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Abstract 

The Mediterranean region is one of the most climate-vulnerable areas worldwide, facing rising 

temperatures, recurrent droughts, and soil degradation that threaten agricultural productivity and 

food security. A key concern is the decline of soil organic matter (SOM), which underpins nutrient 

cycling, water retention, microbial activity, and carbon storage. Enhancing biodiversity within 

agroecosystems has been proposed as a strategy to buffer soils against climatic stress while 

sustaining productivity. In particular, increasing sown species diversity may strengthen plant–soil–

microbe interactions, thereby improving soil quality and resilience. 

This study examined how plant diversity influences soil microbial activity and carbon dynamics 

across a pedoclimatic gradient of Mediterranean sites.  

Results showed that species diversity enhanced microbial functional capacity, promoting greater 

carbon retention and decomposition of complex substrates. Species identity also played a central 

role: Festuca arundinacea, Avena sativa, Dactylis glomerata, Cichorium intybus, and Plantago 

lanceolata were particularly influential in shaping soil carbon dynamics. Notably, interactions 

among species yielded both synergistic and antagonistic effects on microbial activity and carbon 

accumulation, highlighting the importance of functional complementarity. 

Environmental factors, especially precipitation and soil organic carbon, remained the dominant 

drivers of microbial responses. However, higher species diversity consistently improved microbial 

activity even under drought, suggesting potential for mitigating climate impacts. Overall, our 

findings demonstrate that targeted increases in forage diversity can enhance soil quality and carbon 

sequestration, offering a promising pathway for resilient and sustainable Mediterranean agriculture. 

 

Keywords. Plant diversity, microbial activity, Mediterranean agriculture, drought under climate 

change, soil carbon accumulation, DI modeling, forage species interaction, Festuca arundinacea, 

Avena sativa, Dactylis glomerata, Cichorium intybus, Plantago lanceolata. 

  



1. Introduction 

Climate change is producing widespread impacts across the globe, with the Mediterranean region 

recognized as one of the most vulnerable and exposed areas. Key risk factors affecting this region 

include water scarcity, prolonged droughts, soil erosion, threats to agricultural productivity and 

food security, and sustained temperature increases (Ali et al., 2022; del Pozo et al., 2019). These 

climate-related challenges have had a detrimental impact on both the quality (Bezner Kerr et al., 

2022;  Hidalgo-Galvez et al., 2023; del Pozo et al., 2019) and quantity of crop production (Bezner 

Kerr et al., 2022; Dono et al., 2016; del Pozo et al., 2019).  

One of the most significant effects of climate change is its impact on soil quality, particularly 

through the depletion of soil organic matter (SOM), a growing concern in agricultural systems 

(Bezner Kerr et al., 2022; Semeraro et al., 2023). Soil quality underpins the delivery of multiple 

ecosystem services: it supports nutrient retention, regulates physical, chemical, and biological 

processes, buffers pH fluctuations, enhances soil structure, increases water-holding capacity, and 

stimulates microbial activity. In addition, soil functions as a major carbon sink, with a storage 

potential estimated to be three to four times greater than that of the atmosphere. The decline of 

these functions undermines the availability of recalcitrant carbon in the soil (Bezner Kerr et al., 

2022; Semeraro et al., 2023), thereby diminishing its carbon storage potential (Kleber, 2010). This 

degradation poses a direct threat to agricultural and livestock productivity (Bezner Kerr et al., 

2022), particularly in climate-sensitive regions such as the Mediterranean.  

In response to the urgency of the climate crisis, recent research has focused on addressing the 

inherent vulnerability of Mediterranean climates to climate change. New agricultural practices are 

being proposed to strengthen the link between soil quality, crop health, and productivity. Increasing 

the diversity of agroecosystems has been shown to create a buffering effect that enhances resilience 

to climatic events (Altieri et al., 2015), while also maintaining soil health and fertility, for example, 

by improving air and water availability in the soil (Semeraro et al., 2023). 

Among the recommended management strategies is the adaptation of crops to the specific 

conditions of each region (del Pozo et al., 2019; Molénat et al., 2023), along with a focus on 

reinforcing plant–soil microorganism associations, which play a critical role under stress conditions 

(del Pozo et al., 2019). Integrated approaches that consider both aboveground and belowground 



biodiversity are essential for improving the management of the plant–soil system and identifying 

strategies to maintain its health (Baggs, 2011). 

Over the past decades, numerous studies have confirmed the positive effects of plant diversity on 

various ecosystem properties. These include enhanced productivity (Finn et al., 2013; Hector et al., 

1999; Kirwan et al., 2007), increased soil carbon and nitrogen content (Fornara & Tilman, 2008; 

Steinbeiss et al., 2008), improved nitrogen use efficiency (Llovet et al., 2024; Nyfeler et al., 2011; 

Oelmann et al., 2007), and greater microbial activity and diversity (Eisenhauer et al., 2011; 

Loranger-Merciris et al., 2006). However, the specific effects of plant diversity on soil properties 

remain underexplored and warrant further investigation (Llovet et al., 2024). 

Soil biological activity is considered a key parameter of soil quality. The interactions occurring in 

the rhizosphere, between plant roots and soil microbiota, enable a wide range of processes, such as 

soil carbon storage, nutrient cycling, and organic matter decomposition (Devi & Soni, 2020; 

Kleber, 2010; Orwin et al., 2006). These processes occur because heterotrophic microorganisms 

depend on organic matter as an energy source to sustain their metabolism. Plant roots exudates 

supply soluble carbon that microorganisms readily utilize, while in turn they provide essential 

nutrients, water availability and protection to the plant. The ability of microorganisms to 

decompose organic matter underpins this mutualistic exchange. Some microorganisms 

preferentially degrade simple carbon substrates, such as sugars or amino acids, whereas others 

specialize in metabolizing more complex, recalcitrant compounds. This decomposition process 

plays a crucial role in the carbon cycle, as microbial processing of carbon substrates not only 

sustains soil biological activity but also contributes to long-term carbon retention in soil (Khatoon 

et al., 2017).  

Numerous studies have demonstrated a strong correlation between plant diversity and soil 

microbial biomass, suggesting that increased biodiversity stimulates microbial activity, which in 

turn enhances soil quality and overall ecosystem functionality (Steinauer et al., 2016). Similarly, 

the integration of biodiversity into agricultural systems has been shown to improve soil health, 

boost crop productivity, and enhance both the quantity and nutritional quality of food production 

(Frison et al., 2011). Despite these promising findings, the underlying mechanisms through which 

soil microbial activity influences key soil quality functions—particularly soil organic matter 

cycling—remain insufficiently understood.  



In this regard, our working hypothesis is that increasing sown species diversity in polyculture 

systems will positively influence microbial functional diversity, thereby improving key soil quality 

parameters. Specifically, it is expected that higher plant diversity will lead to greater microbial 

biomass, enhanced microbial functional capacity, and increased carbon storage in the soil. These 

beneficial effects are likely to be modulated by pedoclimatic conditions, such as soil type, 

temperature, and moisture availability, which may influence the magnitude and direction of the 

microbial and soil responses. 

The objectives of this study we aim to: a) characterize soil quality and microbial catabolic profiles 

across a pedoclimatic gradient of Mediterranean sites; b) assess whether increased plant species 

diversity is associated with enhanced microbial biomass and improved carbon-use efficiency, and 

to evaluate whether this greater sown diversity contributes to higher soil carbon (C) content and 

functional diversity through specific species or functional group interactions; c)  determine whether 

the relative contributions of species identity and interaction effects on soil variables are consistent 

across locations and resilient to the natural drought conditions experienced during the experiment. 

2. Materials and methods  

2.1. Experimental sites 

The experiment was conducted across four different Mediterranean regions represented by a 

climatic gradient. Each location represent is situated in a different country, Spain, Slovenia, and 

France were considered part of the humid Mediterranean, while Lebanon was considered part of 

the dry Mediterranean (Table 1). However, it must be noted that the traditionally humid sites 

experienced a severe drought during the study years, with a decrease of 30-40% in mean annual 

precipitation and above-average temperatures (Table1). 

2.2. Experimental design and selected forage species 

Our study was part of the SUSFORAGE project (https://susforage.ctfc.cat/). At each experimental 

site, an area of approximately 1,400 m² was established, within which a design of 40 plots arranged 

in two rows was implemented. Each plot measured 3 × 10 m and was separated from adjacent plots 

by 0.5 m corridors. For the purposes of the SUSFORAGE project, each plot was divided into two 

equal halves to compare grazed and ungrazed conditions. However, since the analysis of grazing 

treatment falls outside the scope of our study, only data from the ungrazed plots were considered. 

https://susforage.ctfc.cat/


Table 1. Study site location and main pedoclimatic variables. The table includes mean annual temperature (MAT) and 

mean annual precipitation (MAP) for the reference series, along with the temperature anomaly during the first 

experimental year (2022; dMAT) and the percentage change in MAP due to the 2022 anomaly (%MAP). Soil texture 

components (sand, silt, and clay %) and soil pH are also reported. 

Site   
Longitude   Latitude  Altitude  MAT  MAP   

dMAT   %MAP   
Sand    Silt    Clay   pH    

 (º)   (º)    (m asl)   (ºC)   (mm)   (%)   (%)   (%)       

Olius 

(ES)    
41.98    1.56    585    12.0    854    +2.1    -32.4    41.1    25.3    33.6    8.2    

Theix 

(FR)    
45.70    3.016    660    8.6    773    +0.1    -45.4    51.3    17.9    30.8    6.0    

Gorenje 

pri 

Divači 

(SL)    

45.69    13.95   415    12.0    1300    +1.7    -41.9    30.4    36.2    33.4    7.7    

Terbol 

(LB)    
33.81    35.99   900    15.1    698    +4.4    -6.6    17.4    23.6    59.0    8.2   

 

Plant species were selected according to their functional type: grasses (G), legumes (L), and non-

leguminous forbs (hereafter forbs, F). For each functional group, three species were selected, with 

the specific composition varying by country (Table 2). The selection prioritized native species 

commonly used in each respective country, ensuring better adaptation to either humid or dry 

Mediterranean climates, as appropriate. 

Species mixtures were randomly assigned to plots. For this study, 27 plots per country were 

selected to ensure a balanced representation of the various mixture types and diversity levels 

included in the experiment (Table 2). Diversity levels were primarily defined based on the relative 

dominance of species within each sward mixture: centroid (all species present in similar 

proportions), dominance (one species predominates), co-dominance (two species dominate 

equally), and monoculture (only one species included). This classification enabled the assessment 

of how species identity and relative abundance influenced soil microbial responses under varying 

mixture conditions, according to the modelling proposed by Kirwan et al. (2007, 2009). For further 

details, see Section 2.5: Statistical Analysis. 

 

  



Table 2. The proportion of selected species in each country, each “composition”, was used to assess soil health and 

quality. Each composition plot represents a specific species proportion based on the mixture, where "Mixture" refers 

to the species richness within each sward. Species “diversity” is treated as a categorical variable reflecting the evenness 

of swards. Species are grouped into three functional categories: grasses (G1, G2, G3), legumes (L1, L2, L3), and non-

legume forbs (F1, F2, F3). In Spain and Slovenia, the grasses used were Lolium perenne (G1), Dactylis glomerata 

(G2), and Festuca arundinacea (G3); legumes included Medicago sativa (L1), Onobrychis viciifolia (L2), and 

Trifolium pratense (L3); and forbs were Cichorium intybus (F1), Plantago lanceolata (F2), and Achillea millefolium 

(F3). France shares the same grasses and forbs as Spain and Slovenia, but the legumes differ: Vicia sativa (L1), 

Trifolium repens (L2), and Trifolium pratense (L3). In Lebanon, the grasses were Lolium rigidum (G1), Hordeum 

vulgare (G2), and Avena sativa (G3); legumes included Medicago sativa (L1), Trifolium incarnatus (L2), and Vicia 

villosa (L3); and the forbs were Cichorium intybus (F1), Plantago lanceolata (F2), and Brassica napus (F3). 

Composition  Mixture  Diversity  G1  G2  G3  L1  L2  L3  F1  F2  F3  

1  

Monoculture  Monoculture  

  1.00                

2                1.00    

3  1.00                  

4              1.00      

5        1.00            

6          1.00          

7  

4-sp mixture  

Dominance  0.70  0.10          0.10  0.10    

8  
Co-

dominance 
  0.40      0.10    0.10  0.40    

9  Dominance  0.10  0.70    0.10  0.10          

10  
Co-

dominance  
0.40  0.10    0.40  0.10          

11  Dominance  0.10  0.10    0.10  0.70          

12  
Co-

dominance  
      0.40  0.10    0.40  0.10    

13  
Co-

dominance  
  0.10      0.40    0.10  0.40    

14  
Co-

dominance  
0.10      0.40      0.40  0.10    

15  Centroid  0.25  0.25    0.25  0.25          

16  
Co-

dominance  
0.40      0.10      0.40  0.10    

17  
Co-

dominance  
0.10  0.40    0.10  0.40          

18  

Dominance  

0.10  0.70          0.10  0.10    

19  0.10  0.10          0.70  0.10    

20  0.10  0.10    0.70  0.10          

21  Centroid  0.25  0.25          0.25  0.25    

22  
Co-

dominance  
      0.10  0.40    0.10  0.40    

23  
Dominance  

0.70  0.10    0.10  0.10          

24  0.10  0.10          0.10  0.70    

25  

6-sp mixture  Centroid  

0.17    0.17  0.17    0.17  0.17    0.17  

26  0.17  0.17    0.17  0.17    0.17  0.17    

27    0.17  0.17    0.17  0.17    0.17  0.17  



The experiment was established in 2021, following the agronomic calendar specific to each 

country, with sowing dates and densities adjusted according to the environmental conditions of 

each participating location. No fertilizers were applied at any of the sites, except in Slovenia, where 

a single application of mineral fertilizer at a rate of 300 kg ha⁻¹ was performed. Weeds were also 

not removed in any of the experimental sites, allowing natural vegetation development within the 

plots. All systems were maintained under rainfed conditions, except in Lebanon, where a single 

supplementary irrigation was applied due to extreme drought conditions. 

The data considered in this study corresponds exclusively to samples taken during year 2022 

(harvest 1) and 2023 (harvest 2) in ungrazed plots. Soil sampling was carried out at the peak plant 

biomass, following a diagonal transect within each plot to ensure adequate representation. Three 

soil cores were collected from each plot using a 5 cm diameter corer, extracting soil from a depth 

of 0–10 cm. The cores were then homogenized to create a composite sample per plot. Samples 

were sieved through a 2 mm mesh and, depending on the type of analysis, either air-dried or stored 

at 4 °C until further processing. 

2.3 Community- level physiological profiling (MicroResp™)  

MicroResp™ assay is a microlite-plate system test that allows to perform catabolic profile of soil 

microbial communities by subjecting soil to a range of carbon substrate and measure the resulting 

respiration response over a short period. The MicroResp method provides information about the 

catabolic capability and functional diversity of the entire microbial community in each soil, in 

terms of mineralization of the chosen substrates to CO2.  

For the Microresp™ assay, soils were adjusted to 40% of their water holding capacity and loaded 

into 1.2 ml deep-well plate (ca. 0.35 g soil per well) as recommended by the manufacturer. 

Subsequently the samples were stored for 5 days at 25 ºC within a CO2 trap (soda lime) to minimize 

soil disturbance induced by sampling and sieving on the microbial community. The physiological 

profiles were determined using different carbon sources, including five carbohydrates (D-glucose, 

D-fructose, sucrose, mannitol, meso-erythritol, and glycerol), three amino acids (γ-aminobutyric 

acid, L-proline, and L-arginine), and three carboxylic acids (α-ketoglutarate, citric acid, and L-

malic acid). In addition, two polymers (cellulose and α-cyclodextrin) and one aromatic compound 



(protocatechuic acid) were tested, all of which were considered recalcitrant carbon sources. 

Deionized water was included as a control to assess basal respiration.  

After the soil incubation, 25 µl of substrate was added at each well of the deep well plate containing 

the soil. Subsequently, the plates were left open for 1 hour to allow the release of CO2 from soil 

carbonates caused by addition of acid substrates. Then, the plates were sealed hermetically face to 

face with a second plate (detection plate) containing a colorimetric CO2 gel and incubated for 6 

hours at 25 ºC. The microbial activity was determined by the decrease in the absorbance measured 

at 570 nm with a microplate spectrophotometer (model Sunrise™, Tecan Trading AG, 

Switzerland). 

Basal respiration was subtracted from each substrate response to obtain the net substrate-induced 

respiration rate. From these data, we also calculated microbial biomass carbon (MBC), using the 

equation by Anderson and Domsch (1978): MBC = 40.04 × glucose-induced respiration + 0.37; 

the microbial metabolic quotient (qCO₂, expressed as mg CO₂-C g⁻¹ MBC⁻¹); and the multiple 

substrate-induced respiration index (MSIR), calculated as the sum of net CO₂ flux across all 

substrates. We used MSIR as a proxy for microbial activity, microbial biomass carbon (MBC) as a 

proxy for the amount microbial biomass and the metabolic quotient qCO₂ as a proxy of microbial 

C use efficiency.  

2.4. Soil physical -chemical analysis  

To determine soil organic carbon (SOC) we used the Walkley & Black method (1934). This method 

quantifies the amount of oxidizable organic matter that is oxidized with a known amount of 

chromate in the presence of sulfuric acid. The remaining chromate is determined by titration with 

ferrous ammonium sulphate. The measured SOC was then multiplied by a correction factor of 1.72 

to obtain the organic matter content. 

Plant available P was determined using the Olsen protocol (Olsen & Sommers, 1982). Briefly, 1 g 

of soil was extracted with 10 mL of 0.5 M sodium bicarbonate (pH 8.5), and the extracted P was 

quantified colorimetrically by the molybdenum-blue (molybdate–ascorbic acid) method. 

Total Kjeldahl nitrogen (TKN) was assessed using a modified micro-Kjeldahl method (Willis et 

al., 1996). Air soil samples were digested with concentrated sulfuric acid and Kjeldahl catalyst pills 



at 360 °C for 3 hours. After digestion, digestates were diluted to 100 ml with distilled water, and 

NH4
+ was measured by the salicylate method.  

Water-soluble ionic concentrations were determined by ionic chromatography on a Dionex ICS-

1100 ion chromatograph (Dionex, Sunnyvale, USA) using a AS4A-SC Dionex anion column for 

Cl−, NO2
−, NO3

−, HPO4
2− and SO4

2− determination and a CS12A Dionex cation column for Na+, 

K+, Mg2+, and Ca2+ determination. Ion concentrations were estimated using linear calibration. 

Detection limit (LOD) estimation was stipulated as three times the standard deviation of five blank 

values.  

2.5. Statistical analysis 

All analyses were conducted in RStudio (R Core Team, 2024), to characterize the experimental 

context and support the interpretation of biodiversity effects across a geographically diverse 

framework, a Principal Component Analysis (PCA) was conducted to identify and describe site-

level physico-chemical variation among the four study countries, Spain, France, Slovenia, and 

Lebanon. This analysis also aimed to capture the specific characteristics of each study site within 

the broader region, providing essential context for understanding how local environmental 

conditions may influence biodiversity outcomes.  

To analyze the microbial catabolic profiles obtained with MicroResp™ we tested difference 

between countries using a permutational analysis of variance (PERMANOVA) using the 

vegan::adonis2 function (M. J. Anderson, 2001) with 999 permutations and Bray distances 

(Euclidean distance on Bray-transformed data). Since the PERMANOVA results were significant, 

we conducted pairwise comparison using the pairwise::adonis function (Martinez Arbizu, 2020), 

applying FDR correction to adjust p values for multiple testing. For visualization of MicroResp ™ 

results, we generated a heatmap to represent the microbial catabolic fingerprints of each country. 

This study applied the Diversity–Interaction modelling framework developed by Kirwan et al. 

(2007, 2009), later generalized as General Diversity Interaction Modelling (GDIM; Connolly et 

al., 2013), to advance biodiversity–ecosystem functioning (BEF) analysis. The approach goes 

beyond species richness by integrating multiple dimensions of diversity, including species identity 

(composition) and interaction effects among species and functional groups. The hierarchical 

modelling process begins with a null model that includes only an intercept along with the structural 



variables (block, density, and treatment, if specified). Species identity terms are then added to 

account for compositional effects. Interaction effects are subsequently modeled under different 

assumptions: average interaction effects (evenness model), additive species-specific contributions, 

and separate pairwise interactions, as outlined by Kirwan et al. (2009). Evenness (E) is given by 

the expression (Kirwan et al. 2007): 

𝐸 =  
2𝑆

𝑆  −  1
∑ 𝑝𝑖

 

 𝑖 < 𝑗 

 𝑝𝑗 

Where S is the community maximum plant species number and PiPj the species pairwise 

interactions. 

Response variables—including MicroResp substrates (grouped by type: amino acids, 

carbohydrates, carboxylic acids, and polymers), functional diversity (based on the Shannon index 

derived from substrate activity), the multiple substrate-induced respiration index (MSRI), 

microbial biomass carbon (MBC), qCO₂, and organic carbon (CO)—were regressed against 

explanatory variables. Separate models were fitted for each response variable, beginning with 

general models based on the mean annual precipitation (MAP) from all four countries: France (FR), 

Lebanon (LB), Slovenia (SL), and Spain (ES). These were followed by country-level analyses 

using data from both harvests (2022 and 2023). Estimates were obtained using regression methods, 

with inference based on residual variation around the fitted models (Draper & Smith, 1998), 

making replication non-essential. Model selection and simplification were guided by the Akaike 

Information Criterion (AIC) using the DImodels package (DI Models, 2024), which automates the 

fitting and interpretation of Diversity–Interaction models. Table S4 summarizes the final models, 

including interaction effects, for each variable studied. And to better illustrate the influence of 

species evenness on soil organic carbon accumulation, pie charts were generated for all four 

countries, 

3. Results  

3.1 Soil characterization by geochemical and catabolic profile characteristics 

Figure 1 presents the results of the Principal Component Analysis (PCA). The first two principal 

components explained 67% of the total variance, with Dimension 1 (Dim 1, 41.5%) primarily 

associated with soil mineral content and precipitation, and Dimension 2 (Dim 2, 25.5%) reflecting 



variation in pH and soil texture. The contribution of variables to the PCA indicates that mean annual 

precipitation exerts the greatest influence on the dataset (18%), followed by organic carbon (16%) 

and nutrients such as magnesium, nitrogen, potassium, and phosphorus (Table S1). 

 

Fig. 1. A Principal Component Analysis (PCA) was performed to explore soil and climatic factors across the four study 

countries: Spain (ES), France (FR), Slovenia (SL), and Lebanon (LB). The biochemical variables analyzed included 

mean annual precipitation (MAP), pH, calcium (Ca, mg/kg), chloride (Cl, mg/kg), magnesium (Mg, mg/kg), sulfate 

(SO₄, mg/kg), available phosphorus (P Olsen, mg/kg), potassium (K, mg/kg), nitrogen (N, %), organic carbon (CO, 

%), water content, and clay content (%). Table S2 shows the correlations among variables that were statistically 

significant (p ≤ 0.05). 

Country positions in PCA space revealed distinct environmental profiles: Spain and Lebanon 

showed negative associations with Dim 1, France with Dim 2, and Slovenia displayed positive 

scores on Dim 1, indicating contrasting soil and climatic conditions. Dim 1, which accounts for the 

largest share of variance, highlights the differentiation between Slovenia and Lebanon. Slovenia is 

characterized by the highest mean annual precipitation (1,300 mm) and soil water content (21% ± 

0.21), along with elevated levels of organic carbon (4.8% ± 0.05), nitrogen (0.3% ± 0.03), and 

soluble magnesium (58 mg/kg ± 6.12) (see Table S3). In contrast, Lebanon presents nearly opposite 

soil conditions, with a high clay content (59%, compared to approximately 30% at the other sites), 

and elevated phosphorus (51 mg/kg ± 2.59) and soluble potassium (11.7 mg/kg ± 0.45). Lebanon 



also experiences lower precipitation (698 mm), which is approximately 46% less than in Slovenia, 

as well as reduced soil water content (10% ± 0.37) and carbon levels that are approximately five 

times lower (1.2% ± 0.06, Table S3). 

France showed a mean soil moisture of 22% ± 0.55 and is distinguished by a lower pH (6) and 

generally reduced nutrient concentrations. Spain, by comparison, exhibits a more alkaline pH (8.2), 

with elevated levels of soluble calcium (57.7 mg/kg ± 2.43) and chloride (9.2 mg/kg ± 0.45) relative 

to the other countries (Table S3). 

  

Fig 2. Heat map of the soil microbial catabolic profile by country, as determined by MicroResp™ assay. The 15 

substrates tested are arranged in the graph according to their relative lability, from the most labile (glucose) to the most 

recalcitrant (protocatechuic acid). Color intensity reflects microbial activity for each substrate, with higher intensity 

indicating greater substrate induced respiration (SIR) (μg CO2-C g−1 h−1). 

As mentioned previously, another important parameter for assessing soil quality is microbial 

activity. In particular, the MicroResp™ assay enabled us to study the catabolic ability of the soil 

microbial community. A higher catabolic capability indicates a broader capacity to metabolize 

diverse substrates, which in turn reflects a greater functional diversity within the microbial 

community.   

Pedoclimatic differences played a crucial role in shaping soil microbial catabolic profiles across 

the studied countries (Fig. 2, p < 0.0001). Slovenia exhibited the highest microbial activity, as its 

communities decomposed larger quantities of each tested substrate and displayed broader catabolic 

abilities. For example, the consumption of the amino acid L-proline in Slovenian soils was 

approximately three times higher than the average consumption observed in the other soils.  France 



showed a catabolic profile similar to that of Slovenia, although overall microbial activity was lower 

(p < 0.001). Notably, French soils displayed higher catabolic activity in the decomposition of 

protocatechuic acid, the most recalcitrant substrate tested, characterized by its aromatic ring 

structure. In Lebanon, microbial activity was lower than in Slovenia (p < 0.001), but comparable 

to that in France. However, catabolic capacity remained relatively high, indicating that the 

microbial community was capable of metabolizing both simple and complex substrates. Spain, in 

contrast, displayed the lowest microbial activity. Its microbial catabolic profile was largely 

restricted to the use of sugars, carboxylic acids, and amino acids, with no ability to degrade more 

recalcitrant substrates. This indicated a reduced microbial functional diversity compared with the 

other countries (p < 0.0001). 

3.2 Assessing possible Soil Quality improvement through Diversity–Interaction Modelling 

Table 3 highlights the models that showed a statistically significant effect of sown plant diversity. 

In the general models, which assess effects across the entire study region, soil organic carbon 

(SOC) content was not significantly influenced by the diversity components of the treatment. 

Instead, the structural (null) model incorporating Mean Annual Precipitation (MAP) emerged as 

the most significant predictor (see Table S4). In contrast, site-specific models demonstrated that 

sown plant diversity had a meaningful impact within each country. Across all four countries, 

species identity consistently showed significant positive effects on soil organic carbon. Notably, 

G3 species identified as Festuca arundinacea in Slovenia, France, and Spain, and Avena sativa in 

Lebanon, were particularly influential in shaping soil organic carbon dynamics. Furthermore, in 

Spain, France, and Lebanon, the full model—including pairwise species interactions—had the 

lowest AIC, indicating that species interactions contributed uniquely to variation in organic carbon 

in these regions. However, these interactions had contrasting effects, sometimes offsetting one 

another or even resulting in negative net impacts. For example, in Spain, the interaction between 

Lolium perenne and F. arundinacea (G1:G3) was particularly notable, exhibiting a strongly 

negative effect (–8.5 ± 3.3). In contrast, G1 also showed a positive interaction with F2 (Plantado 

lanceolata), with a coefficient of 3.7 ± 1.6. In France, the combination G1:G3, produced an even 

stronger positive effect (11.42 ± 3.4), while the interaction between G1:F1 (Dactylis glomerata and 

Cichorium intybus) had a significant negative effect (–1.46 ± 0.62), as the interaction L2:F1 

(Trifolium repens and C. intybus) (–7.8 ± 2.3). Conversely, the L2:F2 interaction (T. repens and P. 



lanceolata) was both positive and significant (2.7 ± 0.8). In Lebanon, the interaction between F1:F2 

(C. intybus and P. lanceolata) also showed a significant negative effect (–7.9 ± 3.2), further 

illustrating the divergent and site-specific nature of species interactions across the region (see Table 

3 and Table S4). In Slovenia, the model that best explained the response of soil organic carbon was 

the functional group (FG) model, suggesting that interactions operated primarily at the functional 

group level. In this case, the interaction among the three forb species produced a distinct group-

level effect, resulting in a significant increase in soil organic carbon (7.32 ± 2.83, p < 0.05; see 

Table S4). 

On the other hand, the catabolic profile of soils also responded to the polyculture treatment. 

Specifically, for amino acids and polymers, the average interaction (AV) models provided the best 

fit. This model assumes that species interact with one another and that the strength of these 

interactions is uniform across all species pairs. The AV interaction coefficient reflects the mean 

effect of species proportions in the community, effectively capturing the influence of evenness. For 

amino acid degradation, a significant effect was observed only in Slovenia. In this case, most 

species (except G3) exhibited positive and significant identity effects, and evenness also had a 

significant positive effect (8.28 ± 3.4). In contrast, polymer degradation showed a significant 

evenness effect in the general analysis across all regions. All species contributed positively and 

significantly to identity effects, with grass species G3 again showing the strongest effect (13.36 ± 

5.68) and a negative evenness effect marginally significant ( -2.7 ± 1.4, p=0.07) (Table S4). 

Multiple substrate-induced respiration (MSIR)—defined as the sum of net substrate consumption 

(µg CO₂-C/g/hour)—reflects the overall functional capacity of the soil microbial community, i.e., 

its metabolic activity. The general analysis revealed an effect of forage mixtures, with the average 

interaction (AV) model providing the best fit. Within this framework, only the forb F2 (P. 

lanceolata) exhibited a significant positive effect across all countries (7.2 ± 3.6; see Table S4). At 

the country level, Slovenia was the only site where forage mixtures significantly influenced soil 

respiration, as indicated by the additive species (ADD) model. This model assumes that each 

species contributes an individual identity effect, and that interactions are additive rather than 

synergistic. In this context, the legumes Medicago sativa and Onobrychis viciifolia, along with the 

forbs C. intybus and P. lanceolata, exhibited significant positive identity effects. However, P. 

lanceolata also showed a unique and strongly negative interaction effect (–90.56 ± 34.83) (Table 

S4).  



Tabla 3. Significant models derived from the diversity–interaction modelling analysis on several dependent variables: 

MicroResp substrate activity (amino acids and polymers), organic carbon (CO), multiple substrate-induced respiration 

(MSIR), microbial biomass carbon (MBC), and the metabolic quotient (qCO₂). Two types of analyses were conducted: 

(1) a general analysis using mean annual precipitation (MAP) as the structural variable across four countries: Spain 

(ES), France (FR), Lebanon (LB), and Slovenia (SL); and (2) country-specific analyses using harvest time (T1 and T2) 

as the structural variable. Species identities (ID) were incorporated into the models, including grasses (G1, G2, G3), 

legumes (L1, L2, L3), and non-legume forbs (F1, F2, F3), along with their interactions. The term AV refers to the 

averaged effect of evenness (E), while wfg and bfg represent within-functional group and between-functional group 

interactions, respectively. The term add denotes the additive contribution of each species when interacting with others. 

Statistically significant diversity-related terms are marked in bold with an asterisk (*). For detailed model coefficients, 

refer to Table S4. 

Dependent 

variable 
Analysis Fit model 

COrg 

ES 

 β + ID* + G1:G2 + G1:G3* + G1:L1 + G1:L2 + G1:F1 +  G1:F2*  +  

G2:L1 + G2:L2 +  G2:F1 + G2:F2 + L1:L2 + L1:F1 + L1:F2 + L2:F1 + 

L2:F2 + F1:F2 + HarvestT1 + ɛ 

FR 

 β + ID* + G1:G2 + G1:G3* + G1:L1 + G1:L2 + G1:F1* + G1:F2 + 

G2:L1 + G2:L2 + G2:F1 + G2:F2 + L1:L2 + L1:F1* + L1:F2 + L2:F1* 

+ L2:F2* + F1:F2 + HarvestT1 + ɛ 

LB 

 β +ID* + G1:G2 + G1:G3 + G1:L1 + G1:L2 + G1:F1 + G1:F2 + G2:L1 

+ G2:L2 + G2:F1 + G2:F2 + L1:L2 + L1:F1 + L1:F2 + L2:F1 + L2:F2 + 

F1:F2* + HarvestT1* + ɛ 

SL 
β + ID* + wfg_F* + wfg_G + wfg_L + bfg_F_G + bfg_F_L + bfg_G_L 

+ HarvestT1* + ɛ 

AminoAcids SL β + G1* + G2* + G3 + L1* + L2* + F1* + F2* + AV* + Harvest* + ɛ 

Polymers General β + ID* + AV + MPA+ ɛ 

MSIR 

General β + G1 + G2 + G3 + L1 + L2 + F1 + F2* + AV + MPA*+ ɛ 

SL 
β + G1 + G2 + G3 + L1* + L2* + F1* + F2* + G1_add + G2_add + 

L1_add + L2_add + F1_add + F2_add* + Harvest* + ɛ 

MBC 
LB 

 β +G1* + G2 + G3 + L1 + L2 + F1* + F2* + G1:G2 + G1:G3 + G1:L1 +  

G1:L2 + G1:F1 +  G1:F2*  +  G2:L1 + G2:L2 +  G2:F1 + G2:F2 + L1:L2 

+ L1:F1 + L1:F2 + L2:F1 + L2:F2 + F1:F2* + HarvestT1* + ɛ 

SL β + G1* + G2* + G3 + L1* + L2* + F1* + F2* + Harvest* + ɛ 

qCO2 ES 
β + G1* + G2 + G3 + L1 + L2 + F1 + F2 + G1_add* + G2_add + 

L1_add + L2_add + F1_add + F2_add + HarvestT1 + ɛ 

 

The best-fitting model for microbial biomass carbon (MBC) in Lebanon was the FULL model. 

Within this framework, G1 (L. rigidum), F1 (C. intybus), and F2 (P. lanceolata) exhibited 

significant positive identity effects of 40.35 ± 15.1, 51.88 ± 15.53, and 47.38 ± 15.56, respectively. 



Two significant interaction effects were also detected: G1:F2 showed a strong positive interaction 

(995.79 ± 388.6), while F1:F2 exhibited a strong negative interaction (–1132.72 ± 382.72) (see 

Table S4). In contrast, the best-fitting model for Slovenia was the identity (ID) model, which 

assumes species identity effects without interactions. In this case, all species showed significant 

positive effects except for G3 (see Table 3). 

The microbial biomass metabolic quotient (qCO₂), which represents the amount of CO₂ released 

by microbial activity relative to the microbial biomass carbon, serves as an indicator of microbial 

metabolic efficiency—lower values suggest greater efficiency. The only analysis showing a 

significant identity effect was conducted in Spain, where the additive species (ADD) model 

identified G1 (L. perenne) as the only species with a significant positive identity effect (175.04 ± 

27.31), alongside a very strong negative interaction effect (–315.05 ± 108.16) (see Table S4).  

For the remaining variables analyzed, the null model provided the best fit, suggesting that diversity 

components did not significantly influence their variation. Instead, environmental variables were 

the primary drivers of the observed variation. 

3.3 Components of Sward diversity that enhance soil organic Carbon 

In Figure 3A, carbon accumulation is shown as a function of evenness in Slovenia, with the highest 

predicted value occurring at an evenness level of 0.54. This corresponds to a diversity–dominance 

scenario involving four species proportions: L. perenne (10%), D. glomerata (10%), C. intybus 

(10%), and P. lanceolata (70%). This polyculture configuration outperformed all monoculture 

scenarios in terms of carbon accumulation. In Spain (Figure 3B), the highest carbon accumulation 

was associated with centroid diversity, where six species contributed equally (16.7% each): D. 

glomerata, F. arundinacea, O. viciifolia, Trifolium pratense, P. lanceolata, and Achillea 

millefolium. Similarly, in France, the highest predicted carbon accumulation also occurred under 

co-dominan diversity, with four species and an evenness of 0.74, including D. glomerata (10%), T. 

repens (40%), C. intybus (10%), and P. lanceolata (40%) (Figure S3A). In Lebanon, the highest 

carbon accumulation was linked to a dominant diversity scenario at an evenness level of 0.54, 

involving six species: L.rigidum (70%), Hordeum vulgare (10%), C. intybus (10%), and P. 

lanceolata (10%) (Figure S3B). Overall, polycultures with moderate species evenness (0.54–0.74) 

were optimal for enhancing soil carbon, consistently outperforming monocultures, especially when 

combining grasses, legumes, and forbs. Dominant species such as P. lanceolata and L. rigidum 



played a crucial role in specific scenarios, while centroid diversity proved particularly effective in 

Spain and France. The species most frequently associated with high carbon accumulation included 

grasses like D.  glomerata, Lolium perenne, F. arundinacea, L. rigidum, and H. vulgare; legumes 

such as T. pratense, T. repens, and O. viciifolia; and forbs including P. lanceolata, C. intybus, and 

A. millefolium. 

 

Fig 3. Predicted values of organic carbon in relation to species evenness in Slovenia (A) and Spain (B), based on 

Diversity–Interaction modelling. Each point represents a specific species mixture or functional group (e.g., G1–G3 for 

grasses, F1–F3 for forbs, L1–L3 for legumes). The x-axis indicates species evenness, ranging from low to high, while 

the y-axis shows the predicted organic carbon response. The charts illustrate the maximum and minimum predicted 

values across the evenness gradient evenness, the value of 0, represent predicted carbon values for monocultures of 

each studied species.  



4. Discussion  

4.1 Characterizing Environmental Gradients in Soil Chemical Properties and Functional Diversity 

Profiles Across the Studied Region 

Our results revealed distinct differences in soil chemical properties and microbial catabolic profiles 

among the four study countries. Mean Annual Precipitation (MAP) and soil organic carbon 

emerged as the main drivers of this variation. Among sites, Slovenia demonstrated the most 

favorable conditions for supporting complex soil dynamics. 

 Microbial catabolic activity further reinforced this pattern, revealing a marked contrast between 

Slovenia and the other countries and highlighting its microbial functional potential—even during 

the severe drought affecting some of the regions studied. This heightened activity was associated 

with greater microbial biomass and broad carbon source utilization, indicative of a more diverse 

soil microbiome (Campbell et al., 2003; Creamer et al., 2009) (Figure 2). 

Previous studies support this relationship, showing that increased soil organic matter enhances 

microbial biomass and diversity, thereby promoting the degradation of complex substrates such as 

lignin and aromatic compounds (Bongiorno et al., 2020; Creamer et al., 2016). These findings align 

with the broader understanding that decomposition of diverse organic substrates is mediated by 

distinct microbial communities, particularly those capable of producing specialized enzymes 

(Khatoon et al., 2017). Importantly, the assembly and functional complexity of such communities 

depend on environmental stability, which shapes both their resistance to disturbance and resilience 

of function (Bongiorno et al., 2019; Graham & Knelman, 2023).  

France also experienced climatic anomalies in 2022, with an average precipitation decline of –

45.4%, however, changes in mean annual temperature were minimal (0.1 °C; Table 1). This 

suggests that, possibly due to the limited temperature change, soil moisture remained relatively 

stable during the experiment, likely because of reduced evapotranspiration. Consistently with this, 

microbial activity in France was higher than in Spain and Lebanon (Fig. 2). Ren et al. (2017) 

similarly observed that microbial biomass and activity can be sustained when soil moisture is 

preserved, even under altered precipitation regimes. In contrast, Spain showed strong negative 

correlations between microbial activity, soil carbon, and soil water content, reflecting the 

detrimental effects of prolonged drought. 



Lebanon presented a distinct case, with negative correlations between microbial activity and key 

environmental parameters. According to Ren et al. (2017), strict conditions—such as limited water 

availability—typically lead to declines in both microbial biomass and activity. Despite having the 

lowest MAP among the study countries, Lebanon was less affected by precipitation anomalies, 

suggesting that its microbial communities did not experience widespread mortality but instead 

persisted under relatively stable conditions. This aligns with Ren et al. (2017), who reported that 

microbial activity can be maintained under stress when environmental stability is preserved.  

Overall, our findings emphasize that soil moisture, pH, and organic matter—rather than vegetation 

or climate alone—are key determinants of microbial functional potential in Mediterranean 

agroecosystems. They also challenge the assumption that drought-adapted communities are 

uniformly resilient, underscoring the reciprocal links between soil properties and microbial activity 

in shaping rhizosphere dynamics (Creamer et al., 2016; Nielsen et al., 2010). 

4.2 Sown species diversity as drivers of soil fertility. 

Diversity–Interaction (DI) models showed that soil variables were primarily shaped by 

environmental conditions. Nonetheless, across all four countries, sown species diversity 

consistently influenced soil carbon content. Regarding species identity effects, Festuca 

arundinacea emerged as the most influential species in Spain, Slovenia, and France, while Avena 

sativa played a central role in Lebanon. These findings are consistent with previous research, which 

identifies F. arundinacea for its high carbon capture potential through photosynthesis and its robust 

root system that promotes soil aggregation and stabilizes organic matter (Handayani et al., 2011). 

Certain varieties of F. arundinacea can further enhance microbial biomass carbon and micro-

aggregate formation, contributing to long-term carbon sequestration. Similarly, A. sativa improves 

soil structure and nutrient retention through its fibrous root system and high biomass production, 

which supports microbial activity and organic matter input (Kumar et al., 2023). Furthermore, our 

results indicate that both species had strong positive effects on polymer degradation, highlighting 

the underlying mechanisms through which they contribute to soil carbon accumulation.  

Other grasses also exhibited notable species identity effects in various models. Lolium perenne and 

Lolium rigidum (in Lebanon) showed consistent contributions across most carbon dynamics 

models, except for MSIR. Both species are recognized for their adaptability to diverse soil 

conditions and their role in erosion control and organic matter input, facilitated by their dense root 



systems and high turnover rates (Esmaeili et al., 2025). Similarly, Dactylis glomerata, 

characterized by its deep-rooted morphology (Xu et al., 2025), contributed to a more active 

catabolic profile. Our results align with those of Béraud et al. (2023), who found that Dactylis 

glomerata supports a diverse and functionally active microbial community. Additionally, identity 

effects from forbs—primarily Plantago lanceolata—also contributed to enhanced microbial 

activity. These findings are consistent with previous research indicating that P. lanceolata is known 

for its high rapid organic matter cycling, due to its ability to generate biomass that quickly returns 

to the soil, enhancing nutrient turnover under moderate drought conditions, particularly under 

intensive grazing regimes (Cranston, 2014). 

On the other hand, the inclusion of pairwise interaction terms and the averaged interaction effect 

(AV) further supported the influence of species composition—particularly evenness and functional 

group balance—on soil carbon dynamics. Notably, in Slovenia, within-functional group (WFG) 

interactions among forbs were especially relevant. Moreover, specific species interactions revealed 

additional context-dependent effects. For example, Lolium perenne exhibited a significant negative 

interaction in Spain’s qCO₂ analysis when combined with other species, suggesting improved 

microbial carbon use efficiency and potential for increased carbon storage. Similarly, Plantago 

lanceolata in Slovenia exhibited additive negative effects when interacting with other species 

across multiple induced respiration responses. This suggests that, in general, Plantago 

lanceolata—and forbs more broadly, in contrast to grasses—exerts a facilitative influence in mixed 

plant communities, although primarily under non-extreme environmental conditions. Its traits 

appear to modulate microbial dynamics in ways that slow decomposition and potentially promote 

carbon stabilization, highlighting its key role in shaping belowground microbial processes. 

However, this role may be site-dependent, as evidenced by the negative interactions observed 

between P. lanceolata and Cichorium intybus in Lebanon, where carbon accumulation was 

reduced.  

Consistent with previous studies (e.g., Skinner & Dell, 2016), our results revealed that grasses 

tended to behave more competitively, exerting strong negative effects both within their own 

functional group and across others. Notably, Skinner & Dell (2016) found that Festuca 

arundinacea was dominant in both two-species and five-species mixtures, with higher soil carbon 

levels observed in the more diverse assemblages. This outcome may reflect shifts in species' 



performance depending on environmental conditions, suggesting that competitive or facilitative 

behaviors can be site-dependent. This pattern is further supported by McElroy et al. (2017) , who 

observed a similar trend: under moderate environmental conditions, species interactions remained 

stable and generally positive. However, when nitrogen levels increased excessively—shifting 

conditions toward environmental extremes—these interactions became negative. These findings 

highlight the site-dependence of plant–soil feedback, where microbial interactions can shift from 

mutualistic to antagonistic along environmental gradients (Bever et al., 2010; van der Putten et al., 

2013). 

Interestingly, some of our species' combinations demonstrated resilience under contrasting 

conditions. For example, Lolium perenne maintained positive interactions with Onobrychis 

viciifolia both in Lebanon (under non-stressful conditions) and in Spain (under stressful 

conditions), suggesting that certain plant pairings can sustain beneficial relationships despite 

environmental constraints.  

Overall, these results highlight the identity effects of grasses and forbs over those of legumes. 

However, when interacting under certain limitations or extreme conditions, competition increases, 

and—as previously demonstrated by other authors—interactions among these species can become 

highly negative. Therefore, the nuanced effects of species interactions—both positive and 

negative—demonstrate that functional traits and ecological compatibility are essential 

considerations in designing plant mixtures for soil carbon enhancement. For example, Rodriguez 

et al, (2022) have showed that moderate legume presence can increase SOC, whereas excessive 

legume abundance may reduce it, partly due to the balance between the recalcitrance and the 

lability of the organic matter they contribute. 

Our findings underscore that species combinations—not merely species richness—play a critical 

role in shaping microbial responses and soil carbon outcomes. The interactions between species, 

whether within the same functional group or across different ones, highlight the complexity of 

biodiversity effects. These effects are not uniformly positive but depend on the nature of species 

interactions and the surrounding environmental context. This aligns with results from long-term 

grassland experiments, which have shown that plant diversity enhances soil carbon storage 

primarily through increased biomass production and nutrient retention. However, the influence of 

functional group composition and species interactions can vary significantly depending on 



environmental conditions (Cong et al., 2014; Lange et al., 2015). Our findings support these 

conclusions and further emphasize the importance of soil microbial mechanisms as key drivers of 

ecosystem functioning. 

5. Conclusions 

Our study demonstrated that environmental conditions modulate microbial catabolic capacity and 

can amplify the positive effects of forage mixture diversity. This site-dependence reflects broader 

ecological patterns, where plant–soil feedback and microbial interactions shift in response to 

environmental gradients (Bever et al., 2010; van der Putten et al., 2013). For example, certain 

species combinations yielded synergistic effects on microbial biomass and carbon accumulation, 

while others exhibited antagonistic interactions, underscoring the importance of functional 

compatibility and trait complementarity. 

Therefore, it is suggested that future studies should focus on the effects of species interactions, 

which demonstrate strong performance under adverse environments or potential climate change 

scenarios. The aim would be to identify an appropriate species proportion that allows them to 

express their functional attributes while, at the same time, minimizing negative effects on the 

response variable under competitive conditions. This approach could ultimately contribute to 

improving long-term soil quality and resilience.  
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Supplementary material 

Table S1. presents the contributions of each variable to the first two principal components (Dim.1 and Dim.2) derived from the 

PCA. Variables with higher percentage values contribute more significantly to the variation explained by each component. 

Abbreviations used are as follows: MAP refers to Mean Annual Precipitation; MBC denotes microbial biomass carbon; qCO₂ 

represents the microbial metabolic quotient; and MSIR stands for the multiple substrate-induced respiration index. 

Variable Dim.1 Dim.2 

MAP 18.12 0.66 

COrg (%) 16.56 0.03 

Mg 13.11 4.16 

N 12.65 0.99 

K 12.37 0.21 

P 10.35 4.49 

Clay 8.55 4.85 

Water Content (%) 6.57 14.92 

Ca 1.37 25.32 

pH 0.25 28.63 

Cl 0.08 14.54 

SO4 0.02 1.21 

 

  



Table S2. Correlations among variables with significant values. Correlations indicate the strength of association between the original 

variables and the principal components, highlighting the variables driving the separation along each axis. 

Variable Variable Correlation Pvalue 

MPA Water_Content 0.49 <2.2e-16 

MPA CO 0.95 <2.2e-16 

Water_Content CO 0.66 <2.2e-16 

MPA Clay -0.49 <2.2e-16 

Water_Content Clay -0.45 <2.2e-16 

CO Clay -0.41 <2.2e-16 

Water_Content pH -0.74 <2.2e-16 

Clay pH 0.5 <2.2e-16 

MPA N 0.68 <2.2e-16 

Water_Content N 0.56 <2.2e-16 

CO N 0.69 <2.2e-16 

Clay N -0.51 <2.2e-16 

pH N -0.23 2.22E-02 

MPA P -0.69 <2.2e-16 

CO P -0.5 <2.2e-16 

Clay P 0.58 <2.2e-16 

pH P -0.29 3.90E-03 

N P -0.43 <2.2e-16 

MPA K -0.7 <2.2e-16 

Water_Content K -0.37 2.00E-04 

CO K -0.65 <2.2e-16 

Clay K 0.55 <2.2e-16 

N K -0.52 <2.2e-16 

P K 0.62 <2.2e-16 

MPA Mg 0.78 <2.2e-16 

Water_Content Mg 0.31 1.60E-03 

CO Mg 0.72 <2.2e-16 

Clay Mg -0.33 8.00E-04 

N Mg 0.59 <2.2e-16 

P Mg -0.58 <2.2e-16 

K Mg -0.51 <2.2e-16 

MPA Ca 0.38 1.00E-04 

Water_Content Ca -0.38 1.00E-04 

CO Ca 0.26 9.70E-03 

Clay Ca 0.29 3.80E-03 

pH Ca 0.8 <2.2e-16 

P Ca -0.41 <2.2e-16 

Mg Ca 0.51 <2.2e-16 

Water_Content Cl -0.31 1.90E-03 

pH Cl 0.42 <2.2e-16 

P Cl -0.24 1.44E-02 

Mg Cl 0.37 2.00E-04 

Ca Cl 0.51 <2.2e-16 

Mg SO4 -0.3 2.10E-03 

Cl SO4 -0.2 4.21E-02 

Water_Content SiteES -0.67 <2.2e-16 

CO SiteES -0.39 1.00E-04 



Clay SiteES -0.31 1.50E-03 

pH SiteES 0.42 <2.2e-16 

P SiteES -0.5 <2.2e-16 

Ca SiteES 0.21 3.65E-02 

Cl SiteES 0.35 4.00E-04 

MPA SiteFR -0.3 2.40E-03 

Water_Content SiteFR 0.58 <2.2e-16 

Clay SiteFR -0.41 <2.2e-16 

pH SiteFR -0.97 <2.2e-16 

P SiteFR 0.4 <2.2e-16 

Mg SiteFR -0.34 5.00E-04 

Ca SiteFR -0.86 <2.2e-16 

Cl SiteFR -0.42 <2.2e-16 

SiteES SiteFR -0.31 1.40E-03 

MPA SiteLB -0.54 <2.2e-16 

Water_Content SiteLB -0.41 <2.2e-16 

CO SiteLB -0.43 <2.2e-16 

Clay SiteLB 1 <2.2e-16 

pH SiteLB 0.43 <2.2e-16 

N SiteLB -0.51 <2.2e-16 

P SiteLB 0.64 <2.2e-16 

K SiteLB 0.58 <2.2e-16 

Mg SiteLB -0.37 1.00E-04 

Ca SiteLB 0.21 3.28E-02 

SiteES SiteLB -0.36 2.00E-04 

SiteFR SiteLB -0.32 1.00E-03 

MPA SiteSL 0.97 <2.2e-16 

Water_Content SiteSL 0.54 <2.2e-16 

CO SiteSL 0.98 <2.2e-16 

Clay SiteSL -0.31 1.40E-03 

N SiteSL 0.65 <2.2e-16 

P SiteSL -0.54 <2.2e-16 

K SiteSL -0.64 <2.2e-16 

Mg SiteSL 0.76 <2.2e-16 

Ca SiteSL 0.39 1.00E-04 

SiteES SiteSL -0.34 5.00E-04 

SiteFR SiteSL -0.31 1.90E-03 

SiteLB SiteSL -0.35 3.00E-04 

 

 

 

 

 

 

 

 



Table S3. Mean values (±SE) of soil variables by country. Abbreviations: MAP stands for Mean Annual Precipitation. 

Variable (units) Site Mean SE 

MAP ( mm) 

Spain 854 - 

France 773 - 

Lebanon 698 - 

Slovenia 1300 - 

Water Content 

(%)  

Spain 7.17 0.27 

France 22.09 0.55 

Lebanon 10.21 0.37 

Slovenia 21.11 0.21 

CO (%)  

Spain 1.29 0.03 

France 1.87 0.03 

Lebanon 1.21 0.06 

Slovenia 4.88 0.05 

Clay (%)  

Spain 33.6 - 

France 30.8 - 

Lebanon 59 - 

Slovenia 33.4 - 

pH  

Spain 8.2 - 

France 6 - 

Lebanon 8.2 - 

Slovenia 7.7 - 

N (%)  

Spain 0.16 0 

France 0.21 0.01 

Lebanon 0.1 0.01 

Slovenia 0.33 0.03 

P Olsen (mg/kg)  

Spain 9.16 0.68 

France 44.71 2.47 

Lebanon 51.45 2.59 

Slovenia 6.93 1.08 

K (mg/kg)  

Spain 7.15 1 

France 7.72 0.6 

Lebanon 11.67 0.45 

Slovenia 2.02 0.24 

Mg (mg/kg)  

Spain 20.2 2.84 

France 4.92 0.62 

Lebanon 5.71 0.69 

Slovenia 58.19 6.12 

Ca (mg/kg)  

Spain 57.68 2.43 

France 17.33 1.2 

Lebanon 57.63 1.71 

Slovenia 64.23 2.54 

Cl (mg/kg)  

Spain 9.24 0.45 

France 5.7 0.34 

Lebanon 7.7 0.48 

Slovenia 8 0.52 

SO4 (mg/kg)  

Spain 5.16 0.6 

France 6.41 1.02 

Lebanon 6 0.77 

Slovenia 5.86 0.78 

 

 

 

 



Table S4.  The table presents the results of the diversity–interaction modeling, including estimates, standard errors (SE), and p-

values, for several dependent variables: MicroResp substrate activities (amino acids, carbohydrates, carboxylic acids, and 

polymers), organic carbon (COrg), the multiple substrate-induced respiration index (MSIR), microbial biomass carbon (MBC), and 

microbial metabolic quotient (qCO₂). A separate model was fitted for each variable. Initially, a general model was applied to data 

from all four countries—France (FR), Lebanon (LB), Slovenia (SL), and Spain (ES)—using harvest data from the second year of 

the experiment. These general models included Mean Annual Precipitation (MAP) as a structural factor. Subsequently, country-

specific models were developed using data from both the first and second harvests (years 1 and 2). When statistically significant, 

models also incorporated species identity effects—G1, G2, and G3 (grasses); L1, L2, and L3 (legumes); and F1, F2, and F3 (non-

legume forbs)—as well as pairwise species interactions and/or a unique mean interaction effect (AV). The AV term represents the 

average effect of Evenness (E), while wfg and bfg denote within-functional group and between-functional group interactions, 

respectively. Model selection was based on the Akaike Information Criterion (AIC). Statistically significant p-values, p ≤ 0.05, are 

indicated with an asterisk (*).  

Variables Analysis Model Factor effect Estimate SE Pr(>|t|)  

COrg 

General Null 

(Intercept) 1.21 0.04 0.00 * 

MPA773 0.66 0.06 0.00 * 

MPA854 0.07 0.06 0.23  

MPA1300 3.68 0.06 0.00 * 

ES Full 

G1_ID 1.13 0.06 0.00 * 

G2_ID 1.34 0.06 0.00 * 

G3_ID 5.17 0.41 0.00 * 

L1_ID 1.26 0.06 0.00 * 

L2_ID 1.50 0.06 0.00 * 

F1_ID 1.43 0.06 0.00 * 

F2_ID 1.17 0.06 0.00 * 

`G1:G2` -0.02 1.35 0.99  

`G1:G3` -8.48 3.33 0.01 * 

`G1:L1` 0.47 0.64 0.47  

`G1:L2` -0.23 1.52 0.88  

`G1:F1` -0.36 0.60 0.55  

`G1:F2` 3.77 1.62 0.02 * 

`G2:L1` 0.27 1.52 0.86  

`G2:L2` 0.13 0.64 0.84  

`G2:F1` -1.73 1.61 0.29  

`G2:F2` 0.52 0.67 0.44  

`L1:L2` -1.87 1.31 0.16  

`L1:F1` -0.28 0.84 0.74  

`L1:F2` 0.33 2.35 0.89  

`L2:F1` -2.93 2.34 0.22  

`L2:F2` 0.06 0.84 0.94  

`F1:F2` -0.82 1.57 0.61  

HarvestT1 -0.04 0.03 0.16  

FR Full 
G1_ID 1.90 0.06 0.00 * 

G2_ID 1.85 0.06 0.00 * 



G3_ID 3.74 0.42 0.00 * 

L1_ID 1.80 0.07 0.00 * 

L2_ID 1.97 0.07 0.00 * 

F1_ID 1.83 0.07 0.00 * 

F2_ID 1.88 0.07 0.00 * 

`G1:G2` 0.02 1.30 0.99  

`G1:G3` 11.42 3.44 0.00 * 

`G1:L1` -0.74 0.66 0.27  

`G1:L2` -2.85 1.49 0.06  

`G1:F1` -1.46 0.62 0.02 * 

`G1:F2` 2.43 1.58 0.13  

`G2:L1` 1.15 1.49 0.44  

`G2:L2` 0.44 0.66 0.51  

`G2:F1` 1.94 1.59 0.23  

`G2:F2` -1.32 0.69 0.06  

`L1:L2` 1.96 1.26 0.13  

`L1:F1` 2.21 0.87 0.01 * 

`L1:F2` -3.34 2.35 0.16  

`L2:F1` -7.85 2.34 0.00 * 

`L2:F2` 2.71 0.87 0.00 * 

`F1:F2` -0.04 1.56 0.98  

HarvestT1 -0.01 0.03 0.80  

SL FG 

G1_ID 4.78 0.14 0.00 * 

G2_ID 5.12 0.14 0.00 * 

G3_ID 16.38 0.84 0.00 * 

L1_ID 4.74 0.15 0.00 * 

L2_ID 4.74 0.15 0.00 * 

F1_ID 4.60 0.15 0.00 * 

F2_ID 4.84 0.15 0.00 * 

FG_bfg_F_G -0.61 0.77 0.44  

FG_bfg_F_L -0.61 0.55 0.27  

FG_bfg_G_L -0.39 0.65 0.55  

FG_wfg_F 7.32 2.83 0.01 * 

FG_wfg_G -0.86 1.71 0.62  

FG_wfg_L 1.33 2.23 0.55  

HarvestT1 0.34 0.07 0.00 * 

LB Full 

G1_ID 1.13 0.13 0.00 * 

G2_ID 1.17 0.20 0.00 * 

G3_ID 3.05 0.85 0.00 * 

L1_ID 1.22 0.16 0.00 * 



L2_ID 1.02 0.13 0.00 * 

F1_ID 1.37 0.13 0.00 * 

F2_ID 1.40 0.13 0.00 * 

`G1:G2` 3.21 2.76 0.25  

`G1:G3` -0.05 7.59 0.99  

`G1:L1` 0.01 1.56 0.99  

`G1:L2` -5.95 3.15 0.07  

`G1:F1` 1.90 1.25 0.13  

`G1:F2` 4.76 3.25 0.15  

`G2:L1` -3.04 3.22 0.35  

`G2:L2` 0.99 1.55 0.53  

`G2:F1` -1.31 3.22 0.69  

`G2:F2` 0.61 1.32 0.65  

`L1:L2` 4.43 2.58 0.09  

`L1:F1` 0.99 1.86 0.60  

`L1:F2` -4.79 4.70 0.31  

`L2:F1` 1.38 5.08 0.79  

`L2:F2` 1.72 1.84 0.36  

`F1:F2` -7.89 3.20 0.02 * 

HarvestT1 -0.21 0.06 0.00 * 

Amino Acids 

General Null 

(Intercept) 20.10 1.01 3.7E-37 * 

MPA773 2.84 1.43 4.9E-02 * 

MPA854 -3.22 1.43 2.6E-02 * 

MPA1300 -4.40 1.44 2.9E-03 * 

ES Null 
(Intercept) 21.87 0.66 3.6E-47 * 

HarvestT2 -5.00 1.13 3.4E-05 * 

FR Null 
(Intercept) 13.75 0.58 2.0E-36 * 

HarvestT2 9.19 0.98 3.5E-14 * 

SL AV 

G1_ID 13.30 1.86 6.6E-10 * 

G2_ID 16.31 1.85 7.0E-13 * 

G3_ID 19.61 11.92 1.0E-01  

L1_ID 14.57 1.96 2.2E-10 * 

L2_ID 15.49 1.96 3.1E-11 * 

F1_ID 11.17 2.05 7.4E-07 * 

F2_ID 12.21 1.96 3.4E-08 * 

AV 8.28 3.40 1.7E-02 * 

HarvestT1 3.23 0.97 1.4E-03 * 



LB Null 
(Intercept) 27.41 0.80 3.1E-45 * 

HarvestT2 -7.32 1.29 3.0E-07 * 

Carbohydrates 

General Null 
(Intercept) 22.79 6.18 0.000 * 

MPA 0.02 0.01 0.001 * 

ES Null 
(Intercept) 46.33 1.09 0.000 * 

HarvestT2 13.02 1.86 0.000 * 

FR Null 
(Intercept) 49.74 1.63 0.000 * 

HarvestT2 -6.63 2.78 0.020 * 

SL Null 
(Intercept) 39.82 1.29 0.000 * 

HarvestT2 9.28 2.24 0.000 * 

LB Null 
(Intercept) 16.25 1.24 0.000 * 

HarvestT2 9.43 2.00 0.000 * 

Carboxylix Acid 

General Null 
(Intercept) 48.19 5.43 0.000 * 

MPA -0.01 0.01 0.019 * 

ES Null 
(Intercept) 28.99 0.67 0.000 * 

HarvestT2 -4.89 1.18 0.000 * 

FR Null 
(Intercept) 37.07 1.42 0.000 * 

HarvestT2 -4.92 2.38 0.042 * 

SL Null 
(Intercept) 38.82 1.19 0.000 * 

HarvestT2 -4.91 2.07 0.020 * 

LB Null 
(Intercept) 52.80 1.25 0.000 * 

HarvestT2 -1.22 2.03 0.551  

Polymers General AV 

G1_ID 3.51 1.09 0.002 * 

G2_ID 5.77 1.09 0.000 * 

G3_ID 13.36 5.68 0.021 * 

L1_ID 3.26 1.13 0.005 * 

L2_ID 4.80 1.13 0.000 * 

F1_ID 3.21 1.12 0.005 * 

F2_ID 2.98 1.13 0.010 * 

AV -2.75 1.49 0.068  



MPA 0.00 0.00 0.053  

ES Null 
(Intercept) 2.80 0.46 0.000 * 

HarvestT2 -1.37 0.79 0.087  

FR Null 
(Intercept) 2.12 0.51 0.000 * 

HarvestT2 -0.31 0.88 0.727  

SL Null 
(Intercept) 2.53 0.32 0.000 * 

HarvestT2 -1.24 0.55 0.026 * 

LB Null 
(Intercept) 3.54 0.97 0.001 * 

HarvestT2 -0.90 1.57 0.571  

MSIR 

General AV 

G1_ID 0.32 3.47 0.927  

G2_ID 4.63 3.46 0.185  

G3_ID -1.91 18.07 0.916  

L1_ID 1.32 3.60 0.715  

L2_ID 5.07 3.59 0.161  

F1_ID 5.63 3.57 0.118  

F2_ID 7.20 3.60 0.048 * 

AV -7.93 4.75 0.098  

MPA 0.01 0.00 0.000 * 

ES Null 
(Intercept) 4.18 0.37 0.000 * 

HarvestT2 6.50 0.64 0.000 * 

FR Null 
(Intercept) 18.46 0.93 0.000 * 

HarvestT2 -3.48 1.58 0.031 * 

SL ADD 

G1_ID 4.20 7.24 0.564  

G2_ID 13.69 7.26 0.064  

G3_ID 36.60 33.71 0.282  

L1_ID 18.07 7.52 0.019 * 

L2_ID 31.46 7.49 0.000 * 

F1_ID 33.90 7.63 0.000 * 

F2_ID 35.49 7.51 0.000 * 

G1_add 34.46 27.99 0.223  

G2_add 45.09 29.23 0.128  

L1_add -20.41 30.71 0.509  

L2_add -27.34 30.83 0.378  

F1_add 49.07 34.09 0.155  



F2_add -90.56 34.83 0.012 * 

HarvestT1 45.11 3.16 0.000 * 

LB Null 
(Intercept) 32.49 1.50 0.000 * 

HarvestT2 -19.63 2.42 0.000 * 

MBC 

General NUll 

(Intercept) 30.58 6.23 0.000 * 

MPA773 27.73 8.80 0.002 * 

MPA854 32.96 8.80 0.000 * 

MPA1300 66.59 8.89 0.000 * 

ES Null 
(Intercept) 19.91 2.64 0.000 * 

HarvestT2 43.63 4.52 0.000 * 

FR Null 
(Intercept) 84.22 4.68 0.000 * 

HarvestT2 -25.91 8.01 0.002 * 

SL ID 

G1_ID 66.10 23.80 0.007 * 

G2_ID 81.31 23.91 0.001 * 

G3_ID 203.30 144.23 0.163  

L1_ID 79.12 25.47 0.003 * 

L2_ID 107.28 25.62 0.000 * 

F1_ID 172.60 26.88 0.000 * 

F2_ID 104.38 25.77 0.000 * 

HarvestT1 146.94 13.76 0.000 * 

LB Full 

G1_ID 40.35 15.10 0.010 * 

G2_ID -3.58 23.36 0.879  

G3_ID 79.74 100.05 0.429  

L1_ID 31.88 18.34 0.089  

L2_ID 15.43 15.52 0.325  

F1_ID 51.88 15.53 0.002 * 

F2_ID 47.38 15.59 0.004 * 

`G1:G2` 97.52 331.34 0.770  

`G1:G3` -7.59 896.06 0.993  

`G1:L1` -99.73 183.63 0.590  

`G1:L2` -365.13 377.10 0.338  

`G1:F1` -59.81 147.01 0.686  

`G1:F2` 995.79 388.60 0.014 * 

`G2:L1` 197.87 384.77 0.609  

`G2:L2` 127.07 182.95 0.491  

`G2:F1` 483.95 385.17 0.215  



`G2:F2` -44.53 155.38 0.776  

`L1:L2` 153.10 311.02 0.625  

`L1:F1` 155.34 218.87 0.481  

`L1:F2` -442.41 558.82 0.433  

`L2:F1` 332.28 632.18 0.602  

`L2:F2` 139.40 226.37 0.541  

`F1:F2` -1132.72 382.72 0.005 * 

HarvestT1 22.41 6.52 0.001 * 

Shannon Index 

General Null 
(Intercept) 1.87 0.11 0.000 * 

MPA 0.00 0.00 0.080  

ES Null 
(Intercept) 2.19 0.02 0.000 * 

HarvestT2 0.02 0.03 0.526  

FR Null 
(Intercept) 2.10 0.04 0.000 * 

HarvestT2 0.04 0.07 0.523  

SL Null 
(Intercept) 2.11 0.03 0.000 * 

HarvestT2 -0.02 0.05 0.653  

LB Null 
(Intercept) 1.66 0.03 0.000 * 

HarvestT2 0.15 0.04 0.001 * 

qCO2 

General   
(Intercept) 184.19 32.98 0.000 * 

MPA -0.10 0.04 0.004 * 

ES ADD 

G1_ID  175.04 27.31 0.000 * 

G2_ID 53.26 27.90 0.061  

G3_ID 143.13 127.18 0.265  

L1_ID 36.70 28.32 0.200  

L2_ID 34.36 28.81 0.238  

F1_ID 42.75 28.30 0.136  

F2_ID 50.89 28.42 0.078  

G1_add -315.05 108.16 0.005 * 

G2_add -17.86 110.87 0.873  

L1_add 102.83 115.92 0.378  

L2_add 7.21 118.09 0.952  

F1_add 38.85 126.75 0.760  

F2_add 4.89 130.78 0.970  

HarvestT1 5.45 12.11 0.654  



FR Null 
(Intercept) 53.57 5.63 0.000 * 

HarvestT2 62.48 9.63 0.000 * 

SL Null 
(Intercept) 26.00 2.93 0.000 * 

HarvestT2 33.52 5.07 0.000 * 

LB Null 
(Intercept) 81.78 11.80 0.000 * 

HarvestT2 52.13 19.61 0.010 * 

 

 

 

 

 



 
Figure S1.  Predicted values of organic carbon in relation to species evenness in France (A) and Lebanon (B), based on Diversity–

Interaction modelling. Each point represents a specific species mixture or functional group (e.g., G1–G3 for grasses, F1–F3 for 

forbs, L1–L3 for legumes). The x-axis indicates species evenness, ranging from low to high, while the y-axis shows the predicted 

organic carbon response. The charts illustrate the maximum and minimum predicted values across the evenness gradient evenness, 

the value of 0, represent predicted carbon values for monocultures of each studied species. The highlight the influence of species 

composition and relative abundance on soil organic carbon content. 

 


