7,600 and 5,000 cm’, respectively; see Fig. 1).
We collected the soil from a roadside grassland located
in the surroundings of the Rey Juan Carlos University.
The resulting mix of soil and sand had very low
fertility (0.143+0.01 mg total N g~' soil and 0.389+
0.02 mg total P g ' soil; mean + SE, n=10). The
organic material was generated by growing L. multi-
florum in a greenhouse maintained at air temperatures
of 16 °C, PAR of 148 umol m ° s 2, and an average
relative humidity of 50 %. L. multiflorum was selected
because of its dominance in the roadside grassland
where the soil was collected (P. Garcia-Palacios, per-
sonal observation). After 8 weeks of growth, L. multi-
florum plants were harvested and their shoots air-dried
at 60 °C to constant weight and cut into 4 cm length
pieces. To generate the two nutrient availabilities,
different amounts of L. multiflorum shoots were
added: 2.24 g and 4.48 g in the low and high nutrient
availability treatments, respectively, which is equiva-
lent to 50 mg and 100 mg N per microcosm, respec-
tively. Within each NA level, the organic material was
either added as a patch (heterogeneous treatment) or
homogeneously mixed with the background soil along
the entire pot volume. In the heterogeneous micro-
cosms, we mixed 100 cm® of background soil with
the organic material and introduced this mix into a
plastic cylinder consisting of a light mesh (Fig. 1). A
second (control) cylinder, filled only with background
soil, was placed alongside the patch cylinder. In the
homogeneous microcosms, two plastic cylinders were
placed within the pot as in the heterogeneous treat-
ments. These patches were filled up with the same
mixture of organic material and background soil pres-
ent in the rest of the homogeneous pot.

Community-aggregated plant functional traits

Two different plant functional traits were calculated at the
community level from leaf and root samples collected in
June 2009: specific leaf area (SLA) and specific root
length (SRL). Both traits encompass a different portion
of the species ecological niche and hence are comple-
mentary to assess the resource use strategy of plant
species (Maire et al. 2009). Furthermore, SRL is a key

@ Springer



122

Plant Soil (2013) 364:119-129

Fig. 1 Schematic represen- Heterogeneous treatment

tation (not drawn to scale) of
the microcosms used in the
experiment. In the heteroge-

24 cm

Homogeneous treatment

neous treatments, a plastic
cylinder was filled with the

organic material and the other
(control) was filled only
with the soil + sand mixture.
In the homogeneous treat- 7em|F
ments, the whole pot and the 33cm
two plastic cylinders were

filled with a homogeneously

distributed mixture of soil +

Control
cylinder

sand + organic matter Soil + sand 20 cm Soil + sand + organic material

Organic material
cylinder

trait to study root foraging responses to environmental
filters such as soil nutrient availability and heterogeneity,
because it allows separating between root biomass
investments and realised root length densities (Kembel
et al. 2008; Mommer et al. 2011). Specific leaf area
(cm?/g) is the light-intercepting area of a leaf per unit
of investment in dry mass (Reich et al. 1992). Specific
root length (m/g) is the ratio of root length to dry mass
(Cornelissen et al. 2003).

At the end of the experiment (June 2009), one fully
expanded, not senescent well-lit leaf was harvested
from every individual in each microcosm and scanned
immediately. The leaves were subsequently oven-
dried at 70 °C to constant weight, and weighed to
the nearest microgram using a microbalance (Micro
UMX-MX, Metler Toledo, Barcelona, Spain). Using
these data, we calculated the average SLA of each
species in each microcosm. Although SLA was mea-
sured in the optimal phenological moment to evaluate
plant biomass in the herbaceous communities studied
(Garcia-Palacios et al. 2010), we acknowledge some
degree of bias since the peak biomass of species with
varying functional traits can differ among and within
functional groups. We used three randomly selected
soil cores (5%20 cm) to measure SRL. Separation of
mixed root samples into species has appeared possible
only in exceptional cases where species differed con-
siderably in root architectural traits like root diameter
and color (Li et al. 2006). Although we could not
visually trace back the mixed root samples to individ-
ual plant species in most of the microcosms, we were
able to confidently trace back one individual from
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Sand (3 cm)

each species in at least one replicate from each factor
combination (two NH x two NA levels). We used this
data to calculate the species average SRL in each treat-
ment combination, which was assigned to each individ-
ual belonging to that species in any of the four scenarios
evaluated (two NH x two NA levels). Five fine roots
fragments (<2 mm in diameter) were selected from each
individual and kept cool and humid in the refrigerator.
Roots were washed and carefully sieved (0.2 mm mesh
size). One absorptive root (sensu Cornelissen et al. 2003)
free of soil particles was selected from each root frag-
ment and scanned. The roots were subsequently oven-
dried at 60 °C to constant weight, and weighed to the
nearest microgram. Scanned leaves and roots were pro-
cessed with Image] software (http://rsb.info.nih.gov/ij/)
to measure leaf area and root length.

To aggregate all the species trait values in the
community into a single metric, we used a community
weighted mean value (hereafter CWM) for each trait.
This metric was calculated as the mean trait values in
the community, weighted by the relative biomass of
the species carrying each value (Garnier et al. 2004). It
represents the expected functional trait value of a
random community sample, often understood as the
dominant trait value in a community (Diaz et al. 2007;
Lavorel et al. 2008). According to the mass ratio
hypothesis (Grime 1998), where ecosystem function-
ing is majorly determined by trait values of the dom-
inant species, the surrogates of ecosystem functioning
evaluated should be predictable from the CWM of
SLA and SRL if they are significant effect traits af-
fecting these surrogates. The aboveground biomass of
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each species in each microcosm was used to weight
SLA. Aboveground biomass was also used to weight
SRL due to the difficulty in assessing root biomass for
each species in the community (Holdaway et al. 2011).

Surrogates of ecosystem functioning

The cores used for SRL measurements in June 2009
were also employed to estimate belowground biomass
and measure several surrogates of ecosystem function-
ing. Additionally, total root biomass from 16 micro-
cosms containing all possible treatment combinations
was measured. In those microcosms, root density at
the three soil cores was a good predictor of total root
biomass (R2=0.67, P<0.0001, n=16). This relation-
ship was used to compute total belowground biomass
in all the microcosms of the experiment. After harvest-
ing, the soil was bulked, sieved (2 mm mesh) and air-
dried for 15 days prior to analyses. We measured the
activity of (-glucosidase and acid phosphatase
enzymes, and in situ N availability rate as surrogates
of C, P and N cycling. Extracellular enzymes are the
proximate agents of organic matter decomposition,
deconstructing plant cell walls, and measures of these
activities can be used as indicators of nutrient cycling
(Sinsabaugh et al. 2008). The principal functions of
these two enzymes in the C and P cycles are hydrolysis
of cellobiose to glucose in the case of the (3-glucosidase,
and hydrolysis of phosphomonoesters to phosphates in
the case of'the acid phosphatase (Sinsabaugh et al. 2008).
The activity of acid phosphatase and (3-glucosidase was
measured using p-nitrophenyl phosphate (Tabatabai
and Bremner 1969) and p-nitrophenyl-b-D-glucopyra-
noside (Tabatabai 1982) as substrates, respectively. In
situ Mineral N availability rate was measured with
anionic and cationic exchange membranes as the
sum of NH,"-N and NO;™-N extracted from the mem-
branes divided by the time period (25 days). This rate
is often related with the N mineralization rate (Subler
et al. 1995) and provides one of the most reliable
indices of plant nutrient availability (Ziadi et al.
1999). The laboratory techniques used to measure
these soil variables are described in detail in Garcia-
Palacios et al. (2011a).

Statistical analyses

Pearson correlations were used to evaluate the rela-
tionships between the community-aggregated plant

functional traits and the surrogates of ecosystem func-
tioning. We modelled the network of relationships
between the two community-aggregated plant func-
tional traits (SLA,4, and SRL,,, hereafter) and the
surrogates of soil functioning ({3-glucosidase, phos-
phatase, Mineral-N and belowground biomass) using
structural equation modelling (SEM, Grace 2006).
SEM has been identified as an appropriate tool to
investigate interactions between multiple traits and
ecosystem functioning based on prior knowledge (Vile
et al. 2006). We constructed a different model for each
of the four surrogates of soil functioning in all the four
scenarios evaluated (low and high nutrient availability x
homogeneous and heterogeneous distribution of the
organic material), totaling sixteen models. The effects
of PFG were pooled into these two factors because we
were interested in evaluating the relationships between
plant traits and ecosystem functioning in plant commu-
nities differing in composition, regardless of the func-
tional group considered.

We assessed the model fit of SEMs using the tradi-
tional x> goodness-of-fit test, but because of its sensi-
tivity to sample size, the Normed Fit Index (NFI) and the
Root Mean Square Error of Approximation (RMSEA)
index were also considered (Grace 2006). The RMSEA
index is useful when the null hypothesis is not of exact
fit, and the advantage of the NFI is its sensitivity
to model misspecifications (Schermelleh-Engel and
Moosbrugger 2003). Unlike many statistical tests,
low probability values indicate that the covariance ma-
trix implied by the model does not fit the covariance
matrix derived directly from the data. P values higher
than 0.05 and 0.01 in the RMSEA and y” indices,
respectively, are required to guarantee an acceptable fit
(Schermelleh-Engel and Moosbrugger 2003). An ac-
ceptable fit indicates that the structure of the model is
a reasonable explanation of the covariance structure
among the variables. As the number of sample moments
(3 sample covariances+3 sample variances) was equal
to the number of distinct parameters to be estimated (2
regression coefficients+1 free covariance+3 free var-
iances), the number of degrees of freedom was zero.
Consequently, no probability level could be assigned to
the chi-square statistic, making the model untestable. To
solve this problem, the free covariance weight between
SLA,4 and SRL,,, was fixed, and the best solution was
chosen through maximization of the maximum likeli-
hood function. When a satisfactorily fitting model is
developed, path coefficients estimates are obtained,
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using the maximum likelihood estimation technique
(Grace 2006). Since multiple models were tested, we
adjusted goodness-of-fit tests for possible Type I error
with sequential Bonferroni corrections (Holm 1979),
and assessed the fit following the recommendations
for model evaluation proposed by Schermelleh-Engel
and Moosbrugger (2003). Correlations and SEM anal-
yses were carried out using SPSS version 14.0 and
AMOS version 19.0 (SPSS Inc., Chicago, IL, USA),
respectively.

Results

SLA,z, was positively correlated with the activity of the
two soil enzymes (Table 1), although this relation was
only marginally significant in the case of the f3-
glucosidase (P=0.064). In contrast, SLA,,, was nega-
tively correlated with the in situ availability rate of
mineral-N and with belowground biomass. SRL,,, Was
negatively associated with the activity of both enzymes
and with the in situ availability rate of mineral-N
(Table 1), but positively associated with belowground
biomass (P<0.001).

All the SEM evaluated, except two of the below-
ground biomass models, fitted the data acceptably, as
indicated by the several goodness-of-fit statistics
(Fig. 2). These models were able to explain ca. 20 %
of the {3-glucosidase variance in both high nutrient
availability scenarios (Fig. 2b and d). However, they
had little explanatory power for the phosphatase
enzyme, except for the high nutrient availability
plus heterogeneous distribution scenario (+°=0.14;
Fig. 2d). The models conducted were able to
explain up to 20 % of the variation in mineral-N in all
the scenarios evaluated, excepting the high nutrient

Table 1 Pearson’s correlations between community-aggregated
specific leaf area (SLA,4,) and specific root length (SRL,4,) and
the surrogates of soil functioning. SRL,,,, phosphatase and
belowground biomass were log-transformed in order to meet
normality assumptions. n=144 for 3-glucosidase, phosphatase
and belowground biomass. n=96 for mineral-N. Significance
levels are as follows: *P<0.05, **P<0.01 and ***P<0.001

B-Glucosidase Phosphatase Mineral-N  Belowground

biomass
SLA,z  0.155 0.151* -0.203* —0.247%%*
SRL. —0.326%%* —0.272%**%  —0.216* 0.289%#*

agg
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availability plus heterogeneous distribution scenario
(*’=0.11; Fig. 2d). In the case of the belowground
biomass, our SEM model was able to explain ca. 40 %
of the belowground biomass variance in the high nutri-
ent availability plus heterogeneous distribution scenario
(Fig. 2d), but had smaller explanatory power in the
others (Fig. 2a-c).

The correlation coefficient between SLA,., and
SRL,s; was ca. —0.30 in all the scenarios evaluated,
although it was only significant in the high nutrient
availability plus heterogeneous distribution scenario
(r=—0.40 in the enzymes and belowground biomass
models, and »=—0.49 in the mineral-N model; Fig. 2).
We found a significant negative effect of SLA,,, in the
mineral-N models under low nutrient availability (Fig. 2a
and c). When nutrients were supplied at a higher rate,
SRL,,; was negatively related with the activity of (3-
glucosidase (Fig. 2b and d). Interestingly, in the high
nutrient availability and heterogeneous distribution sce-
nario, we found strong and significant effects of SRL,,,
on all the surrogates of ecosystem functioning evaluated
excepting the mineral-N (Fig. 2d). This trait had a neg-
ative effect on both soil enzymes and mineral-N, but had
a positive effect on belowground biomass.

Discussion

Most of the studies relating functional traits with eco-
system functioning have evaluated surrogates that
change slowly along the time, such as total soil nutri-
ent pools (Lavorel and Garnier 2002; Garnier et al.
2004), instead of dynamic variables measuring real
process rates. We found significant correlations be-
tween SLA,,, and SRL,;, and surrogates of C, N
and P cycling, allowing us to scale from dominant
resource-use strategies in plant communities to ecosys-
tem functioning. The positive relationships between
community-aggregated SLA and the activity of f3-
glucosidase and phosphatase found suggest that plant
communities with high litter quality (high SLA,,,), and
hence fast decomposition rates (Garnier et al. 2004;
Wardle 2002), enhance soil C and P cycling. This result
supports previous studies where SLA was found to
affect ecosystem processes such as litter decomposition
rate, total soil carbon and nitrogen accumulation
(Garnier et al. 2004; Diaz et al. 2007). However, this
positive relationship could be also driven by the
negative correlation found between SLA,,, and
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=002

=0.30

Il!-g]ucmidaw

=0.30

7= 0843 P = 0059
NFl = 0.857

-0.27
-0.27

—0,29
-0.29

O

=0.40*

=0.40%

Fig. 2 Structural equation models for the effects of the
community-aggregated specific leaf area (SLA,q,) and specific
root length (SRL,,) on the surrogates of soil functioning (ac-
tivity of 3-glucosidase and phosphatase, in situ availability rate
of mineral-N and belowground plant biomass) in each of the
four scenarios evaluated. a low nutrient availability (NA), ho-
mogeneous spatial distribution of nutrients (NH), b high NA,
homogeneous NH, ¢ low NA, heterogeneous NH, and d high
NA, heterogeneous NH. Single-headed arrows signify a hypoth-
esized causal influence of one variable upon another. Double-

SRL,ge (p=—0.279, P=0.001), since SRL,,, is nega-
tively associated with both enzymatic activities
(Table 1). The negative correlation found between
SLA,,, and belowground biomass suggests a decrease
in root production in the communities with an improved
light harvesting strategy.

SRL is often positively related with efficiency of soil
resource uptake per unit root mass, root turnover rates
and root N concentrations (Cornelissen et al. 2003;
Canadell et al. 1996), hence affecting root decomposi-
tion and soil nutrient cycling. The negative association
found between SRL,,, and the surrogates of C, N and P
cycling evaluated could be due to a spurious relationship
promoted by other traits associated with belonging to a

RMSEA =0, F = 0.075

—(.30

=028
Mineral N

=015
Belowground
biomass

-0.27

Fi=2663F =005
Nl =067
RMSEA = 0218, P = 0.039

NFl = 0.59%
RMSEA =0, 7 = 0058

~y,
< =008

Belowground
biomass

¥ 132, 7 = 0,082
NFL = 0.309
RMSEA = 0241, 8 = 0,047

—0,29

=0,49*
=040+

headed arrows signify a correlation in which no direction is
specified, possibly owing to shared causal influences. Numbers
adjacent to arrows are path coefficients, analogous to regression
weights and indicative of the effect size of the relationship.
Width of arrows is proportional to the strength of path coeffi-
cients. 7 indicates the proportion of variance explained.
Goodness-of-fit statistics for each model are shown in the lower
right corner. Significance levels are as follows: *P<0.05, **P<
0.01 and ***P<0.001. Sample size was 36 for the enzymes and
belowground biomass models, and 24 for the mineral-N models

specific functional group, as SRL,q, and nutrient cy-
cling are both highly determined by the identity of the
functional group considered (Appendix B and Garcia-
Palacios et al. 2011a). Non-legume forb communities
showed the highest values of SRL,q, (Appendix B),
which were related with an increased belowground bio-
mass. Garcia-Palacios et al. (2011a) found that non-
legume forb communities were plastic enough to com-
pensate their low root foraging precision with a high
physiological ability to acquire N from the organic
patches. This foraging strategy supports the positive
association between SRL,,, and belowground biomass,
as high SRL is often related with high root system
densities in nutrient-poor soil conditions, such as our
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model system (Mommer et al. 2011; but see Comas and
Eissenstat 2004).

Trait variation in plant communities may have its
greatest impact on ecosystem functioning in environ-
ments where limiting resources are spatially heteroge-
neous (Cardinale et al. 2000; Tylianakis et al. 2008).
These impacts are especially strong when resource
heterogeneity promotes an increase in resource avail-
ability (Lamb et al. 2004; Maestre et al. 2005; Maestre
and Reynolds 2007). Our results allow us to move a
step forward and provide a mechanistic explanation
for the tight links between plant communities and
ecosystem functioning observed in heterogeneous
environments. Soil nutrient heterogeneity promotes a
strong link between trait variation in plant communi-
ties and ecosystem functioning through effects on root
traits such as SRL. Intense relations between SRL 4,
and ecosystem functioning surrogates were only found
in the high nutrient availability plus heterogeneous
distribution scenario.

The negative correlation between SLA,,, and
SRL,q, was significant only in the high availability
and heterogeneity distribution scenario. Although
SRL and SLA are usually positively related (Wright
and Westoby 1999; Grime 2006), resource availability
and heterogeneity have been found to promote posi-
tive, negative and null evolutionary correlations be-
tween these traits at the community level (Reich et al.
2003; Kembel and Cahill 2011). In this scenario,
SRL,,, showed the strongest negative effect upon
the three surrogates of nutrient cycling. However,
plant communities with high SRL should have fast
root decomposition rates and an efficient nutrient cy-
cling (Craine et al. 2005), which is at odds with our
results. Can we explain this counterintuitive pattern?
Although we do not have data to support the following
suggestion, we speculate that roots with high SRL,
and hence thin diameters and high turnover rates
(Craine et al. 2005; Comas and Eissenstat 2009), will
have lower ability to associate with soil microbes
promoting nutrient cycling. Ad example, a high mor-
tality or turnover rate makes it harder for N-fixing
bacteria and mycorrhizal fungi to colonize plant roots
(Eissenstat et al. 2000; Menge et al. 2007). This link
may be stronger in nutrient heterogeneous environ-
ments where species-specific mutualisms between
plant roots and mycorrhizal fungi have been found to
be potential key determinants of the soil heterogeneity
effects on relationships between plants and nutrient
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cycling (Hodge et al. 2000, 2001). Plant communi-
ties experiencing the highest (non-legume forbs) and
lowest (legumes and grasses) SRL,4, could be inhib-
iting and promoting, respectively, soil nutrient cy-
cling (Craine et al. 2002; Niklaus et al. 2006;
McLaren and Turkington 2010). The enhancement
of C cycling found by Garcia-Palacios et al. (2011a)
in plant communities with low SRL (legumes) and
heterogeneous supply of soil nutrients supports this
hypothesis.

Interestingly, SLA,,, showed a negative relation-
ship with the in situ availability rate of mineral N in
the low nutrient availability scenario. This result sug-
gests a link between litter quality and nitrogen miner-
alization rates in nutrient-poor soils (Wardle 2002).
Similar effects have been found during the initial
phases of succession on nutrient-poor substrates,
where plant community composition alters the func-
tioning of microbial communities, which in turn,
changes the supply of soil N to plants (Berendse
1998; Garcia-Palacios et al. 2011b). This feedback is
likely to be most evident in ecosystems with low
organic matter content, such as our microcosms,
where existing substrate pools in the soil are small
relative to the inputs of nutrients entering the soil from
plant detritus (Zak et al. 2003). This effect supports
our second hypothesis of nutrient availability increas-
ing the strength of the relationship between plant traits
and soil functioning.

Scaling from soil heterogeneity-plant responses to
the ecosystem level is complicated, because it is diffi-
cult to distinguish between the effects of factors such
as inter-annual variation in key resources or nutrient
availability, and those of soil heterogeneity on ecosys-
tem functioning (Huber-Sannwald and Jackson 2001).
Here we provided an example on how introducing
soil heterogeneity into a trait-based response-effect
framework, as first suggested by Kembel et al.
(2008), may help to disentangle the complex effects
of soil heterogeneity on ecosystem functioning. The
functional traits approach allowed us to get new
insights that were missed when a simple plant func-
tional group classification was used (Garcia-Palacios
et al. 2011a). As an example, the non-legume forb
communities showed higher belowground biomass in
the high nutrient availability plus heterogeneous dis-
tribution scenario (Garcia-Palacios et al. 2011a).
This result is in accordance with the positive rela-
tionship found between SRL,,, and belowground
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biomass, but does not match when evaluating the
surrogates of C, N and P cycling. Therefore, at fine
spatial scales, the use of quantitative traits provides a
more accurate description and allows identifying
those plant attributes (e.g. root length density, diameter
and turnover rate) influencing ecosystem responses to
soil heterogeneity.

In conclusion, soil heterogeneity modulates the
effects of traits on ecosystem functioning and articu-
lates the role of nutrient availability on such effects.
Specific root length in our nutrient-poor soil was the
key trait associated with soil nutrient cycling and
belowground biomass in contrasted heterogeneous
soil conditions. The explicit consideration of soil het-
erogeneity offers great potential to fully disentangle
the mechanisms underlying the effects of trait varia-
tion in plant communities on ecosystem functioning,
particularly under the ongoing increases in nutrient
availability being experienced by terrestrial environ-
ments worldwide (Lee et al. 2010).
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