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Abstract

Soil is the largest terrestrial carbon pool, making it crucial for climate change mitigation. To disentangle the relationships of
plant guild diversity with soil organic carbon (SOC) storage at broad spatial scales, we applied diversity-interaction models to a
regional grassland database. The questions were if: 1) positive effects of plant guild diversity on SOC at broad spatial scales are
similar to experiments; 2) the enhancement of SOC by legumes is constant in natural grasslands; and 3) the effects of legumes
on SOC depend on interactions with other guilds. SOC increased with legume proportion up to 15-20%, then decreased, across
broad spatial scales. Additionally, legume effects were enhanced when grasses were dominant, which could be related to the
strong capacity of grasses for capturing nitrogen; grass carbon exudates; the balance symbiotic/non-symbiotic nitrogen. Our
findings can facilitate the elaboration of regional and local strategies to ameliorate the soil capacity to absorb carbon.

INTRODUCTION

Soil carbon is highly relevant for climate change mitigation (Canadellet al. 2007) because it constitutes
the largest carbon pool in terrestrial ecosystems (Batjes 1996). However, there is still much uncertainty
regarding the relationship between soil carbon storage and ecosystem biota, including the role of biodiversity
patterns and human activities (Schulze 2006; Soussana & Lemaire 2014; Ali & Yan 2017). According to
current conceptual models, ecosystem goods and services -counting soil carbon sequestration- are expected
to depend strongly on biodiversity components (Hooper et al. 2005; Diaz et al.2007; Hector & Bagchi
2007; Kirwan et al. 2009; Suter et al. 2015; Connolly et al. 2018). However, most evidence comes from
diversity function experiments, which might suggest important underlying mechanisms (Fornara & Tilman
2008; Prommer et al.2019), but do not encompass the whole complexity encountered in real ecosystems.
Although small-scale experiments indicate that the relationship between biodiversity and several ecosystem
services might exist (Hector et al. 1999; Ribas et al. 2015), evidence about a positive association between
soil carbon storage and plant diversity in nature is scarce (Hollingsworth et al. 2008; Wardle 2016).

In recent years, attempts have been made to clarify how plant taxonomic and functional diversity drive soil
carbon at broad scales (Manninget al. 2015; Chen et al. 2018). In addition, plant functional types (PFT,
Steneck, 2001; Blondel, 2003) were also found relevant for explaining soil carbon content in experiments
(Fornara & Tilman 2008; Lange et al. 2015) and local studies (Wiesmeieret al. 2019).
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There is an unsolved discussion about the relevance of plant functional types versus plant traits (or functional
diversity) on ecosystem function (Lavorel & Garnier 2002; Ricotta et al. 2016). Furthermore, some authors
postulate that ecosystem function depends on the dominant plant species or functional type (Grime 1977)
(e.g., grasses in grassland ecosystems (Strömberg & Strömberg 2011). However, several studies indicate an
important role of PFT diversity and non-dominant plant functional types on grassland functioning (Debouket
al. 2015), including legumes (Spehn et al. 2002), and even in the absence of legumes (Cong et al., 2014).

Plant functional types can be described as guilds when defined in terms of resource use (Sebastià 2007) sensu
Root (Root 1967), for animals). Furthermore, resource use can also be considered a relevant plant functional
trait. Although every plant species can be considered to occupy a specific and unique point in the multivariate
space of functional traits (Wayne & Bazzaz 1991), and therefore their role in the ecosystem to be unique,
plant guilds provide good summary representations for biodiversity-function analysis. Grasses are efficient
in terms of light capture because their leaves are at vertical angles (Sebastià 2007), while the architecture of
their roots made them efficient capturing soil N. Legumes can have access to symbiotically-fixed atmospheric
N. Non-legume forbs present a variety of ports and (flat to obtuse) leaf angles, and cannot fix atmospheric
N (Canals & Sebastià 2000; Sebastià 2007; Sebastià & Puig 2008). However, recently, legumes were found
to be more active in terms of CO2 exchange per biomass unit compared with other guilds, including highly
dominant grasses, and non-legume forbs (Ibañezet al. 2020).

Plant guild effects on soil carbon storage need to be studied at broad scales to understand how they work
independently of broad scale abiotic variables, as it is being done for plant taxonomical and functional diver-
sity (Manning et al. 2015; Carol Adair et al. 2018). Ecologists and modelers need this information to validate
conceptual paradigms and generate new hypotheses contributing to the refinement of global mechanistic
models. Land managers and policy-makers need it to establish priorities for conservation objectives.

Here, we aim to disentangle plant guild effects on soil organic carbon (SOC) in the Pyrenees, by modelling
data from an extensive database generated from a survey of 98 natural grasslands. The survey included a
variety of climates; different landscape positions; and a range of grazing management regimes. We applied
the diversity-interaction modelling (DIM) approach (Kirwan et al. 2009), which allowed us to separate the
identity and interaction effects of plant guilds. Taking into consideration that previous studies, carried out
at narrower scales, found a crucial but contrasting role of legumes within the plant guilds (p.e. Fornara &
Tilman, 2008b; Lange et al., 2014), we aim at answering the following questions:

Do the effects of plant guilds on SOC in natural grasslands mirror those found in experimental systems?

Are enhancement effects of legumes on SOC stable across the range of proportions commonly found in natural
grasslands (10-50%)?

Do the effects of legume proportions depend on other plant guild proportions, including forbs and grasses?

Methods

Study sites

The set of data used in this study was extracted from the PASTUS Database
(http://ecofun.ctfc.cat/?p=3538), which was compiled by the Laboratory of Functional Ecology and
Global Change (ECOFUN) of the Forest Sciences Centre of Catalonia (CTFC) and the University of Lleida
(UdL). We sourced a wealth of data of 98 grassland patches distributed across the Pyrenees (Fig. S1), which
are located between 42 and 43º N latitude and between -2.2º W and 3º E longitude. The sampled area
extends along 290 km from east to west and has an altitudinal range of 1700 m, encompassing a wide variety
of temperate and cold-temperate climates, with different precipitation conditions, depending on altitude
and geographical location from Mediterranean to Continental and Boreo-Alpine (de Lamo & Sebastià, 2006;
Rodŕıguez et al., 2018). Annual temperatures (MAT) range between 1 and 9.9 ºC and annual precipitation
values (MAP) between 960 and 2100 mm (Gottardi, 2009; Fick & Hijmans, 2017).

Sampling design

2
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Sampling in the PASTUS database was designed according to a stratified random scheme, where samples
were selected at random within strata. This process was done using the software ArcMap 10 (ESRI, Redlands,
CA, USA). The basis for randomization was the map of habitats of Catalonia 1:50000 (Carreras, J. & Diego,
2006) for the Eastern and Central sectors, the map of habitats of Madres-Coronat 1:10000 (Penin, 1997)
for the North-Eastern sector and the land use map of Navarra 1:25000 (Gobierno de Navarra, 2003) for
the Western sectors. Four variables were initially considered for sampling stratification within each sector:
altitude (< 1800 m; 1800-2300 m; > 2300 m), slope (0-20º; 20-30º; > 30º), macrotopography (mountain
top/southern-facing slope; valley bottom/northern-facing slope) and grazing management (sheep grazing;
cattle grazing; mixed grazing). Accordingly, we determined a set of homogeneous grassland patches by
crossing the stratification variable layers. Grassland patches were then listed by type and arranged within
each list randomly to determine sampling priority. At least one to two replicates of each patch type were
sampled.

In each sampled grassland patch, a 10 x 10 m2 plot was systematically placed in the middle of each homo-
geneous grassland patch, including a particular plant community. Soils and vegetation were sampled inside
this 100 m2 plot, and environmental variables assessed (see Rodŕıguez et al., (2018) for additional details
about sampling design).

Environmental abiotic predictors

All the variables included in this study are listed in table S1. Climate variables were determined from
Worldclim 2.0 (Fick & Hijmans 2017). Based on previous modeling of SOC in grasslands in the Pyrenees
(Rodŕıguez et al. 2020), we selected Mean Annual Temperature (MAT), Mean Annual Precipitation (MAP)
and Mean Summer Precipitation (MSP). In addition, we included in the model the intra-annual difference of
temperature (Temperature Seasonality Index of Sebastià (TSIS); Rodŕıguez et al., 2020), calculated as the
difference between mean summer temperature (MST) and mean annual temperature.

Bedrock type was determined in the field and confirmed from the Geological Map (ICGC. 2007). Bedrock was
categorized into three categories: basic (marls and calcareous rocks), acidic (mostly sandstones and slates)
and mixed.

Topographical variables included: slope, aspect, macrotopography and microtopography. Slope and aspect
were determined in the field by clinometer and compass respectively. Macrotopography included exposed
(South- and East-facing slopes mountain tops) and protected (North- and West-facing slopes, valley bottoms)
positions, while microtopography considered three positions: smooth areas, convexities and concavities.

Regarding grazing management variables, detailed surveys were carried out among farmers, shepherds and
land managers. Two management variables were considered: grazing intensity and grazer type. Grazing
intensity was determined by estimating livestock stocking rates measured as livestock units/ha (LU/ha),
and treated as semi-quantitative variable with three categories (Sebastià et al. 2008): low (1: <0.2 LU/ha),
medium (2: 0.2–0.4 LU/ha) and high (3: up to 0.4 LU/ha); a few samples corresponded to abandoned
grasslands (0 LU/ha). Grazer type was categorized into three main types: sheep grazing, cattle grazing and
mixed grazing. Mixed grazing included associations comprising small and big livestock, mainly sheep and
cattle, and more rarely horses. Sheep flocks always included a few goats (Rodŕıguezet al. 2018).

Environmental biotic predictors

Plots of 10 x 10 m2 were established in the middle of homogeneous grassland patches holding a given plant
community (Canals & Sebastià 2000; Sebastiá 2004). Aboveground biomass was estimated from herbage
harvested in four 50 x 50 cm quadrats placed in a 2 x 2 m subplot within the 100 m2 plot. Plant guild
biomass was determined in one of the four quadrats per plot by hand separation. Four guilds were sorted:
C3 grasses, sedges, legumes and non-legume forbs (the latter including some sub-shrubs), following Sebastià
(2007). Guild biomass was then oven-dried at 60ºC to constant weight.

SOC sampling and analysis

3
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In each plot, one soil core was extracted with a 5 x 5 cm probe at 0-20 cm soil depth. Carbon content of
the fine earth was determined by the elemental auto-analyzer. The organic C fraction was determined by
subtracting inorganic C in the carbonates from the total C. Soil organic carbon stocks (SOC) in the upper
20 cm soil layer were then estimated taking into account the organic C concentration in the sample and its
bulk density, and subtracting the coarse particle (> 2 mm) content, following Garćıa-Pausas et al. (2007).
See Rodriguez et al. 2020 for further details about SOC sampling and determination.

Diversity-interaction model

To disentangle plant guilds effects on SOC, we built a Diversity-Interaction Model (DIM) (Kirwan et al. 2009)
in two steps. Preliminary normality tests (distribution histogram and normal Q-Q plot, and the Shapiro Wilk
W test (Shapiro et al. 1968)) showed that the variable SOC was not normaly distributed (W = 0.948; p-value
< 0.001). We log-transformed SOC to prevent a breach of the normality assumption by the residuals of the
models (W = 0.99; p-value = 0.18). From now on, it should be understood that the mention of SOC in the
context of modelling refers always to log(SOC).

As a first step, to control the wide climatic and topographical variability of the Pyrenees (Garcia-Pausas et
al. 2007, 2017) we fitted a linear model (Legendre & Legendre 1998) for SOC considering only environmental
drivers other than plant guilds. We included both main effects and pair-wise interactions. We selected several
candidate terms by a semi-automatic procedure by a genetic algorithm included in the R package glmulti
(Calcagno & Mazancourt 2010). We selected the best model including only main effects of the predictors,
using SOC as the response variable. Then we modelled the residuals of that model with the same predictors
to look for significant candidate level-two interaction terms. Once we obtained a set of candidate model terms
(with both main effects and interactions), those were included into a single model on which we performed
backward-forward selection. We used several methods to compare and determine the final model, including
the corrected Akaike information criterion (AICc; (Symonds & Moussalli 2011)), the adjusted determination
coefficient (Radj

2) and model comparison techniques with the “anova()” function in R, using Chi-square tests
to test whether the reduction in the residual sum of squares was statistically significant.

At the second step, to complete the DIM, we added to our null model the guild proportion variables and
the guild pair-wise interactions. Because all guild proportions sum 100%, we built a model without intercept
at this step (Kirwan et al. 2009). We discarded curved relationships between the model terms and SOC by
comparing this final DIM model with the corresponding generalized interaction model (Connolly et al.2013)
using a likelihood test (Chi-squared = 1.27 x 10-3; p-value = 0.97; Hothorn et al., 2019).

In order to show the effects of plant guilds we calculated the predicted effects of the model for all possible
combinations of grasses, forbs and legumes with the emmeans package (Lenth et al. 2019), fixing the rest
of the variables at their mean value. Sedges were fixed at 0% because of their low effects on SOC (Table
1), their low mean proportion (2%) and to obtain clearer plots. We built a ternary plot with the ggtern
package (Hamilton & Ferry 2018) to show predicted SOC variation across plant guild proportions. We also
plotted SOC variation across a legume proportion gradient under: 1) a balanced scenario where grasses and
forbs accounted equal proportions; 2) a forb-dominance scenario where forb:grass proportions were 80:20;
3) a grass-dominance scenario were forb:grass proportion was 20:80; and 4) a co-dominance scenario where
grasses and forbs accounted equal proportions (50:50), of the remaining proportion unaccounted by legumes.

Results

We used data from 98 grassland patches in the Pyrenees (Fig. S1) to build a Diversity Interaction model
(DIM) able to disentangle the effect of plant guild proportions (identity effects) and pairwise interactions
(guild interaction effects) after controlling the influence of a set of climate, bedrock, topography and livestock
management predictors (Table S1). Model results and ternary plots showing the predicted SOC values across
grass, legume and forb proportions (Table 1 and Fig. 1) revealed the complex role of legumes.

Legumes enhanced SOC storage when mixed with either grasses or forbs, but only at low to moderate legume
proportions (Fig. 1). SOC storage increased with legume proportion, up to 15-20% legumes, depending on
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neighbors (Fig. 2). At legume proportions above 15-20%, SOCS decreased with increased legume proportion
(Fig. 2).

The enhancement effect of legumes on SOC storage was higher for grasses than for forbs (Figs. 1 & 2). The
strongest legume enhancement effects on SOC occurred when grasses were dominant and legume proportion
was around 10-15% (Fig. 2). When forbs were dominant, the enhancement effect of legumes on SOC storage
was lower than in the grass-dominance or the grass:forb codominance scenarios, with peak values around 15-
20% legumes (Figs 1 & 2). Thus, the SOC maximum peak with legume enhancement was higher and reached
faster (at lower legume proportions) under grass dominance than under codominance and forb-dominance
scenarios (Figs. 1 & 2).

Differently to grass, legume and forb effects, the effect of sedge proportion on SOC was independent of the
proportions of other plant guilds. However, this guild was rare and reached low proportions in the grasslands.
Finally, we did not find significant interactions between plant guilds and other environmental SOC drivers,
suggesting that the revealed diversity-function patterns held under the wide array of environmental conditions
tested.

Discussion

Our study showed how plant guild proportions and their pairwise interactions drove SOC at regional scale,
and additionally to other environmental factors including climate, bedrock topography or livestock mana-
gement (Table 1). Grasses, forbs and legumes were the most determinant plant guilds for SOC in Pyrenean
grasslands. Legumes had an enhancement effect on SOC storage but only at moderate proportions (Fig. 1).
When legume proportions reached intermediate values, SOC started to decrease. This effect was sharper at
increasing grass proportions and more moderate at increasing forb proportions (Fig. 2).

SOC storage represents a complex equilibrium between primary production (inputs) and organic matter
decomposition (outputs) that depends on multiple environmental factors including climate, soil texture
and nutrients, and land management (Jenny, 1941; Schlesinger, 1977; Jackson et al., 2017). Our results
demonstrate that some guilds at low proportions can have positive effects on SOC, but also that those
enhancement effects can disappear or shift when the proportions among guilds are modified. In our DIM
(Table 1 & Fig. 1), the critical role of legumes on SOC is not surprising, since their symbiosis with rhizobia
bacteria allow them to fix N2 from the atmosphere (McGrath et al. 2014), having large effects on N availability
and supply (Zanetti et al. 1997; Spehn et al. 2002; Scherer-Lorenzenet al. 2003). These effects on soil N may
alter SOC inputs and outputs among other ecosystem processes (Hector et al. 1999; Fornara & Tilman 2008).

However, what is original in our work is the changing role of legumes on SOC storage depending on plant
diversity and plant guild interactions. Former studies have reported positive, neutral and negative effects of
legumes on SOC (Steinbeiss et al. 2008; Lange et al. 2015; Wu et al. 2017). Results from our DIM are novel
because they suggest that those effects could be dependent on legume biomass proportion, as found in the
case of Pyrenean natural grasslands. Nyfeler et al. (2009, 2011) found similar responses of plant N and yield
to legume proportions in an experimental work, which can be behind the SOC-legume relationship we found.
At low proportions (0-20%), an increase in legumes enhanced noticeably the positive effect on SOC (Figs. 1
& 2), which could be classified as a keystone effect (Mills 1993). Positive effects of legumes on SOC may have
three different non-excluding explanations according to Zhao et al. (2014). Firstly, legumes would promote
an increase in primary productivity of plant communities through increased N availability which would lead
to an increase in SOC (Wu et al. 2017). Secondly, positive effects of legumes on SOC can be attributed to
low C/N ratios of legume residues (i.e. litter, root exudates. . . ) more similar to soil microorganisms and soil
organic matter than other plant residuals(Jensen et al.2012). Substrates with low C/N ratios can reduce
microbial N acquisition and increase their carbon use efficiency, facilitating humification processes and plant
residues decomposition into soil organic matter (Spohn et al. 2016). Thirdly, N inputs through legumes may
inhibit the production of oxidative enzymes to degrade the more recalcitrant compounds, leading to reduced
ecosystem CO2emissions and C losses (De Deyn et al. 2011; Spohn et al.2016).

On the other hand, in our study, when legume proportions were high, they had a negative effect on SOC
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according to our model (Figs 1 & 2). Negative effects of legumes on SOC stocks have been attributed to a
decrease in community root biomass (Lange et al. 2015). Recent work by Prommer et al. (2019) suggested
that the allocation of carbon to roots is less necessary at the community level when legumes are present,
due to the increase of available N they fix. Furthermore, Henneron et al. (2019) found that the resource
acquisitive strategy of legumes , with high photosynthetic activity and capacity and high root metabolic
activity, exudation and death, may enhance soil microbial activity, depleting SOC stocks (i.e. rhizosphere
priming effect; Kuzyakov, 2002). This explanation is also suggested by the findings in Ibañez et al. (2020),
where high efficiency in C capture does not translate into high biomass in the grassland, We also suggest
that, at some point, pathways for positive effects of legumes on SOC may be reversed. For instance, due to
legumes´ strategy of producing a more nutrient-rich and short-lived biomass than other plant guilds (Craine
et al. 2002) high legume proportions may involve less total biomass in the long term, and low litter C/N
ratios could lead to higher mineralization rates and less carbon storage (Orwin et al. 2010). Indeed, this
fits with findings by Ibañez et al. (2020) in grasslands in the Pyrenees, where higher legume proportions
are associated with lower yield. Moreover, at high legume proportions, the additional N supply provided by
N2 fixation may be inhibited because of the reduction of plant competition for soil N (Nyfeler et al. 2011),
hence the mechanisms which may enhance SOC stocks at low legume proportions could be inhibited at high
legume proportions.

Additionally, our model pointed out that the SOC levels were enhanced in grass-dominated grasslands (Figs.
1 & 2). This is an interesting finding since synergetic effects between grasses and legumes on SOC have
been described for C4 grasses and not for C3 grasses (Fornara & Tilman 2008; Yang et al. 2019), which
is the main type of grass in the Pyrenees (Still et al. 2003). However, positive synergistic effects between
grasses and legumes affecting N fixation and yield are well known (Kirwan et al. 2007; Nyfeler et al. 2011;
Rasmussen et al. 2012; Schipanski & Drinkwater 2012; Ribaset al. 2015; Suter et al. 2015). Pirhofer-Walzl et
al. (2012) suggested that grasses could be especially good receivers of legume-derived Ndue to their fibrous
root systems, which provide larger root surface and superficiality to grasses. Additionally, N2 fixation activity
of legumes could be promoted by an increased demand for soil N on the whole ecosystem, as a consequence
of an enhancement of grass root systems driven by the supply of atmospheric N2 fixed by legumes and
transferred by litter, dead roots and exudates (Nyfeler et al. 2011). That enhancement of grass root systems
also would allow grasses to acquire more N from non-symbiotic sources (Nyfeler et al. 2011; Suter et al.2015).
Other mechanisms like optimization of the non-symbiotic N consumption by spatial (different root depths)
and temporal (different growing seasons) niche partitioning could be behind legume-grass synergy on SOC
(Van Ruijven & Berendse 2005; Mueller et al. 2013). Grasses could also enhance SOC stocks since they
are more adapted and tolerate grazing in a higher degree than forbs because of their evolutionary history
linked to big ungulates (Coughenour 1985), and consequently they may present high regrowth rates and
productivity in grasslands (Ganjurjav et al. 2019).

Most of the previous studies addressing plant guild effects on SOC of grasslands where carried out at
local scales and/or employing experimental assemblages (Fornara & Tilman 2008; Prommer et al.2019), not
natural ecosystems as considered here. Moreover, most of these studies only considered the effect of plant
guild richness and the presence or absence of the different plant guilds on SOC (Lange et al. 2015; Wu et
al. 2017), although guild proportions effects have been described for other ecosystem functions like yield
(Kirwanet al. 2007; Finn et al. 2013; Ribas et al. 2015). In contrast, what our model suggests is that: plant
guild effects vary depending on their mass proportion in plant communities; some guilds, even in small
proportions, can greatly enhance ecosystem function; those effects can be reversed at increasing proportions;
and those observed effects stand over a wide range of grasslands and environmental conditions at regional
scale. Hence, in addition to direct effects, shifts in plant guilds will have clear consequences on the rest of the
biota (i.e. other plants, microbes), triggering a set of cascading effects in the ecosystem (Loranger-Merciris
et al. 2006; Cornwellet al. 2008; De Deyn et al. 2008). We postulate that legume proportion determines the
predominance of some processes over others, leading to SOC accumulation at moderate legume proportions
and to SOC depletion at high legume proportions.

Our results are also relevant for functional ecology since they illustrate the power and usefulness of plant
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guilds to study keystone effects and interactions in ecosystems. In the last decades PFTs, or plant guild
approaches have been described as inferior methods in comparison with continuous trait indexes (Mason et
al. 2005; Funket al. 2017). However, these last methods are focused on testing concrete hypothesis, like the
mass-ratio (Grime 1998; Diaz et al.2007) or niche complementarity (Villéger et al. 2008; de Belloet al. 2016)
hypotheses. Conversely, modelling of plant guild effects using DIM allowed us to detect critical functional
phenomena like keystone legume effects (Spehn et al. 2002) or guild interactions effects (Fry et al. 2014)
on soil organic carbon storage. Legume effects in this study worked contrary to the mass-ratio hypothesis.
Indeed, small proportions of legumes produced high effects on ecosystem function, which disappeared at high
legume proportions.

To conclude, our DIM revealed that SOC storage in the Pyrenees not only depends on regional, landscape and
local scale factors including climate and topography but on the contribution of the different plant functional
guilds and interactions between the guilds, although we did not found interactions between plant guilds and
other environmental predictors. In particular, legumes had a complex effect as they enhanced SOC stocks
at low proportions and minimize them at high proportions. The magnitude of those effects depended on the
relative composition of other guilds in the grassland. Legume and grass proportions had interactive effects
on SOC. SOC maximums were found at low-moderate legume proportions in grass-dominated grasslands.
Different effects of the ability of legumes for fixing atmospheric N and their high nutrient acquisition strategy
probably were behind this pattern. Our results stress the importance of the keystone role of the N2 fixation
rate of legumes on SOC stocks in natural grasslands and provide a strong argument for species diversity
conservation efforts under climate change conditions. In addition, our findings can facilitate the elaboration
of regional and local strategies to ameliorate the soil capacity to absorb carbon (Conant et al., 2017),
contributing to the global effort to preserve terrestrial carbon pools. However, natural grasslands are not
as tractable as agronomic systems, and direct management of plant guilds is not possible. Hence, further
research about how herbivores affect plant guilds at broad scales is needed, as it is possibly the only way to
manage plant guild proportions in natural grasslands.

Acknowledgements

We would like to express our thanks to the many people who collaborated in fieldwork, sample processing
and data analysis over time. Research in this paper is based on the PASTUS database, which was compiled
from different funding sources over time, the most relevant being: the EU Interreg III- A Programme (I3A-
4- 147- E) and the POCTEFA Programme/Interreg IV- A (FLUXPYR, EFA 34/08); the Spanish Science
Foundation FECYT- MICINN (CARBOPAS: REN2002- 04300- C02- 01; CARBOAGROPAS: CGL2006-
13555- C03- 03 and CAPAS: CGL2010- 22378- C03- 01); the Foundation Catalunya- La Pedrera and the
Spanish Institute of Agronomical Research INIA (CARBOCLUS: SUM2006- 00029- C02- 0). This work was
funded by the Spanish Science Foundation FECYT- MINECO (BIOGEI: GL2013- 49142- C2- 1- R) and the
University of Lleida (PhD Fellowship to AR).

Bibliography

Ali, A. & Yan, E.R. (2017). Relationships between biodiversity and carbon stocks in forest ecosystems: A
systematic literature review.Trop. Ecol. , 58, 1–14.

Batjes, N.H. (1996). Total carbon and nitrogen in the soils of the world. Eur. J. Soil Sci. , 65, 10–21.
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Figure 1: Ternary plot showing predicted SOC values at different guilt proportions. Striped areas correspond
to extrapolated predictions, as those particular guild proportions were not present in the PASTUS database.
Sedges were fixed at 0%. Other variables in the model fixed at their mean value.
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Figure 2: Average values of soil organic carbon stocks (SOC, y axis) depending on legume proportion (x
axis). Three curves are shown depending on the composition of legumes, grasses and forbs. Considering
the remaining fraction once legume proportion is discounted; triangle: forb:grass proportions of 20:80 (grass
dominance); square: forb:grass proportions of 80:20 (forb dominance); circle: forb:grass proportions of 50:50
(co-dominance). Sedges fixed at 0%. Other variables in the model fixed at their mean value.

Model
term

Model
term Estimate Estimate Estimate SE SE

t-
value

t-
value

t-
value

p-
value

Plant
guilds

Plant
guilds

Grasses Grasses -0.08 -0.08 0.02 0.02 0.02 0.02 -3.38 -3.38 1.14E-
03

**

Sedges Sedges -0.06 -0.06 0.03 0.03 0.03 0.03 -2.02 -2.02 0.05 *
Legumes Legumes -0.14 -0.14 0.03 0.03 0.03 0.03 -5.37 -5.37 8.19*10-07 ***
Forbs Forbs -0.09 -0.09 0.02 0.02 0.02 0.02 -3.71 -3.71 3.86*10-04 ***
Grasses
x Sedges

Grasses
x Sedges

-3.15*10
-04

-3.15*10
-04

2.79*10-04 2.79*10-04 2.79*10-04 2.79*10-04 -1.13 -1.13 0.26

Grasses
x
Legumes

Grasses
x
Legumes

8.35*10-04 8.35*10-04 2.38*10-04 2.38*10-04 2.38*10-04 2.38*10-04 3.51 3.51 7.42*10-04 ***

Grasses
x
Forbs

Grasses
x
Forbs

-
1.29*10-05

-
1.29*10-05

6.96*10-05 6.96*10-05 6.96*10-05 6.96*10-05 -0.19 -0.19 0.85

Sedges
x
Legumes

Sedges
x
Legumes

-
2.33*10-04

-
2.33*10-04

6.56*10-04 6.56*10-04 6.56*10-04 6.56*10-04 -0.36 -0.36 0.72
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Model
term

Model
term Estimate Estimate Estimate SE SE

t-
value

t-
value

t-
value

p-
value

Sedges
x
Forbs

-
2.55*10-04

-
2.55*10-04

-
2.55*10-04

-
2.55*10-04

3.04*10-04 3.04*10-04 3.04*10-04 -0.84 -0.84 0.41

Legumes
x Forbs

9.92*10-04 9.92*10-04 9.92*10-04 9.92*10-04 3.39*10-04 3.39*10-04 3.39*10-04 2.93 2.93 4.44*10-03 **

Environmental
vari-
ables

Environmental
vari-
ables

MAT MAT 0.18 0.18 0.07 0.07 0.07 0.07 2.49 2.49 0.01 *
MSTMAT MSTMAT 0.91 0.91 0.22 0.22 0.22 0.22 4.07 4.07 1.12*10-04 ***
MSP MSP 0.01 0.01 5.13*10-03 5.13*10-03 5.13*10-03 5.13*10-03 2.44 2.44 0.02 *
Slope Slope 0.01 0.01 9.60*10-03 9.60*10-03 9.60*10-03 9.60*10-03 1.28 1.28 0.2
Grazing
intensity

Grazing
intensity

8.6 8.6 2.4 2.4 2.4 2.4 3.58 3.58 6.06*10-04 ***

Slope x
MAT

Slope x
MAT

-
4.59*10-03

-
4.59*10-03

2.04*10-03 2.04*10-03 2.04*10-03 2.04*10-03 -2.25 -2.25 0.03 *

Grazing
intensity
x MAT

Grazing
intensity
x MAT

-0.13 -0.13 0.05 0.05 0.05 0.05 -2.68 -2.68 9.10*10-03 **

MSTMAT
x
Grazing
intensity

MSTMAT
x
Grazing
intensity

-0.78 -0.78 0.24 0.24 0.24 0.24 -3.22 -3.22 1.88*10-03 **

MSP x
Grazing
intensity

MSP x
Grazing
intensity

-
9.24*10-03

-
9.24*10-03

3.56*10-03 3.56*10-03 3.56*10-03 3.56*10-03 -2.6 -2.6 0.01 *

Table 1: Variables in the final diversity interaction model.
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