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Abstract: A comprehensive numerical modelling of soil biogeochemical dynamics allowed us to explore 
uncertainties in the fate of the herbicide glyphosate (GLP) and its crucial byproduct aminomethylphosphonic 
acid (AMPA) in soil. GLP and AMPA are both toxic and have the potential to disrupt complex ecological 
and biogeochemical processes. This study aims at identifying the more influential sources of uncertainty in 
GLP biochemical degradation. 

Microorganisms may evolve different strategies for scavenging nutrients and energy from anthropogenic 
molecules depending on the surrounding environmental conditions. GLP can be catabolized by soil bacteria 
along two pathways. One biotic pathway produces AMPA, which can be degraded biologically to non-toxic 
end products, while a second biotic pathway produces non-toxic byproducts. Recent studies have shown that 
GLP and AMPA can also undergo fast chemical degradation to non-toxic byproducts in the presence of 
birnessite mineral, in which Mn3+ and Mn4+ ions act as catalysts. Therefore, a comprehensive GLP 
degradation reaction network was tested numerically by means of the BRTSim solver to assess GLP and 
AMPA degradation potential within a network that integrates several biochemical processes. Chemical and 
biological processes were described by Michaelis-Menten (MM) kinetics and the Monod growth model, 
respectively. The biochemical reactions describing the reaction network and the corresponding kinetic 
parameters were retrieved from the literature. 

In this numerical study, GLP was applied at typical rates in a soil control volume representing the top soil of 
an agricultural plot. GLP and AMPA concentrations were modelled over time as a function of both biological 
and chemical processes. A suite of sensitivity analyses on input Michaelis-Menten-Monod (MMM) 
parameters were run to assess the effect of biological parametric uncertainties and to quantify the influence of 
specific biological processes or specific group of MMM kinetic parameters to the overall model output. 
Parameter values were randomly chosen from a Gaussian distribution with mean equal to the corresponding 
experimentally-retrieved parameter value and standard deviation equal to 5, 10, 15, 20, 25, and 30% of that 
value. 

We found that, in the lack of birnessite mineral, variability in the reaction rate constant increased GLP 
equilibrium concentration, while variability in the half-saturation concentration constant and the biomass 
yield decreased it. The action of birnessite mineral shrank output variability and decreased GLP 
concentrations by 5 times. Overall, the more GLP was biodegraded the more AMPA was produced, which 
accumulated due to its slow biodegradation. 
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1. INTRODUCTION 

The herbicide glyphosate (GLP) has been extensively used in agriculture (Benbrook, 2016) and evidence shows 
that this toxic compound can accumulate in soils and inland waters (Aparicio et al., 2013, Paris et al., 2013). 
Soil bacteria can degrade GLP along two pathways: one produces aminomethylphosphonic acid (AMPA, P1R1 
and P1R1s, Figure 1) and the other produces sarcosine (SRC, P2R1s, Figure 1). Also AMPA is toxic but has 
only recently attracted attention in the scientific community, perhaps because GLP was more concerning or 
because of the lack of suitable analytical methods to distinguish AMPA from other compounds. Anyhow, the 
conditions allowing for AMPA production and its fate in the environment has to be understood. Some bacterial 
strains can biodegrade it to non-toxic byproducts (P1R2s, Figure 1) but this process occurs at a slow rate. In 
fact, also AMPA has been found in the environment (Struger et al., 2015, Paris et al., 2013). Li et al. (2015) and 
Paudel et al., (2015) have shown GLP and AMPA chemical degradation (P2R1c and P1R2c respectively, Figure 
1) catalysed by Mn ions contained in birnessite mineral ((Na0.3Ca0.1K0.1)(Mn3+,Mn4+)2O4·1.5H2O). 

Since Liu et al. (1991), more and more comprehensive GLP degradation reaction networks have been 
developed, refined and included in numerical models to simulate GLP biodegradation and mass fluxes across 
the reaction network (Wang et al., 2016). Recently, la Cecilia & Maggi (2017) published the most 
comprehensive GLP reaction network to date (Figure 1), which integrates GLP and AMPA biological and 
chemical degradation. This reaction network was integrated in the bioreactive numerical solver BRTSim 
(Maggi, 2015) and was used to numerically investigate the influence of the Michaelis-Menten-Monod (MMM) 
kinetic parameters (i.e., reaction rate constant μ (s-1), half-saturation concentration constant K (M), and biomass 
yield coefficient Y (mg-wet-Bio mol-Subs-1) to GLP and AMPA equilibrium concentrations. 

  

Figure 1. GLP biochemical degradation reaction network in soil from la Cecilia & Maggi (2017). Extended 
biochemical reactions and the corresponding kinetic parameters are reported in Table 1. 

 

2. MATERIALS AND METHODS 

2.1. GLP Reaction Network 

The biochemical reactions implemented in the numerical solver are reported in Table 1 together with their 
corresponding kinetic parameters. Both reactions and parameter values were estimated using published 
laboratory observations (Table 1) and the corresponding goodness-of-fit can be found in la Cecilia & Maggi 
(2017). 
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Table 1. Biochemical reactions implemented in the numerical solver together with their corresponding kinetic 
parameters as estimated in la Cecilia & Maggi (2017) against laboratory observations published in (a) Balthazor 
and Hallas (1986); Jacob et al. (1988); (b) Moore et al. (1983); (c) Mcauliffe et al. (1990); (d) Balthazor and 
Hallas (1986); (e) Levering et al. (1981); (f) Hippe et al. (1979); (g) Appleyard and Woods (1956); (h) Hormann 
and Andreesen (1989); (i) Därre and Andreesen (1982); (l) BHyO was assumed to grow on CH2O as an 
independent reaction, with MMM kinetic parameters averaged from estimations against experiments in 
Balthazor and Hallas (1986); Jacob et al. (1988); Moore et al. (1983). BHyO encompasses Achromobacter Group 
V D, Agrobacterium radiobacter, Arthrobacter sp. GLP-1, Flavobacterium sp. GD1, Pseudomonas sp. LBr, and 
Pseudomonas PG2982; BAER encompasses Arthrobacter P1 and Pseudomonas Ovalis; BANAER encompasses 
Clostridium purinolyticum, Methanosarcina barkeri and Eubacterium acidaminophilum. GLP (C3H8NPO5); 
AMPA (CH6NPO3); SRC (C3H7NO2); Glyoxylate (C2H2O4); Glycine (C2H5NO2); Methylamine (CH5N); Carbon 
source (CH2O). The order of K values follows the order of carbon containing compounds in the corresponding 
biological reaction.  

2.2. Modelling 

The GLP reaction network was implemented in the general-purpose multiphase and multicomponent bioreaction 
transport solver BRTSim (Maggi, 2015) to predict GLP and AMPA equilibrium concentrations when the 
biochemical system was at steady-state in a soil control volume V = 1 L. GLP at 0.003 M concentration and an 
additional carbon source (CH2O) at 0.001 M concentration were injected at a Q = 0.0036 L h-1 flow rate in an 
aqueous solution without and with birnessite mineral at 1.20 g kgdry-soil

-1 concentration, with constant neutral pH 
and O2 levels equal to 3 mg L-1. 

Equation Pathway Biochemical aqueous reaction μ (s-1) K (M) Y (g-dry-Bio g-
C-Subs-1) 

Y (mg-wet-Bio 
mol-Subs-1) 

Functional 
Group 

EQ1(a) P1R1s C3H8NPO5 + CH2O + 2O2 → 
CH6NPO3 + C2H2O4 + CO2 + H2O 

3.17×10-5 1.04×10-3   BHyO 

    1.26×10-4 1.03×10-1 2.46×104  

EQ2(b) P2R1s C3H8NPO5 + CH2O + O2 → 
C3H7NO2 + 3H+ + PO4

3- + CO2 
3.34×10-5 1.09×10-4   BHyO 

    2.12×10-4 1.52×10-1 3.64×104  
EQ3(c) P1R1 C3H8NPO5 + O2 → CH6NPO3 + 

C2H2O4 
3.35×10-5 4.05×10-3 3.86×10-2 2.78×104 BHyO 

EQ4(d) P1R2s CH6NPO3 + CH2O + O2 → CH5N 
+ 3H+ + PO4

3- + CO2 
5.04×10-6 2.08×10-3   BHyO 

    1.38×10-4 1.73×10-2 4.14×103  
EQ5(e) P1R3a CH5N + 1/2 O2 → CH2O + NH3 1.39×10-4 2.15×10-4 2.66×10-3 6.39×102 BAER 

EQ6(f) P1R3b CH5N + 1/2H2O → CH4 + CO2 + 
NH3 

1.17×10-4 5.38×10-1 1.29×10-3 3.09×102 BANAER 

EQ7(g) P2R2a C3H7NO2 + 1/2O2 → C2H5NO2 + 
CH2O 

4.08×10-3 3.37×10-5 2.50×10-3 1.80×103 BAER 

EQ8(h) P2R2b C3H7NO2 + CH2O + H2O → 
CH5N + 2CH2O + CO2 + 2H+ 

5.36×10-5 2.95×10-4 6.87×10-2 4.95×104 BANAER 

EQ9(g) P2R3a C2H5NO2 + 3/2O2 → 2CO2 + NH3 
+ H2O 

1.22×10-4 4.39×10-3   BAER 

    1.06×10-4 5.21×10-4 2.50×102  
EQ10(i) P2R3b C2H5NO2 + 1/2H2O → 3/2CH2O 

+ CO2 + NH3 
2.20×10-4 2.94×10-1 9.25×10-5 4.44×101 BANAER 

EQ11(l) R4 CH2O + O2 → CO2 + H2O 2.55×10-5 1.55×10-4 9.36×10-2 2.25×104 BHYO 

   Reaction rate 
(M s-1) 

Adsorption rate 
(M s-1) 

Desorption rate 
(M s-1) 

Desorption rate 
(M s-1) 

 

EQ12(m) R1 C3H8NPO5 ↔ C3H8NPO5 
(adsorbed) 

- 2.08×10-2 1.03×10-2 1.17×10-2 Birnessite 

EQ13(m) P2R1c C3H8NPO5 (adsorbed) + 1/2O2 → 
C3H7NO2 + PO4

3- + H+ 
2.67×10-3    Birnessite 

EQ14(m) R2 CH6NPO5 ↔ 
CH6NPO5(adsorbed) 

- 2.63×10-1 1.59×10-4 1.47×10-2 Birnessite 

EQ15(m) P1R2c CH6NPO5(adsorbed) + 1/2O2 → 
CH5N + PO4

3- + H+ 
1.52×10-5    Birnessite 

EQ16(m) R3 PO4
3- ↔ PO4

3-(adsorbed) - 1.09×10-2 1.50×10-2 7.72×10-4 Birnessite 
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Chemical degradation occurred only after GLP or AMPA absorbed onto birnessite (Li et al., 2015); adsorption 
was described by means of Langmuir kinetics (Langmuir, 1918), while degradation was described by means of 
MM kinetics. Using two separate experiments in the same laboratory conditions, Li et al. (2015) showed GLP 
and AMPA chemical degradation and measured the concentration of PO4

3- liberated by these two reactions. The 
release of PO4

3- was very quick with GLP, while it was 1 order of magnitude slower with AMPA. Although 
birnessite mineral can break GLP down to both AMPA and SRC, the very high rate at which PO4

3- 
concentration increased following GLP degradation might suggest that GLP was preferentially degraded to SRC 
(P2R1c, Figure 1). Therefore, it was assumed that GLP could only be degraded to SRC, and not to AMPA.  
Biological dynamics were accounted for by means of the Monod growth model (Bekins et al., 1998, Belser, 
1989, Monod, 1949), in which the microbial functional group BHyO can grow on GLP and AMPA. The bacteria 
mortality rate δ (s-1) was assumed to be constant and equal to 10-6 s-1 after Gastrin and Marcetic (1968). 
Phosphate (PO4

3-) inhibitory effect on GLP and AMPA biodegradation along P1R1 and P1R2, respectively, was 
accounted for using an inhibition value KI = 2.53×10-4 M estimated against observations in Balthazor and Hallas 
(1986). Substrate competition was not included in this work due to the limited variety of substrates available. O2 
consumption in aerobic reactions was accounted for using a MM value K = 1.40×10-5 M after Button and Garver 
(1966), while an inhibition value KI = 3.125×10-6 M was used for O2 inhibition on anaerobic processes. The pH 
effect on biological activity was accounted for by using a K = 10-9 M for high pH and an inhibition value KI = 
10-5 M for low pH, respectively, after Boon and Laudelout (1962). 

2.3. Analysis 

Simulations were run to determine whether a specific group of MMM kinetic parameters (i.e., µ, K, or Y) or a 
specific biological reaction predominantly influenced GLP and AMPA equilibrium concentration (i.e. EQs 1 to 
4). To this aim, the MMM kinetic parameters relative to one group and to EQs 1 to 4, were randomly chosen 
from a Gaussian distribution with mean equal to the corresponding experimentally retrieved parameter and 
standard deviation (σ) equal to 5, 10, 15, 20, 25, and 30% of that value, per each analysis. For the stochastic 
sensitivity analysis, 2000 simulations were run for each group and for each σ. The difference between GLP 
equilibrium concentration predicted in each model run (GLPc,sto and GLPsto, with and without birnessite 
respectively) and the concentration predicted using experimentally retrieved parameter values (GLPc,ref and 
GLPref, with and without birnessite respectively) was used as the sensitivity measure (SMc,GLP = GLPc,sto - 

GLPc,ref and SMGLP = GLPsto - GLPref). The same approach was repeated for AMPA; therefore, the difference 
between AMPA equilibrium concentration predicted in each model run (AMPAc,sto and AMPAsto, with and 
without birnessite respectively) and the concentration predicted using average parameter values (AMPAc,ref and 
AMPAref ) was calculated as SMc,AMPA = AMPAc,sto - AMPAc,ref and SMAMPA = AMPAsto - AMPAref. 

 

3. RESULTS AND DISCUSSIONS 

3.1. GLP and AMPA Equilibrium Concentrations 

GLP and AMPA equilibrium concentrations were reached within 100 simulated days. GLPc,ref was nearly 
7.4×10-4 g kgdry-soil

-1 (thin dashed black line in Figures 2a, c, and e), value in line with field data (Aparicio et al., 
2013), while GLPc,sto ranged between 6.9×10-4 and 7.8×10-4 g kgdry-soil

-1, with an average value of 7.4×10-4 g 
kgdry-soil

-1 (thick and thin solid black lines respectively in Figures 2a, c, and e). Concentrations were nearly 5 
times higher and showed a more skewed and spread distribution when birnessite mineral was not present. 
AMPAc,ref was nearly 1.5×10-3 g kgdry-soil

-1 (thin dashed grey line in Figures 2b, d, and f), value in line with field 
data (Aparicio et al., 2013); AMPAc,sto ranged between 1.6×10-3 and 1.7×10-3 g kgdry-soil

-1, with an average value 
of 1.5×10-3 g kgdry-soil

-1 (thick and thin solid grey lines respectively in Figures 2b, d, and f). These concentrations 
are higher than those modelled for GLP, highlighting that produced AMPA was slowly biodegraded and 
suggesting that AMPA can be a more concerning pollutant than GLP in the environment. In the lack of 
birnessite, AMPA concentrations increased by 40 times, but their frequency distribution was less spread. GLP 
and AMPA distribution skewness was opposed, meaning that (1) GLP biodegradation to AMPA rather than 
SRC was the preferential pathway in the reaction network as the more GLP was degraded the more AMPA was 
produced, and (2) AMPA was slowly degraded. 

The parameters space corresponding to the 4 input variables was assumed to be adequately sampled by 2000 
simulations, and an increasing variability for each parameter group revealed interesting results (Figure 3). 
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Chemical and biological processes collaborated to fast degrade GLP. Lower μ resulted in slower biodegradation 
rates, which were flanked by the catalytic action of birnessite mineral. The lowest μ values caused the mineral 
surface to become saturated; therefore, GLP concentration started to increase. In the lack of birnessite, the 
increasing variability in μ resulted in a nonlinear increase in GLP concentration. Biotic processes alone could 
fast degrade GLP; low μ resulted in a substantial increase in GLP concentration, while high μ did not 
substantially decrease it. Increasing variability in K resulted in lower GLP concentration both with and without 
birnessite. This is because GLP application concentration was similar to K; low K substantially increased the 
biodegradation rate, while high K did not decrease it likewise. Similarly, increasing variability in Y resulted in 
lower GLP concentration. In the presence of birnessite, bacteria consumed small amounts of substrate; therefore, 
varying Y did not substantially affect GLP. In the lack of birnessite, high Y resulted in an offset between a 
slower degradation rate but a higher biomass concentration; conversely, low Y resulted in faster rates but lower 
biomass concentration. Therefore, GLP concentration did not change in average. 

We acknowledge that other envirnmental conditions including pH, and O2, CH2O, and birnessite availability can 
affect these results. These effects werw investigated in a comprehensive in-silico analysis in la Cecilia & Maggi 
(2017). 

 

 

 

3.2. Sensitivity measure  

Reaction P1R1 (Table 1, EQ3) mostly drove the GLP reaction network because the average of SMc,GLP and 
SMGLP substantially changed as the parameter values relative to EQ3 changed (red horizontal lines in Figure 4a 
and c, boxplots in 3rd, 7th, and 11th column); P1R1s contributed little to the reaction network, while P2R1s and 
P1R2s did not affect the reaction network (Figure 4a, boxplots in 1st, 2nd, and 4th column, respectively). Results 
from EQ3 showed that higher GLPc,sto (therefore greater positive SM c,GLP) resulted from lower μ values (or high 
K or Y values, Figure 4a) and corroborated that Y did not affect GLPsto, that is when there was no birnessite 
mineral (Figure 4c, 9th to 12th column). 

Figure 3. Relative change in GLPc,sto 
and GLPsto with respect to GLPc,sto 
and GLPref, respectively, as a function 
of σ in the upper panel; relative 
change in AMPAc,sto and AMPAsto 
with respect to AMPAc,ref and 
AMPAref, respectively, as a function 
of σ in the lower panel. 

Figure 2. Distribution of GLPc,sto 
and GLPsto around GLPc,ref and 
GLPref, respectively, in (a), (c), and 
(e) and AMPAcsto and AMPAsto 
around AMPAc,ref and AMPAref, 
respectively, in (b), (d), and (f). σ = 
10%. Number of bins were chosen 
according to Freedman-Diaconis’ 
rule. 
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EQ3 also decreased the model output variability as indicated by the smaller SMc,GLP and SMGLP range for EQ3 
compared to those relative to EQs 1, 2, and 4 (Figure 4a and c). 

EQ4 influenced the least the reaction network. In fact, this reaction involves AMPA biodegradation, which 
poorly contributes to GLP biodegraders growth (i.e., Y relative to AMPA is 1 order of magnitude lower than Y 
relative to GLP as reported in Table 1) and occurs at a slow rate (Figure 4b and d). GLP biodegradation to 
AMPA described by EQ3 was found to be the most important regulatory process on the reaction network; 
therefore, it was expected that EQ3 influenced SMc,AMPA and SMAMPA as well. A faster AMPA production was 
not followed by the same increase in AMPA degradation rate, thus it accumulated. In the event that 
microorganisms show GLP degradation towards AMPA, then AMPA would pose an even more serious risk to 
the environment. 

4. CONCLUSIONS

A complex GLP biochemical degradation reaction network was presented and the influence of biochemical 
processes to GLP and AMPA degradation were quantified. GLP oxidation to AMPA described by EQ3 resulted 
to be the most significant biotic process regulating GLP to AMPA mass flux. Birnessite mineral availability 
substantially influenced their equilibrium concentration and reduced their outcome variability. This work 
suggested that all kinetic parameters (i.e., μ, K, and Y) are important descriptors of biological processes within a 
complex reaction network and may cause different responses. For example, an increasing variability in μ 
resulted in a higher average GLP concentration (up to +12% than the reference concentration), while an 
increasing variability in K and Y resulted in higher average AMPA concentrations (up to +9% and +7% than the 
reference concentration, respectively). Yet, AMPA concentration was nearly twice than GLP concentration; 
therefore, it is suggested that AMPA is an emerging contaminant in the environment. It is advisable to put effort 
into AMPA monitoring campaigns to collect data on its level of contamination for consideration in future 
regulation initiatives. 
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Figure 4. Boxplot showing the 
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