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1. Introduction 
Soil microbial diversity contributes significantly to explaining soil functions (Graham et al., 
2016). Generally, diversity as measured by taxonomic richness positively affects 
biogeochemical rates, including rates of decomposition (Valentin et al., 2014) and 
heterotrophic respiration (Bell et al., 2005; Domeignoz-Horta et al., 2020; Setälä and McLean, 
2004; Wilkinson et al., 2012) (Figure 1A). While in most datasets diversity effects are 
positive, in some they are weak or even negative (Costantini and Rossi, 2010; Toljander et al., 
2006), or depend on the substrate being decomposed (Tiunov and Scheu, 2005). A caveat of 
many of these studies is that they are conducted in idealized conditions with low-diversity 
manipulated communities—yet they point to mutualistic effects that would be expected to 
emerge also in high-diversity natural communities. 

Mathematical models predict higher biogeochemical rates with increasing microbial 
diversity, consistent with the majority of data (Khurana et al., 2023; Loreau, 2001), but none 
of the models routinely used to predict soil organic carbon (C) and nitrogen (N) dynamics at 
ecosystem level include microbial diversity effects. Thus, we do not know if diversity effects 
are relevant at the ecosystem level and if they can alter soil organic C and N predictions. 
Therefore, there remains much to be understood on the net effect of diversity on 
biogeochemical rates in soils, as well as how to describe such effects in mathematical 
models.  

In particular, little is known about diversity effects on N mineralization rate, which is 
fundamental to provide N to plants (here we do not consider nitrification, denitrification, and 
dissimilatory nitrate reduction to ammonium, which are important processes in the N cycle, 
but outside the scope). Some evidence points to positive effects of diversity on net N 
mineralization (Setälä and McLean, 2004) (Figure 1B), which would be expected due to the 
relation between the rates of decomposition and net N mineralization (Figure 1C). However, 
N mineralization depends on microbial stoichiometric requirements in addition to metabolic 
capacity, which adds a possible layer of complexity. Whether N is released or immobilized by 
microbial biomass depends primarily on the balance of microbial demand for N (for growth) 
and supply of N from the decomposing substrates (Manzoni et al., 2010). This balance can 
be described by the so-called ‘critical C:N’ or ‘threshold element ratio’ (TER), above which 
substrates are too N poor to allow for a net N release to occur (Sterner and Elser, 2002). The 
TER is defined as the ratio between microbial C:N ratio and microbial C use efficiency (CUE). 
Both these microbial traits depend on microbial community composition. CUE tends to 
decrease with increasing fungal to bacterial ratio (Soares et al., 2017) and is sensitive to 
changes in microbial diversity—in some cases increasing (Domeignoz-Horta et al., 2020) . 
and in others decreasing with increasing diversity (Maynard et al., 2017). Microbial C:N is 
higher in fungi than in bacteria, though at the whole community level, variations in microbial 
C:N tend to be minor across ecosystems (Xu et al., 2013). 

In this report, we leverage an existing dataset (García-Angulo et al., 2020) to explore 
microbial diversity effects on soil heterotrophic respiration and net N mineralization. We do 
this using a minimal C and N cycling model in which kinetic and stoichiometric parameters 
can be estimated through calibration against the observations.  
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Figure 1 Example of soil function-microbial diversity relations. A) Respiration as a function of species richness, B) net 
N mineralization as a function of species richness, and C) relation between net N mineralization and respiration. All 
rates are normalized with respect to the rate in the monospecific systems. Lines are linear least square regressions 
after log-transforming microbial richness (data from Setälä and McLean, 2004).  

2. Materials and Methods 
2.1 Data 

We used data from a soil incubation study aiming at determining the effect of holm oak 
decline on soil processes (García-Angulo et al., 2020). Soil samples were obtained from 17 
sites across the Iberian Peninsula, spanning wide climatic and soil pH gradients and 
including soils from sites under different land covers (forests, dehesas, and open 
woodlands) (Figure 2). To address the original research question of this study, replicated 
samples were obtained near healthy, partly defoliated, and dead trees. Samples were 
incubated to measure microbial respiration and net N mineralization rates. For all soils, 
organic C, microbial biomass, inorganic N and other soil properties were also measured (see 
details in García-Angulo et al., 2020). Importantly for the aim of this report, bacterial and 
fungal communities were analysed, providing indices of taxonomic diversity that here we link 
to the measured C and N cycling rates.  

 
Figure 2 Location of field sites; colours refer to the land use at each site (modified after García-Angulo et al., 2020). 
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After extracting DNA from soil samples, fungal and bacterial DNA was amplified targeting 
the ITS1 region and the 16S rRNA gene to identify fungal and bacterial taxa, respectively. 
Amplicon sequence variants (ASV) accounting for less than 0.005% of total high-quality 
sequences were considered sequencing artefacts and removed (Bokulich et al., 2013). The 
sequences that were retained were grouped into operational taxonomic units (OTUs) and 
identified using reference databases. The resulting rarefied libraries were also used to 
calculate alpha diversity using the phyloseq package (McMurdie and Holmes, 2013). 
Different diversity indices were calculated:  

● Richness 𝑆𝑆: number of different bacterial or fungal OTUs in a community  
● Shannon-Weiner index, 𝐻𝐻 = −∑ 𝑝𝑝𝑖𝑖ln(𝑝𝑝𝑖𝑖)𝑖𝑖 , where 𝑝𝑝𝑖𝑖 is the proportion of taxon 𝑖𝑖 in the 

community: a measure of diversity based on relative abundances of taxa. The value 
of 𝐻𝐻 ranges from 0 to a maximum that depends on species richness.  

● Simpson’s index: a measure of diversity that accounts for both taxonomic richness 
and relative abundance. The value of Simpson index ranges from 0 to 1, with 0 
representing infinite diversity and 1 representing no diversity, so the larger the value, 
the lower the diversity. 

● Inverse Simpson’s index: diversity index increasing with increasing diversity (more 
intuitive scale compared to Simpson’s index).  

● Pielou’s evenness index: a measure of how close abundances in each taxon are at a 
given site. The value of Pielou’s index ranges from 0 to 1. Higher values indicate 
higher levels of evenness, with a maximum value of 1. 

 
While preliminary tests were conducted using all these diversity indices, in this report, we 
focus on microbial richness (𝑆𝑆) for its ease of interpretation. In particular, we use a combined 
index (𝑓𝑓0) accounting for both bacterial and fungal richness, 

𝑓𝑓0 = �𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∙ 𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏. (1) 

where 𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 are fungal and bacterial richness values, respectively. Ideally, we 
would use measures of functional diversity, but in the absence of functional trait data or 
relations between taxa and their expressed traits, in the following we will only consider 
taxonomic richness a proxy for functional diversity. 

2.2 Exploratory data analysis 

We tested differences of microbial biomass content, bacterial richness and fungal richness 
across land-use types. After testing for normality of the variables with Shapiro test and 
homoscedasticity with Lavene test, we assessed statistical differences across land-use 
types using analysis of variance (ANOVA) and Turkey pairwise tests, or alternative non-
parametric tests (Kruskal test and Wilcox) when these conditions were not met (i.e., for 
microbial biomass and bacterial richness). 
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2.3 Model of C and N fluxes 

Let us consider a very simple model of soil C and N dynamics, where we can easily define 
microbial growth, respiration, uptake, and net N mineralization (symbols are defined in Table 
1). This model can be used to diagnose the effects of microbial diversity on soil functions by 
assessing if diversity predicts patterns in the model parameters. The model is based on the 
partitioning of organic C and N taken up by microorganisms into new biomass and 
mineralization products: CO2 from respiration or organic C and inorganic N released from the 
metabolism of organic N.  
 
Mathematically, it is convenient to start by defining the microbial uptake rate (𝑈𝑈), 

𝑈𝑈 = 𝑘𝑘𝑈𝑈𝐶𝐶𝑆𝑆𝐶𝐶𝐵𝐵
𝛾𝛾, (2) 

where 𝑘𝑘𝑈𝑈 is the decay constant for C uptake, 𝐶𝐶𝑆𝑆 is the organic C content in the soil, 𝐶𝐶𝐵𝐵 is the 
microbial biomass C content, and 𝛾𝛾 is an exponent representing the effect of microbial 
biomass on the uptake rate. With 𝛾𝛾 = 0, Equation (1) becomes the classical first order decay 
model, while 𝛾𝛾 = 1 leads to a multiplicative model in which uptake depends linearly on both 
organic C content and microbial biomass (Manzoni and Porporato, 2007). With this model, 
biomass specific respiration (metabolic quotient) scales linearly with organic C content. It 
should be also noted that the rate of microbial uptake is equal to the rate of decomposition, 
because we do not model the dynamics of depolymerization products. Other kinetics can be 
more appropriate under varying environmental conditions or when microbial biomass 
changes during the incubation (e.g., Tang and Riley, 2017). In the case study considered here, 
however, incubation conditions are controlled and the duration is short, so that the simple 
kinetics in Equation (1) seem a reasonable approximation.  
 
Microbial growth is described as the product of C use efficiency (𝑒𝑒) and organic C uptake 
rate, 𝐺𝐺 = 𝑒𝑒𝑒𝑒 (Manzoni and Porporato, 2009). Accordingly, microbial respiration (𝑅𝑅) is defined 
as, 

𝑅𝑅 = (1 − 𝑒𝑒)𝑈𝑈 = (1 − 𝑒𝑒)𝑘𝑘𝑈𝑈𝐶𝐶𝑆𝑆𝐶𝐶𝐵𝐵
𝛾𝛾 = 𝑘𝑘𝑅𝑅𝐶𝐶𝑆𝑆𝐶𝐶𝐵𝐵

𝛾𝛾, (3) 

where in the last equality we defined the rate constant for respiration as 𝑘𝑘𝑅𝑅 = (1 − 𝑒𝑒)𝑘𝑘𝑈𝑈.  
 
Net N mineralization can be calculated as the difference between microbial N supply from 
organic matter decomposition and microbial N demand for growth (Manzoni and Porporato, 
2009), 
𝑀𝑀 = 𝑈𝑈𝑁𝑁𝑆𝑆

𝐶𝐶𝑆𝑆�
𝑁𝑁 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢

− 𝐺𝐺
(𝐶𝐶:𝑁𝑁)𝐵𝐵���

𝑁𝑁 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑈𝑈 � 1
(𝐶𝐶:𝑁𝑁)𝑆𝑆

− 𝑒𝑒
(𝐶𝐶:𝑁𝑁)𝐵𝐵

�, (4) 

where 𝑁𝑁𝑆𝑆 is the content of organic N, and (𝐶𝐶:𝑁𝑁)𝐵𝐵 and (𝐶𝐶:𝑁𝑁)𝑆𝑆 are the microbial biomass and 
organic matter C:N ratios, respectively. The last term on the right-hand side of Equation (4) is 
the result of minor rearrangements and a more compact notation. When substrate C:N ratio 
is low, net N release occurs ( 1

(𝐶𝐶:𝑁𝑁)𝑆𝑆
> 𝑒𝑒

(𝐶𝐶:𝑁𝑁)𝐵𝐵
), whereas net N immobilization occurs when 

substrate C:N is high, requiring acquisition of mineral N from the soil environment to 
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compensate for the microbial stoichiometric imbalance ( 1
(𝐶𝐶:𝑁𝑁)𝑆𝑆

< 𝑒𝑒
(𝐶𝐶:𝑁𝑁)𝐵𝐵

). The threshold C:N 

ratio at which net N mineralization is exactly zero ( 1
(𝐶𝐶:𝑁𝑁)𝑆𝑆

= 𝑒𝑒
(𝐶𝐶:𝑁𝑁)𝐵𝐵

) is referred to as the 

‘threshold element ratio’ (TER) (Sterner and Elser, 2002),  

TER = (𝐶𝐶:𝑁𝑁)𝐵𝐵
𝑒𝑒

. (5) 

Higher values of microbial C:N or lower values of CUE increase the TER, ensuring net N 
release even if substrates are N poor (Manzoni et al., 2010). 
 
Usually, respiration rates are measured instead of uptake rates, so Equation (3) can be also 
expressed as follows, recalling that 𝑅𝑅 = (1 − 𝑒𝑒)𝑈𝑈, 

𝑀𝑀 = 𝑅𝑅
1−𝑒𝑒

� 1
(𝐶𝐶:𝑁𝑁)𝑆𝑆

− 𝑒𝑒
(𝐶𝐶:𝑁𝑁)𝐵𝐵

�. (6) 

Any microbial diversity effects altering the value of the kinetic constant 𝑘𝑘𝑅𝑅 or possibly the 
other parameters (𝛾𝛾, 𝑒𝑒, (𝐶𝐶:𝑁𝑁)𝐵𝐵) would also affect the respiration (Equation (2)) and N 
mineralization rates (Equation (5)).  
 
It is important to emphasize that despite its simplicity, this model of C-N fluxes is 
representative of the kinetics and stoichiometric constraints implemented in the majority of 
soil C and N cycling models (Manzoni and Porporato, 2009). Therefore, we would expect that 
results obtained from this minimal single-compartment model can be at least conceptually 
transferred to more complex multi-compartment models such as those utilized in the 
HoliSoils project (see Deliverable D2.2a(ii) for details). 
 

Table 1 Explanations and units of symbols used in the equations for the C and N flux model. 

Symbol Explanation Units 
𝐶𝐶𝐵𝐵 Soil microbial biomass C content gC kg-1 
𝐶𝐶𝑆𝑆 Soil organic C content gC kg-1 

(𝐶𝐶:𝑁𝑁)𝐵𝐵 Microbial biomass C:N ratio gC gN-1 
(𝐶𝐶:𝑁𝑁)𝑆𝑆 Soil organic matter C:N ratio ((𝐶𝐶:𝑁𝑁)𝑆𝑆 = 𝐶𝐶𝑆𝑆/𝑁𝑁𝑆𝑆) gC gN-1 

𝑒𝑒 Microbial C use efficiency (𝑒𝑒 = 𝐺𝐺/𝑈𝑈) - 
𝑓𝑓0 Microbial functional diversity - 

𝑓𝑓0,𝑚𝑚𝑚𝑚𝑚𝑚  Microbial functional diversity in undisturbed conditions - 
𝑓𝑓𝐹𝐹𝐹𝐹 Rate modifier for 𝑘𝑘𝑅𝑅 to account for microbial diversity - 
𝐺𝐺 Microbial growth rate gC kg-1 d-1 
𝑘𝑘𝑅𝑅 Rate constant for respiration (𝑘𝑘𝑅𝑅 = (1 − 𝑒𝑒)𝑘𝑘𝑈𝑈) d-1 for 𝛾𝛾 = 0 

kg gC-1 d-1 for 𝛾𝛾 = 1 
𝑘𝑘𝑈𝑈 Rate constant for C uptake or decomposition d-1 for 𝛾𝛾 = 0 

kg gC-1 d-1 for 𝛾𝛾 = 1 
𝑀𝑀 Net N mineralization rate gN kg-1 d-1 
𝑁𝑁𝑆𝑆 Soil organic N content gN kg-1 
𝑅𝑅 Microbial respiration gC kg-1 d-1 

𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  Fungal richness (number of fungal OTUs) - 
𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 Bacterial richness (number of bacterial OTUs) - 

TER Threshold element ratio (TER = (𝐶𝐶:𝑁𝑁)𝐵𝐵 𝑒𝑒⁄ ) gC gN-1 
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𝑈𝑈 Microbial C uptake rate gC kg-1 d-1 
𝛽𝛽 Exponent for microbial diversity effects - 
𝛾𝛾 Exponent for 𝐶𝐶𝐵𝐵 in the microbial uptake kinetics - 

2.4 Effects of microbial diversity on C and N fluxes 

Khurana et al. (2023) showed that microbial functional diversity (𝑓𝑓0) effects on the 
decomposition rate constant (𝑘𝑘𝑅𝑅) can be captured by a power law function, 

𝑘𝑘𝑅𝑅~𝑓𝑓0
𝛽𝛽 , 

(7) 

where ~ indicates proportionality, the exponent 𝛽𝛽 represents the sensitivity of 𝑘𝑘 to changes 
in diversity, and the subscript 0 refers to an ‘initial’ diversity state in the simulations by 
Khurana et al. (2023). If 𝛽𝛽 = 0 the decay constant is insensitive to changes in diversity, 
whereas values of 𝛽𝛽 > 0 (respectively 𝛽𝛽 < 0) indicate positive (negative) effects.  
 
In Deliverable D2.2a(ii) we have implemented this relation in normalized form through a rate 
modifier defined as, 

𝑓𝑓𝐹𝐹𝐹𝐹 = � 𝑓𝑓0
𝑓𝑓0,𝑚𝑚𝑚𝑚𝑚𝑚

�
𝛽𝛽

, 
(8) 

where diversity at a site subjected to disturbance or management is rescaled with respect to 
the maximum value 𝑓𝑓0,𝑚𝑚𝑚𝑚𝑚𝑚 measured in undisturbed conditions. This rate modifier is equal to 
one (i.e., no diversity effects) when either 𝑓𝑓0 = 𝑓𝑓0,𝑚𝑚𝑚𝑚𝑚𝑚 (no change in diversity) or 𝛽𝛽 = 0 (even if 
diversity changes, there are no consequences on C cycling rates). 
 
The diversity rate modifier 𝑓𝑓𝐹𝐹𝐹𝐹 as defined in Equation 7 is conceived to be a value between 0 
and 1. To ensure that 𝑓𝑓𝐹𝐹𝐹𝐹 ≤ 1 holds, 𝛽𝛽 must be ≥ 0 since by construction 0 ≤ 𝑓𝑓0

𝑓𝑓0,𝑚𝑚𝑚𝑚𝑚𝑚
≤ 1. In 

this case, microbial diversity is positively correlated to the C decomposition rate. In order to 
test a situation where the diversity negatively affects C decomposition, we define another 
rate modifier as, 

𝑓𝑓𝐹𝐹𝐹𝐹 = �1 − 𝑓𝑓0
𝑓𝑓0,𝑚𝑚𝑚𝑚𝑚𝑚

�
𝛽𝛽

, 
(9) 

which varies within the same range as Equation (8) and where 𝛽𝛽 ≥ 0. In this case however, 
the rate modifier is negatively correlated to the microbial diversity. While the choice of 
Equation (9) is motivated by its simplicity and mathematical symmetry to Equation (8), it 
predicts zero respiration when 𝑓𝑓0 = 𝑓𝑓0,𝑚𝑚𝑚𝑚𝑥𝑥 (see Section 2.5 on how this issue was 
addressed). 
 
In the minimal model of C and N fluxes outlined in Section 2.3, we include one of these rate 
modifiers in the equation for respiration, 

𝑅𝑅 = (1 − 𝑒𝑒)𝑘𝑘𝑈𝑈𝑓𝑓𝐹𝐹𝐹𝐹𝐶𝐶𝑆𝑆𝐶𝐶𝐵𝐵
𝛾𝛾. (10) 

Because also net N mineralization depends on the respiration rate (Equation (6)), any 
diversity effect in Equation (10) will propagate from 𝑅𝑅 to 𝑀𝑀, 



D2.7 Effect of biodiversity on C-N exchanges 

www.holisoils.eu                8  

𝑀𝑀 = (1−𝑒𝑒)𝑘𝑘𝑈𝑈𝑓𝑓𝐹𝐹𝐹𝐹𝐶𝐶𝑆𝑆𝐶𝐶𝐵𝐵
𝛾𝛾

1−𝑒𝑒
� 1

(𝐶𝐶:𝑁𝑁)𝑆𝑆
− 𝑒𝑒

(𝐶𝐶:𝑁𝑁)𝐵𝐵
�. (11) 

For this report, we test two models: one without the effect of microbial diversity, based on 
Equations (3) and (6) (model I) and one considering the effect of microbial diversity as in 
Equations (10) and (11) (model II). To assess the effect of diversity on the C decomposition 
rate, we test both shapes of 𝑓𝑓𝐹𝐹𝐹𝐹 (Equations (8) or (9)). 

2.5 Model parameterization 

Equations (10) and (11) (or Equations (3) and (6) without diversity effects) can be 
constrained by observations of respiration and net N mineralization rates (𝑅𝑅, 𝑀𝑀), of soil 
organic C and N contents (𝐶𝐶𝑆𝑆, 𝑁𝑁𝑆𝑆, and their ratio (𝐶𝐶:𝑁𝑁)𝑆𝑆), and of microbial biomass C 
contents (𝐶𝐶𝐵𝐵). Parameters 𝑘𝑘𝑈𝑈 , 𝛾𝛾, 𝑓𝑓0,𝑚𝑚𝑚𝑚𝑚𝑚 , and 𝛽𝛽 (Equations (3) and (10)) and in addition 𝑒𝑒 and 
(𝐶𝐶:𝑁𝑁)𝐵𝐵 (Equations (6) and (11)) remain unconstrained as they were not measured by García-
Angulo et al. (2020). Among these parameters, the C:N of microbial biomass is probably the 
least variable, so we set it at (𝐶𝐶:𝑁𝑁)𝐵𝐵 = 7 gC gN-1 (based on average values for mixed forests 
and temperate forests from Xu et al., 2013). Parameter 𝑓𝑓0,𝑚𝑚𝑚𝑚𝑚𝑚 is arbitrarily set to 2000—a 
value higher than the measured diversity in the dataset to prevent excessively low respiration 
rates when observed richness is high.  

The remaining parameters 𝑘𝑘𝑈𝑈 and 𝑒𝑒, and the exponents 𝛾𝛾 and 𝛽𝛽 are estimated through 
Bayesian data assimilation. For that, we estimate the posterior uncertainty of the parameters 
conditional to the observed data of respiration and net mineralization 𝑃𝑃(𝑝𝑝|𝑅𝑅,𝑀𝑀), and based 
on prior knowledge on the parameters (𝑝𝑝). Parameters were assumed to be uniformly 
distributed within their prior ranges (Table 2), and prior starting values of the parameters 
were obtained from a quasi-Newton optimization algorithm (L-BFGS) (Byrd et al., 1995). 
Assuming that errors in the observed data followed Gaussian distributions, we constructed 
the likelihood function as,  

𝑃𝑃(𝑂𝑂|𝑝𝑝) = ∏ 1
√2𝜋𝜋𝜎𝜎𝑖𝑖

𝑒𝑒−
(𝑌𝑌𝑖𝑖(𝑝𝑝)−𝑂𝑂𝑖𝑖)

2

2𝜎𝜎2𝑁𝑁
𝑖𝑖=1 , 

(12) 

where 𝑌𝑌𝑖𝑖 are model predictions for observation 𝑖𝑖, with 𝑖𝑖 = 1, …𝑁𝑁, and 𝜎𝜎𝑖𝑖 is the standard 
deviation of the distributions. The values of 𝜎𝜎𝑖𝑖 were also calibrated and the likelihood 
function was maximized to achieve the best agreement between model predictions and 
observations of respiration and net N mineralization rates. Posterior probability distributions 
of the parameters were derived using Markov Chain Monte Carlo (MCMC) simulations with 
an adaptive Metropolis algorithm with delayed rejection procedure (Soetaert and Petzoldt, 
2010). To assess the stationarity of the posterior probability distributions we ran three 
MCMC chains and checked for convergence with the Gelman-Rubin diagnostic index (𝐺𝐺). The 
threshold for 𝐺𝐺 was set to 1.1 for all parameters, meaning that if 𝐺𝐺 was less than 1.1 the 
chains were considered to have converged to the stationary posterior probability distribution 
of the parameters (Brooks and Gelman, 1998). 

The two model variants (I and II) were compared using the coefficient of determination (R2), 
the root mean squared error (RMSE) and the Bayesian information criterion (BIC) for both 
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respiration and mineralization fluxes. BIC allows comparing models regarding not only their 
performance, but also their robustness, balancing goodness of fit and parsimony. 

 

Table 2 Prior ranges of the parameters, mode (i.e., parameter set with the highest probability to be sampled), mean 
and confidence interval at 95% of the parameter distributions, for model I and model II. 

 Parameters 
𝑘𝑘𝑢𝑢 𝛾𝛾 𝛽𝛽 𝐶𝐶𝐶𝐶𝐶𝐶 𝜎𝜎 

Model 
I 

Priors [10−6; 1] [10−6; 1] − [10−6; 1] [10−6; 1] 
Mode 2.4 ∙ 10−4 9.0 ∙ 10−1 − 3.4 ∙ 10−1 5.6 ∙ 10−3 

Mean ± CI 
(95%) 

2.4 ∙ 10−4
± 2.5 ∙ 10−6 

8.9 ∙ 10−1
± 3.1 ∙ 10−3 − 3.2 ∙ 10−1

± 6.5 ∙ 10−3 
5.8 ∙ 10−3
± 2.3 ∙ 10−5 

Model 
II 

Priors [10−6; 1] [10−6; 1] [10−6; 10] [10−6; 1] [10−6; 1] 
Mode 3.6 ∙ 10−4 8.9 ∙ 10−1 1.3 3.4 ∙ 10−1 5.6 ∙ 10−3 

Mean ± CI 
(95%) 

3.8 ∙ 10−4
± 6.6 ∙ 10−6 

8.9 ∙ 10−1
± 3.3 ∙ 10−3 1.5 ± 4.1 ∙ 10−2 3.1 ∙ 10−1

± 6.5 ∙ 10−3 
5.7 ∙ 10−3
± 2.2 ∙ 10−5 

 

3. Results 
3.1 C and N fluxes 

Microbial biomass increased from dehesas to forests and open woodlands, while bacteria 
richness decreased and fungal richness remain stable (𝑝𝑝 ≤ 0.05) (Figure 3). Heterotrophic 
respiration per unit soil organic C generally increased with increasing microbial biomass, but 
the increase was significant only in the tree-covered ecosystems (forests and open 
woodlands) (Figure 4). This trend is indicative of an exponent 𝛾𝛾 > 0 in Equation (3). In fact, 
rearranging the terms in Equation (3) we find that respiration per unit soil organic C scales as 
microbial biomass to the power 𝛾𝛾, 

𝑅𝑅
𝐶𝐶𝑆𝑆

~𝐶𝐶𝐵𝐵
𝛾𝛾. (13) 

Average respiration across all ecosystems decreased with increasing microbial richness 
(fungi and bacteria combined according to Equation (1)) (Figure 5). However, this univariate 
regression does not allow disentangling the effects of diversity from those induced by soil 
organic carbon and microbial biomass contents. These effects are considered together in 
Section 3.2.  
 
We expected that net N mineralization would be proportional to respiration, as shown by 
earlier data (Figure 1) and as apparent from Equation (6). Consistent with these 
expectations, also in this dataset, net N mineralization generally increased with increasing 
respiration, but the increase was significant only in dehesas and forests (Figure 6). Moreover, 
high net N mineralization and respiration were generally associated to lower bacterial 
diversity (Figure 6). Similar to respiration, net N mineralization also increased with microbial 
biomass content (Figure 7), again indicative of an effect of microorganisms in the 
decomposition and nutrient mineralization process. 
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Figure 3 Variations in microbial biomass and richness (bacteria and fungi are analysed separately) across three 
ecosystem types. Different letters in the same panel show statistical differences at a significance level of 0.05.  

 

a 

b b 

b b a 

a 
a 
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Figure 4 Relation between heterotrophic respiration per unit soil organic C and microbial biomass across three 
ecosystem types, and at different soil organic C concentrations. 
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Figure 5 Relation between average respiration and microbial richness (fungi and bacteria combined using Equation 
(1)). 
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Figure 6 Relation between net N mineralization rate and average respiration rate in each land-use type, coloured by 
level of bacterial richness. 

 
Figure 7 Relation between net N mineralization rate and microbial biomass content, coloured by level of bacterial 
richness. 
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3.2 Diversity effects on model parameters 

Model II showed no positive effect of diversity on respiration and net N mineralization fluxes, 
i.e., 𝛽𝛽 = 0 when model II was fed with Equation (8). Therefore, hereafter we only show results 
from Model II, which incorporates the function with negative diversity effects (Equation (9)).  

When compared to observations, model I showed similar results as model II, having similar 
R2 and root mean squared error (RMSE) for both respiration and net N mineralization fluxes 
(Figure 8). This result indicates that microbial diversity effects are minor. Respiration 
predictions are quite accurate, with R2 > 0.9 despite the model only having four or five 
parameters. In contrast, net N mineralization rates are predicted less well, with some 
overestimated values mostly corresponding to large measured net N mineralization rates. In 
terms of Bayesian information criterion (BIC), model I outperformed model II being more 
parsimonious in the number of parameters (i.e., 4 for model I and 5 for model II). The 
diversity function with optimized 𝛽𝛽 (best value 𝛽𝛽 = 1.32) ranged between 0.54 and 0.76, 
indicating a small but negative effect of diversity on the fluxes (Figure 9). Nevertheless, this 
effect is small and does not justify retaining the rate modifier 𝑓𝑓𝐷𝐷 in the model according to 
the BIC. 

 
Figure 8 Comparison of model predictions and observations. Panels (a) and (b) show the performance of model I 
and II in reproducing observed respiration rates, respectively; panels (c) and (d) show the performance of model I and 
II in reproducing observed net N mineralization rates, respectively. The black line shows the 1:1 line. 
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Figure 9 Diversity function (Equation 8) with mean optimized 𝛽𝛽 parameter (black points) and diversity function 
obtained with 1st quartile and 3rd quartiles of 𝛽𝛽 values (grey triangles and squares, respectively). 

The distributions of the estimated model parameters are shown in Figure 10. CUE has a 
unimodal distribution with mean CUE≈0.3 (Table 2) in both model I and II. The exponent 𝛾𝛾 is 
larger than zero, as expected from the data analysis in Section 3.1. The mean value of the 
decay constant is lower for model I than for model II (we can compare these numerical 
values because the exponents 𝛾𝛾 are very similar). Results are consistent among the three 
MCMC chains, suggesting that the estimated parameter values are reliable. 



D2.7 Effect of biodiversity on C-N exchanges 

www.holisoils.eu                16  

 
Figure 10 Posterior probability density functions of the parameters for (a) model I and (b) model II for the three 
MCMC chains. 

4. Discussion  
Heterotrophic respiration in the tree dominated ecosystems (forest and open woodland) tend 
to be controlled by microbial biomass, whereas in the grass dominated dehesas respiration 
depends less on microbial biomass. This effect could be explained by the type of substrate 
being decomposed. Substrate under tree-dominated ecosystems is more homogeneous—
though chemically recalcitrant—because dominated by lignins and other long-chain 
compounds (e.g. hemicellulose). In these conditions, diversity can hardly play a positive role 
because there could be high redundancy and strong competition in the microbial community. 
Therefore, the sheer amount of microbial biomass present is expected to promote 
decomposition and thus respiration. 

In a modelling context, it is important to emphasize that the majority of soil C and N cycling 
models assume linear kinetics (𝛾𝛾 = 0) (Le Noë et al., 2023; Manzoni and Porporato, 2009). In 
contrast, here we show that respiration kinetics are nonlinear—specifically they can be well 
represented by a multiplicative function of soil organic C and microbial biomass C (a model 
previously considered for its simplicity; e.g., Manzoni and Porporato, 2007).  
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Net N mineralization follows respiration in this and other datasets (e.g., Figure 1). This link 
can be understood by considering microbial metabolism—higher rates of C uptake and 
respiration are associated with higher uptake of organic N. If N is in excess of microbial 
stoichiometric requirements, it is released in mineral form (Ågren and Bosatta, 1998). This is 
the case in most mineral soils where C:N ratios are lower than the threshold element ratio, 
indicating conditions of C limitation and N excess.  

Contrary to our expectation that microbial diversity would promote respiration and net N 
mineralization (Figure 1), we found minor negative effects of diversity that our statistical 
analysis regards as negligible. It is possible that in soils with highly diverse (redundant) 
microbial communities, variations across sites and land uses of bacterial and fungal 
richness are not sufficiently large to have predictive power. Instead, in low diversity 
communities (manipulated in laboratory conditions), increasing diversity promotes both 
decomposition and respiration (Bell et al., 2005; Domeignoz-Horta et al., 2020; Setälä and 
McLean, 2004; Tiunov and Scheu, 2005; Valentin et al., 2014; Wilkinson et al., 2012). Some 
function-diversity relations are humped-shaped, with a positive diversity effect as long as 
diversity is low, then turning to a negative effect when competitive interactions start to 
dominate at high diversity levels. This pattern would be consistent with the positive diversity 
effect found in laboratory studies with manipulated communities and slightly negative 
effects in the dataset analysed here.  For example, interspecific interactions in fungal 
communities can lower community-level CUE (Maynard et al., 2017)—an indication of altered 
metabolism in the presence of competitors.  

The data analysed here does not allow quantifying diversity effects resulting from loss of 
large fractions of the community after disturbance or forest management, which were not 
part of the sampling design in García-Angulo et al. (2020). Data collected from HoliSoils field 
sites will allow testing diversity effects under different disturbance and management 
regimes. This study has other limitations: i) our diversity metric is not based on functional 
diversity but richness, which might not capture differences in functional traits among 
communities; and ii) we did not test if presence/absence of specific ‘keystone’ taxa, or 
relative abundance of certain functional groups can explain variation in C and N rates. 

5. Conclusions 
We started from a simple diagnostic model of soil C and N fluxes and assessed how the 
parameters of this model varied with microbial diversity (expressed in terms of richness). 
Respiration was modelled with a nonlinear function (product of soil organic C and microbial 
biomass C), while net N mineralization was related to respiration through a stoichiometric 
equation that accounts for the balance of N supply to and demand from the microbes. We 
expected diversity effects to have a positive effect on C and N rates, but that was not the 
case. In fact, respiration and net N mineralization rates were modelled equally well by 
equations with and without microbial diversity. We also found a small negative effect of 
diversity on the rates, but adding a parameter to describe such an effect is not justifiable 
according to the Bayesian information criterion. We thus conclude that in this dataset, 
microbial diversity has a minor contribution of respiration and net N mineralization rates. 

 



D2.7 Effect of biodiversity on C-N exchanges 

www.holisoils.eu                18  

Acknowledgements 
We thank Kathe Todd-Brown for comments during WP2 meetings dedicated to the relations 
between microbial diversity and soil functions.  

 

 

6. References 

Ågren, G.I., Bosatta, E., 1998. Theoretical ecosystem ecology. Understanding element cycles. 
Cambridge University Press, Cambridge, United Kingdom. 

Bell, T., Newman, J., Silverman, B., Turner, S., Lilley, A., 2005. The contribution of species 
richness and composition to bacterial services. Nature 436, 1157–1160. 
https://doi.org/10.1038/nature03891 

Bokulich, N.A., Subramanian, S., Faith, J.J., Gevers, D., Gordon, J.I., Knight, R., Mills, D.A., 
Caporaso, J.G., 2013. Quality-filtering vastly improves diversity estimates from 
Illumina amplicon sequencing. Nature Methods 10, 57–59. 
https://doi.org/10.1038/nmeth.2276 

Brooks, S.P., Gelman, A., 1998. General Methods for Monitoring Convergence of Iterative 
Simulations. Journal of Computational and Graphical Statistics 7, 434–455. 
https://doi.org/10.1080/10618600.1998.10474787 

Byrd, R.H., Lu, P., Nocedal, J., Zhu, C., 1995. A Limited Memory Algorithm for Bound 
Constrained Optimization. SIAM J. Sci. Comput. 16, 1190–1208. 
https://doi.org/10.1137/0916069 

Costantini, M.L., Rossi, L., 2010. Species diversity and decomposition in laboratory aquatic 
systems: the role of species interactions. Freshwater Biology 55, 2281–2295. 
https://doi.org/10.1111/j.1365-2427.2010.02433.x 

Domeignoz-Horta, L., Pold, G., Liu, X., Frey, S., Melillo, J., DeAngelis, K., 2020. Microbial 
diversity drives carbon use efficiency in a model soil. Nature Communications 11. 
https://doi.org/10.1038/s41467-020-17502-z 

García-Angulo, D., Hereş, A.-M., Fernández-López, M., Flores, O., Sanz, M.J., Rey, A., 
Valladares, F., Curiel Yuste, J., 2020. Holm oak decline and mortality exacerbates 
drought effects on soil biogeochemical cycling and soil microbial communities 
across a climatic gradient. Soil Biology and Biochemistry 149, 107921. 
https://doi.org/10.1016/j.soilbio.2020.107921 

Graham, E.B., Knelman, J.E., Schindlbacher, A., Siciliano, S., Breulmann, M., Yannarell, A., 
Bemans, J.M., Abell, G., Philippot, L., Prosser, J., Foulquier, A., Yuste, J.C., Glanville, 
H.C., Jones, D.L., Angel, F., Salminen, J., Newton, R.J., Buergmann, H., Ingram, L.J., 
Hamer, U., Siljanen, H.M.P., Peltoniemi, K., Potthast, K., Baneras, L., Hartmann, M., 
Banerjee, S., Yu, R.-Q., Nogaro, G., Richter, A., Koranda, M., Castle, S.C., Goberna, M., 
Song, B., Chatterjee, A., Nunes, O.C., Lopes, A.R., Cao, Y., Kaisermann, A., Hallin, S., 
Strickland, M.S., Garcia-Pausas, J., Barba, J., Kang, H., Isobe, K., Papaspyrou, S., 
Pastorelli, R., Lagomarsino, A., Lindstrom, E.S., Basiliko, N., Nemergut, D.R., 2016. 
Microbes as Engines of Ecosystem Function: When Does Community Structure 
Enhance Predictions of Ecosystem Processes? Frontiers in Microbiology 7, 214. 
https://doi.org/10.3389/fmicb.2016.00214 

Khurana, S., Abramoff, R., Bruni, E., Dondini, M., Tupek, B., Guenet, B., Lehtonen, A., Manzoni, 
S., 2023. Interactive effects of microbial functional diversity and carbon availability on 
decomposition – A theoretical exploration. Ecological Modelling 486, 110507. 
https://doi.org/10.1016/j.ecolmodel.2023.110507 



D2.7 Effect of biodiversity on C-N exchanges 

www.holisoils.eu                19  

Le Noë, J., Manzoni, S., Abramoff, R., Bölscher, T., Bruni, E., Cardinael, R., Ciais, P., Chenu, C., 
Clivot, H., Derrien, D., Ferchaud, F., Garnier, P., Goll, D., Lashermes, G., Martin, M., 
Rasse, D., Rees, F., Sainte-Marie, J., Salmon, E., Schiedung, M., Schimel, J., Wieder, W., 
Abiven, S., Barré, P., Cécillon, L., Guenet, B., 2023. Soil organic carbon models need 
independent time-series validation for reliable prediction. Communications Earth & 
Environment 4, 158. https://doi.org/10.1038/s43247-023-00830-5 

Loreau, M., 2001. Microbial diversity, producer-decomposer interactions and ecosystem 
processes: a theoretical model. Proceedings of the Royal Society of London Series B-
Biological Sciences 268, 303–309. 

Manzoni, S., Porporato, A., 2009. Soil carbon and nitrogen mineralization: Theory and models 
across scales. Soil Biology & Biochemistry 41, 1355–1379. 

Manzoni, S., Porporato, A., 2007. Theoretical analysis of nonlinearities and feedbacks in soil 
carbon and nitrogen cycles. Soil Biology & Biochemistry 39, 1542–1556. 

Manzoni, S., Trofymow, J.A., Jackson, R.B., Porporato, A., 2010. Stoichiometric controls 
dynamics on carbon, nitrogen, and phosphorus in decomposing litter. Ecological 
Monographs 80, 89–106. 

Maynard, D.S., Crowther, T.W., Bradford, M.A., 2017. Fungal interactions reduce carbon use 
efficiency. Ecology Letters 20, 1034–1042. https://doi.org/10.1111/ele.12801 

McMurdie, P.J., Holmes, S., 2013. phyloseq: An R Package for Reproducible Interactive 
Analysis and Graphics of Microbiome Census Data. PLOS ONE 8, e61217. 
https://doi.org/10.1371/journal.pone.0061217 

Setälä, H., McLean, M., 2004. Decomposition rate of organic substrates in relation to the 
species diversity of soil saprophytic fungi. Oecologia 139, 98–107. 
https://doi.org/10.1007/s00442-003-1478-y 

Soares, M., Kritzberg, E.S., Rousk, J., 2017. Labile carbon ‘primes’ fungal use of nitrogen from 
submerged leaf litter. FEMS Microbiology Ecology 93. 
https://doi.org/10.1093/femsec/fix110 

Soetaert, K., Petzoldt, T., 2010. Inverse Modelling, Sensitivity and Monte Carlo Analysis in R 
Using Package FME. J. Stat. Soft. 33, 1–28. https://doi.org/10.18637/jss.v033.i03 

Sterner, R.W., Elser, J.J., 2002. Ecological stoichiometry. The biology of elements from 
molecules to the biosphere. Princeton University Press, Princeton and Oxford. 

Tang, J.Y., Riley, W.J., 2017. SUPECA kinetics for scaling redox reactions in networks of 
mixed substrates and consumers and an example application to aerobic soil 
respiration. Geoscientific Model Development 10, 3277–3295. 
https://doi.org/10.5194/gmd-10-3277-2017 

Tiunov, A., Scheu, S., 2005. Facilitative interactions rather than resource partitioning drive 
diversity-functioning relationships in laboratory fungal communities. Ecology Letters 
8, 618–625. https://doi.org/10.1111/j.1461-0248.2005.00757.x 

Toljander, Y.K., Lindahl, B.D., Holmer, L., Hogberg, N.O.S., 2006. Environmental fluctuations 
facilitate species co-existence and increase decomposition in communities of wood 
decay fungi. Oecologia 148, 625–631. https://doi.org/10.1007/s00442-006-0406-3 

Valentin, L., Rajala, T., Peltoniemi, M., Heinonsalo, J., Pennanen, T., Makipaa, R., 2014. Loss of 
diversity in wood-inhabiting fungal communities affects decomposition activity in 
Norway spruce wood. Frontiers in Microbiology 5. 
https://doi.org/10.3389/fmicb.2014.00230 

Wilkinson, A., Solan, M., Alexander, I., Johnson, D., 2012. Species richness and nitrogen 
supply regulate the productivity and respiration of ectomycorrhizal fungi in pure 
culture. Fungal Ecology 5, 211–222. https://doi.org/10.1016/j.funeco.2011.08.007 



D2.7 Effect of biodiversity on C-N exchanges 

www.holisoils.eu                20  

Xu, X., Thornton, P.E., Post, W.M., 2013. A global analysis of soil microbial biomass carbon, 
nitrogen and phosphorus in terrestrial ecosystems. Global Ecology and Biogeography 
22, 737–749. https://doi.org/10.1111/geb.12029 

 


	1. Introduction
	2. Materials and Methods
	2.1 Data
	2.2 Exploratory data analysis
	2.3 Model of C and N fluxes
	2.4 Effects of microbial diversity on C and N fluxes
	2.5 Model parameterization

	3. Results
	3.1 C and N fluxes
	3.2 Diversity effects on model parameters

	4. Discussion
	5. Conclusions
	Acknowledgements
	6. References

