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Nitrification converts ammonium (NH4+) to nitrate (NO3−) using metalloenzymes, the activity of which depends on iron (Fe), molybdenum (Mo), and copper (Cu) availability. Iron-organic carbon coprecipitates (or Fe-OC flocs) are key byproducts of wastewater treatment industry and natural components of soil that may affect nitrification by changing the bioavailability of these metals. Here, we used flocs of different chemistry (aromatic and aliphatic) and known Fe and C composition to investigate their effects on nitrification in soils along a soil C gradient. Both aromatic and aliphatic flocs reduced net nitrification, but the magnitude of their effect was more pronounced in soils with low C content as opposed to those with high C content. Within each soil, both flocs reduced net nitrification similarly. In the presence of flocs, the bioavailability of Mo (assessed by changes in the concentration of water-soluble Mo) was dramatically decreased in low C soils, possibly because Mo was incorporated into or adsorbed to flocs or their decomposition products. In contrast, Mo bioavailability in high C soils was decreased to a lesser extent by flocs, likely because organic matter limited floc adsorption capacity and released Mo through mineralization. The depletion of bioavailable Mo by flocs in agricultural soils has the potential to impede soil nitrification and extend the residence time of NH4+ and its availability to plants and microbes.
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1 INTRODUCTION
Excess nitrification, an important pathway of nitrogen (N) transformation in soils, can negatively affect ecosystem health, by increasing atmospheric nitrous oxide (N2O) levels and NO3− leaching to water bodies (Nevison et al., 2016; Ayiti and Babalola, 2022). Thus, decreasing nitrification in agricultural soils is of interest (Norton and Ouyang, 2019). Organo-Fe complexes, commonly termed flocs, may impede nitrification. These complexes contribute up to 38% of total organic carbon (OC) in some soils (Zhao et al., 2016) and result from the coprecipitation of dissolved organic matter (DOM) with minerals; an ubiquitous process in soils experiencing significant changes in pH or redox conditions. Flocs are also key byproducts of the water treatment industry, which uses Fe-based salts to coprecipitate DOM and remove it prior to disinfection (Dempsey et al., 1984; Siéliéchi et al., 2008). While industry generated flocs are generally disposed of in landfills, they have drawn much focus due to their potential for reversing land subsidence and sequestering C in constructed wetlands (Henneberry et al., 2012).
There have been several studies demonstrating the inhibitory effects of Fe on soil nitrification (Butler and Gordon, 1986), However, the effects of flocs are not well characterized. Iron-OC, the coprecipitation process is critical to stabilizing C against microbial decay and determining Fe reactivity, which may limit its participation in nitrification. Nevertheless, the stability of flocs, defined here as resistance to both microbial and chemical degradation, can be influenced by OC chemical composition as well as soil conditions and properties. First, the chemical composition of OC influences the binding strength with mineral surfaces (Newcomb et al., 2017). High-molecular-weight OC containing abundant aromatic functional groups is preferentially adsorbed by either strong or irreversible processes (Lehmann et al., 1987; McBride, 1987) leading to highly stable flocs. In contrast, aliphatic compounds such as carbohydrates are biodegradable and yield less stable flocs. Second, changes in soil pH can compromise the stability of flocs such as by inducing the dissolution of Fe and the subsequent release of OC. Third, soil C and clays present in soil can stabilize flocs against microbial decay (You et al., 2022). Therefore, OC chemistry as well as soil properties and conditions are expected to determine floc stability and reactivity; the more stable a floc is, the less influence it is expected to have towards nitrification.
Beyond controlling Fe and OC availability, flocs may impede soil nitrification by controlling the availability of metals and nutrients that are required for microbial growth and metabolism. It is well known that soil nitrification is regulated by different metalloenzymes, each requiring specific cofactors (Lancaster et al., 2018). These cofactors play a crucial role in catalyzing key steps of the nitrification process. In fact, Cu, Fe and Mo are necessary for the hydrolysis of ammonia (NH3) to NH2OH, the oxidation of NH2OH to NO2− or N2O, and of NO2− to NO3−, respectively (Ensign et al., 1993; Chicano et al., 2021). Because flocs have presumably higher stability in soil environments, few studies have considered their effects on metals bioavailability. However, interactions of metals with OM and the highly sorptive Fe minerals through sorption processes can control their bioavailability. Prior work found that Fe-OM coprecipitates increase the retention of Cu in soils through the incorporation of Cu into the floc structure during floc formation or by the surface attachment (i.e., adsorption) of Cu onto previously formed floc (Seda, 2014). Moreover, depending on floc stability level and the nature of floc C, floc decomposition may yield compounds with metal chelating properties in soil. For instance, glucose oxidation may yield gluconic acid which can effectively chelate cations in soils (Duff et al., 1963).
In addition to Fe, Mo and Cu, other metals and nutrients may also influence nitrification, such as calcium (Ca), phosphorus (P), magnesium (Mg), nickel (Ni), cobalt (Co), manganese (Mn), zinc (Zn), aluminum (Al), and potassium (K) (Meiklejohn, 1952; Van Droogenbroeck and Laudelout, 1967; Loveless and Painter, 1968; Cela and Sumner, 2002; Çeçen et al., 2010; Bhunia, 2014; Raglin et al., 2022). Although there is limited available information regarding the interactions between flocs and these elements, it is noteworthy to mention that many of these elements can be influenced by the presence of chelating agents (Schwertmann et al., 1986; Fischer and Bipp, 2002). Other noteworthy information from the literature includes the fact that P availability is influenced by the effects of OM on P adsorption to Fe oxide (Barrón et al., 1988; Mikutta et al., 2006).
The purpose of this study is to explore the effects of Fe-OC flocs on nitrification in soils with different properties, such as C, N, and clay content. To do so, we created model Fe-OC flocs of known Fe and C composition (aromatic and aliphatic C) to understand how flocs affect nitrification in soils. Our hypotheses are:
(a) Fe-OC flocs reduce nitrification. Aliphatic floc reduce nitrification more than aromatic floc because it is less stable and more reactive.
(b) The effect of Fe-OC flocs on nitrification are less pronounced in soil with high C content relative to those with low C content.
(c) Fe-OC flocs or their decomposition products decrease the bioavailability of metal cofactors Mo, Fe and Cu and other nutrients for nitrification.
2 MATERIALS AND METHODS
2.1 Preparation of Fe-OC flocs
All chemicals used were high purity. Tannic acid (TA) and carboxymethyl cellulose (CMC) were used to prepare the aromatic and aliphatic Fe-OC flocs, respectively. To prepare the aromatic floc, 2% (w/v) TA solution and 2% (w/v) Fe (III) sulfate (Fe2(SO4)3) solution were prepared using deionized water (DI). In an Erlenmeyer flask, 18 mL Fe2(SO4)3 solution was added to 10 mL TA solution under vigorous stirring, and the pH was adjusted to 7 with 1 M NaOH. The resulting black solution was centrifuged at 10,000 rpm for 15 min, after which the supernatant was discarded, and the precipitate (floc) was washed 3 times with DI water to remove excess Fe. The floc was oven-dried overnight at 30°C and ground using a pestle and mortar to obtain a fine powder. Powdered flocs were stored at room temperature in a closed container. To prepare the aliphatic floc, 3 mL of 2% Fe2(SO4)3 solution was added to 10 mL of a 2% (v/v) CMC solution. The resulting solution was shaken manually and centrifuged at 10,000 rpm for 15 min, after which the supernatant was discarded, and the floc was washed 3 times with DI water. The floc was freeze-dried and ground to a fine powder before storing at room temperature in a closed container.
2.2 Characterization of Fe-C flocs composition
Total C and N analyses were performed on 3 samples of powdered Fe-OC flocs using an elemental analyzer (EAS 4010, Costech Analytical Technologies Inc., Valencia, CA). Flocs Fe content was determined by digesting 30 mg of floc in 1 mL nitric acid HNO3 (69%, 16 M) followed by determination of dissolved Fe with a ferrozine-based colorimetric assay. The results of these analyses are presented in Table 1.
TABLE 1 | C, N and Fe content of floc (means ± standard error, n = 3).
[image: Table 1]2.3 Characterization of Fe-OC flocs stability
To characterize Fe-OC floc stability, we combined thermal stability analyses, which serves as a proxy of binding strength between the mineral and the organic fractions, with stability assessments in incubation experiments, measured by the amount of Fe and OC released from flocs. Thermal stability was measured by thermal gravimetric analysis (TGA) using an SDT Q600 V20.9 Build 20 and was performed under N2 purge (20 mL/min) from 25 to 15,00°C with temperature increments of 20°C/min.
2.4 Soil preparation
Soils along a C gradient (1% C, 3% C, 11% C and 16% C) were collected from the top 0–15 cm of Twitchell Island (latitude: 38.11, longitude: −121.64), located on the western portion of the San Francisco Bay Delta (California, United States). An additional 1% C soil was collected from Russell Ranch (latitude: 38.24, longitude: −121.29), at the University of California at Davis. Most soil from Twitchell Island is a Rindge mucky silt loam (Euic, thermic Typic Haplosaprist), formed from Tule and reed deposition. The Twitchell Island 1% C soil has a sandy texture, whereas Russell Ranch soil is a clay (1% C-CL). For each soil, five samples were randomly collected, composited, and sieved (2 mm). Visible plant residues and roots were removed, and soils were air-dried. Gravimetric water content (GWC) and Water holding Capacity (WHC) of soils were determined. The percentages of clay, silt and sand were determined by hydrometer method (Gee and Or, 2002), with a pre-treatment with H2O2 to remove OM. pH was determined in 1:5 soil: water slurries. Selected soil properties and initial metal concentrations are presented in Table 2 and Table 3, respectively.
TABLE 2 | Selected properties of soils (means ± standard error, n = 4 where indicated).
[image: Table 2]TABLE 3 | F values and Tukey-adjusted p values for the main effects of soil type, floc type and their interaction on reduction in net nitrification (Rednit), pH, NO2− concentration, and water-soluble Mo, Cu, Al, Ca, K, Mn, Co, Ni, Zn, Mg, and P concentrations.
[image: Table 3]2.5 Soil incubations
2.5.1 Main incubation
Flocs were applied to 6 g air-dried soil at a rate providing 2 mg C g-1 soil. Flocs were thoroughly mixed with soils and incubated at 65% of WHC at 30°C for 30 days. Control samples were prepared by incubating soil without flocs. Each treatment was replicated four times. Soil-floc mixtures were placed in specimen cups, which were then placed in a mason jar containing 2 mL of DI water to maintain moisture. The jars were closed with a foam lid to allow gas exchange. NH4+, NO3−, total dissolved Fe, dissolved organic C (DOC) were analyzed on days 0, 3, 5, 7, 10, 17 and 30 of the incubation. Briefly 30 mL of 0.5 M potassium sulfate (K2SO4) were added to soil-floc mixture (Mulvaney, 1996). Samples were shaken for 1 h on a reciprocal shaker and the suspension filtered (Fisherbrand, Q5) for the analysis of NH4+, NO3+, dissolved organic C (DOC) and total dissolved Fe. NO3− was analyzed colorimetrically using a single reagent method (Doane and Horwáth, 2003). The NH4+ concentration was determined using the salicylate method (Verdouw et al., 1978; Foster, 1995). DOC was analyzed on a UVPersulfate Total Organic C Analyzer (model Phoenix 8,000, Tekmar Dohrmann, Cincinnati, Ohio). Total dissolved Fe was analyzed using the ferrozine method. Net N mineralization and nitrification (mg N kg−1 dry soil) in each treatment was calculated as the difference between the final and initial NH4+ and NO3−-N contents, respectively. Reduction in net nitrification (Rednit) was calculated as the percentage difference between NO3−-N contents in treatments and controls (equation 1). We also calculated the net DOC and Fe release from floc as percentage of floc C and Fe, respectively (equation 2 and 3).
We also measured NO2− concentrations on the same extracts as NH4+, NO3+, but only in 1% C-Sand, 1% C-CL and 11% C soils. This was done calorimetrically using the Griess reagent (Zimmermann (1979). Hot water extraction of Mo and Cu and other metals and nutrients (Al, Ca, K, Mn, Co, Ni, Zn, Mg, and P) was performed on samples incubated for 30 days at 30°C: 20 mL of DI were added to samples and placed in a hot water bath for 1 h with occasional shaking. Then, samples were shaken for 1 h, centrifuged (10.000 g for 10 min) and passed through 0.45-μm syringe filter to remove particulate material. Dilution with 3% nitric acid (HNO3) followed (the dilution factor was 1.03), after which samples were analyzed by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) at the Interdisciplinary Center for Plasma Mass Spectrometry laboratory at the University of California at Davis.
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2.5.2 Additional incubation
To confirm our hypothesis 3, we performed a laboratory incubation to test the effects of adding a metal cofactor on Rednit. Flocs were applied to 4 g of 1% C-Sand receiving 10, 50 and 100 mg kg-1 Mo as sodium molybdate (Na2MoO4). Control samples were prepared by incubating soil without flocs, and without the addition of Mo. We measured net nitrification (mg N kg−1 dry soil) as the difference between the final and initial NO3−-N contents in each treatment.
2.6 Statistical analyses
Experiments were evaluated using R statistical software (version 3.6.2). We performed analysis of variance (ANOVA) and Partial Least Square Regression (PLSR) on the data from day 30 of the incubation. PLSR integrates principal component analysis (PCA) and multiple linear regression to maximize covariance between the predictor and response variables. This method is particularly effective in situations where (1) strong collinearity occurs between predictor variables (Supplementary Figure S1) and (2) a relatively small dataset size could otherwise restrict model performance. Notably, many of the variables used in this study exhibit pronounced multi-collinearity (Supplementary Figure S1). We also performed regression analysis using Excel to highlight important relationships in our dataset.
3 RESULTS
3.1 Assessment of Fe-OC flocs stability by thermal analyses and in incubation experiment
Our results for thermal stability analysis showed that T50 of the aromatic floc, which is the temperature at which half of the OC is removed, is greater than that of the aliphatic floc (Figure 1). Thus, to remove the same fraction of C mass, the aromatic floc required higher temperature (more than 1000°C) than the aliphatic floc (380°C), which indicates that the former is more thermally stable. These results are in general agreement with stability assessments of Fe-OC floc in the main incubation experiment. In fact, we found that both Fe and OC increased in soils treated with the aliphatic floc (Figure 2), but not with the aromatic floc, indicating a possible decomposition of the aliphatic floc. Our results also show that net total Fe and net total DOC released were positively correlated (r2 = 0.80, p < 0.001) across all soils and floc treatments (Figure 3). However, this relationship was not consistent across individual soils (Supplementary Table S1).
[image: Figure 1]FIGURE 1 | Thermal stability of (A) the aliphatic and (B) the aromatic flocs. Star symbol highlights T50.
[image: Figure 2]FIGURE 2 | (A) Net DOC and (B) net total Fe released from the aliphatic floc in soils in the main incubation experiment. The aromatic floc cannot be represented by the same graphs because the calculations result in “zeros.”
[image: Figure 3]FIGURE 3 | Relationship between net DOC and net total Fe released across all soils and floc treatments.
3.2 Flocs reduced net nitrification more in soils with low C than in soils with high C content
We measured net nitrification and calculated Rednit in soils amended with both floc types (Figure 4). Both flocs significantly reduced net nitrification in all soils (Table 3). The interaction between soil and floc type was also significant, suggesting that the ability of floc to affect nitrification depends on soil type. As such, the magnitude of floc effects on nitrification was more pronounced in with low C content (≤3% C) than in soils with high C content (>3% C). For instance, Rednit was 50% in 1% C-Sand compared to 20% in 16% C soil with both flocs. Interestingly, within the same soil, both flocs reduced net nitrification similarly (p = 0.33, F = 0.97). As assessed by the F value, the main effect of floc type on Rednit was larger than that of soil type and interaction effect.
[image: Figure 4]FIGURE 4 | (A) Net nitrification, (B) reduction in net nitrification, (C) water soluble Mo, (D) reduction in water-soluble Mo, (E) pH and (F) NO2- concentrations in soils treated with flocs at day 30 of the incubation.
3.3 Rednit was accompanied by significant alterations in pH, NO2− concentrations, nutrients and metals
Rednit was also accompanied by significant alterations in pH, NO2− and water-soluble Mo, Cu, Al, Ca, K, Mn, Co, Ni, Zn, Mg, and P concentrations in flocs amended with soils (Figure 4, Supplementary Figure S2). A two-way ANOVA analysis showed that soil type, floc type and their interaction was significant for most measured parameters (Table 3). In fact, changes in element concentrations were more pronounced in soils with low C compared to those with high C, and in the aliphatic than in the aromatic floc treatments, with few exceptions. However, the main effect of soil type on element concentrations change was larger than that of floc and interaction effects (Table 3), indicating the strong influence of the soil type on pH, NO2− and water-soluble elements. Indeed, low C soils were more responsive to flocs input than high C soils. Other noteworthy information is that while pH and water-soluble Mo decreased, NO2− concentrations and water-soluble elements increased in low C soils. For instance, in the 1% C-CL soil, water-soluble Mo was reduced by 42.2% and 62.6%, whereas water-soluble Cu was increased by 40.3% and 90.2%, respectively, in the aromatic and aliphatic floc treatments. As for NO2− concentrations, they increased significantly in 1% C-Sand and 1% C-Clay (except in the aromatic floc treatment). Although a similar trend was observed in 11% C soil amended with flocs, the accumulation of NO2− was not significant.
3.4 Possible mechanistic drivers of Rednit in flocs-amended soils
We conducted a PLSR analysis to describe Rednit in soils amended with flocs by covarying its possible mechanistic drivers (Figure 5). Our findings demonstrate that incorporating Mo in a predictive model more accurately represented Rednit than the same predictive model with Mo omitted. When Mo was omitted, the proportion of Rednit variance explained by the model dropped from 26.16% to 15.71% on the second component of PLSR (Figure 5). The effects of incorporating or omitting the other factors (Ni, Co, etc.) in the predictive model were not as pronounced as with Mo (Supplementary Figure S3). Regression analysis between Rednit and water-soluble Mo also showed that the latter explained 53% of variability in Rednit across all soils and floc treatments (p = 0.01, Figure 6F).
[image: Figure 5]FIGURE 5 | Component 1 (top row) and component 2 partial least squares regression (PLSR) x weights (buttom row) of the mechanistic drivers of Rednit. The titles represent the proportion of reduction in net nitrification (Rednit) variance explained by the model without (B,D) and with (A,C) Mo omitted.
[image: Figure 6]FIGURE 6 | Relationship between water soluble Mo and reduction in net nitrification in (A) 16% C soil, (B) 11% C soil, (C) 3% C soil, (D) 1% C-CL soil, (E) 1%C-Sand soil and (F) across all soils amended with flocs.
3.5 Relationships between water soluble Mo and soil properties
We investigated relationships between water soluble Mo and its underlying drivers in soils amended with flocs. Our analysis revealed significant and positive correlations between water soluble Mo, soil C and N, and clay + silt content across all soils (Supplementary Figure S4). Additionally, across all low C soils, water-soluble Mo showed strong correlations with DOC (Figure 7F). However, these correlations were not observed in high C soils (Figure 7F). Moreover, water-soluble Mo exhibited a positive and significant correlation with pH across all soils with less than 3% C, but not in soils with higher C content (Figure 8F). When considering individual low C soils, we found strong positive correlations between water-soluble Mo and pH (Figures 8A E), while negative correlations were observed between Mo and DOC (Figures 7A E). These correlations, however, were not present in individual high C soils. Notably, there was no correlation between water-soluble Mo and total dissolved Fe in soils with C content of 11%, 16% and 3%, but a positive and significant correlation was evident in the case of 1% C-Sand soil and 1% C-Clay (Supplementary Table S2).
[image: Figure 7]FIGURE 7 | Relationship between water-soluble Mo and DOC in (A) 16% C soil, (B) 11% C soil, (C) 3% C soil, (D) 1% C-CL soil, (E) 1%C-Sand soil and (F) based on soil type after 30 days of incubation.
[image: Figure 8]FIGURE 8 | Relationship between water soluble Mo and pH in (A) 16% C soil, (B) 11% C soil, (C) 3% C soil, (D) 1% C-CL soil, (E) 1%C-Sand soil and (F) based on soil type after 30 days of incubation.
3.6 Effects of adding Mo on Rednit
Supplemental Mo additions did not increase net nitrification compared to the control treatments (Figure 9A). There was also no discernible correlation between water-soluble Mo concentrations and NO3− concentrations across all Mo addition treatments (r2 = 0.017, p = 0.27). Water-soluble Mo concentration increased with Mo addition only after the addition of 50 mg kg-1 (Figure 9B).
[image: Figure 9]FIGURE 9 | (A) Net nitrification and (B) water soluble Mo in flocs amended soils subjected to increased Mo addition at day 30 of the incubation. Values are average of 4 repetitions per treatment. Bars represent standart errors.
4 DISCUSSION
4.1 Stability of Fe-C flocs is not equated with reactivity
The paradigm that stable flocs are not reactive, or have low reactivity originates from studies indicating that sorption processes protect OM against microbial degradation (Wagai and Mayer, 2007) and modify the structural properties of Fe oxides, making them less reactive towards metals and nutrients (Henneberry et al., 2012). However, our findings challenge this paradigm and do not support the hypothesis that stable aromatic floc induce lower Rednit compared to non-stable aliphatic floc. Instead, we discovered that regardless of their stability, flocs similarly reduced net nitrification within each soil. This outcome was unexpected for the following reasons:
❖ Differences in floc C chemistry: the dissimilarities in floc C chemistry between aromatic and aliphatic flocs are anticipated to impact their stability. Previous research has documented the preferential sorption of aromatic compounds (e.g., TA) over aliphatic compounds (e.g., CMC) onto minerals. Both compounds possess functional groups, such as phenolic groups (-OH) for TA and carboxymethyl groups (-CH2COOH) for CMC, which enable strong chelation with Fe(III). However, thermal analysis has revealed that the bonds between CMC and Fe(III) are weaker than those formed between TA and Fe(III).
❖ Floc stability assessment: evaluating floc stability in soil by measuring the release of Fe and DOC from the floc structure revealed that Fe and DOC were released in all soils amended with aliphatic flocs but not with aromatic flocs. Floc decomposition likely resulted from Fe solubilization, a process primarily regulated by soil pH, mineral dissolution-precipitation dynamics, and chelation (Colombo et al., 2014).
Taken together, we propose that the aliphatic floc is more likely to release Fe and DOC into the soil environment, which are more likely to engage in chemical reactions compared to Fe and OC sequestered in the aromatic floc structure. Accordingly, one would expect higher Rednit in the non-stable aliphatic floc treatment. However, our observations contradict this expectation, as we did not observe any significant differences in Rednit between the stable and non-stable floc treatments.
4.2 Rednit is related to water soluble Mo
Extensive research has been conducted to investigate the factors that drive nitrification in soils, with OM, pH, and ammonium (NH4+) often taking the spotlight (Li et al., 2020). Notably, the availability of N substrates plays a pivotal role in stimulating the activity of nitrifying microorganisms and their enzymes, as well as promoting N mineralization, thereby enhancing soil nitrification (Li et al., 2020). However, Sahrawat (1982) found that in a set of eight tropical soils, nitrification was not strongly correlated with OC and total N content, but rather with soil pH. While direct comparisons between the factors controlling Rednit in our study and nitrification in the aforementioned studies cannot be made, due to the lack of normalization to a control soil in the latter, we found that, compared to soils with less than 3% C, net nitrification was higher in soils characterized by high C and N content. This trend is similar to the one observed by Li et al. (2020), but not consistent with Sahrawat’s findings (1982). Although NH4+ concentrations decreased in all soils amended with floc, this decrease was not statistically significant within each soil type (Supplementary Table S3). This suggests that nitrification was not limited by substrate availability and that other factors may have influenced the observed patterns.
Notably, our study sheds light on an often-overlooked factor: Mo, whose bioavailability appears to have influenced nitrification in flocs amended soils. Although many other nutrients and metals concentrations were affected in flocs amended soils, PLSR analysis revealed that Mo emerged as the most influential factor impacting Rednit, justifying our focused attention on Mo in this study. While Mo’s role in N2 fixation and NO3− reduction is well-known, its potential involvement in nitrification has received limited attention in soil research. However, Mo plays a critical role in nitrification through various mechanisms. First, Mo is an essential micronutrient for nitrifying microorganisms (Zavarzin, 1957; Finstein and Delwiche, 1965; Tandon and Mishra, 1968). In fact, studies using growth media have demonstrated that the synthesis of a single Nitrobacter cell requires a minimum of 2000 atoms of Mo, with no other metal able to substitute for Mo in the media. Furthermore, Mo stimulates the growth of Nitrobacter cells and enhances their utilization of nitrite (NO2−), albeit at inhibitory levels when present in excess (Finstein and Delwiche, 1965). Secondly, Mo is critical for the enzymatic oxidation of NO2− to NO3− carried out by the NXR enzyme (Zavarzin, 1958). A deficiency in Mo halts this crucial process (Yanase et al., 2000). The NXR enzyme contains a Mo center (Figure 10), along with several Fe-S clusters, which acts as a binding site for the substrate (NO2−). This center facilitates the transfer of two electrons from NO2− to the Mo (VI) ion, leading to the oxidation of NO2− to NO3− (Meincke et al., 1992). Considering these observations and acknowledging that other mechanisms may have contributed to reduced nitrification in floc-amended soils, we propose Mo availability may have been influenced by floc and soil properties, subsequently affecting nitrification.
[image: Figure 10]FIGURE 10 | Schematic illustrating NO2− oxidation by Nitrobacter hamburgensis NO2− oxidoreductase (NXR) (Lancaster et al., 2018). Reproduced with permission.
4.3 Mo bioavailability is limited in floc amended soils
Mo bioavailability is controlled by sorption and desorption dynamics in soil. In our experiment, soil C content, DOC, pH, and Fe were related to Mo bioavailability:
4.3.1 Relationship between water soluble Mo, DOC, and total soil C
In agreement with our results, previous studies have found a positive relationship between soil C content and the availability of Mo (Lombin, 1985; Marks et al., 2015; Rutkowska et al., 2017), indicating that water-soluble Mo originates from SOM mineralization and that high levels of water-soluble Mo are generally associated with a high content of OM. This is in accordance with the observation that high C soils had more water-soluble Mo than those with low C content at day 30 of the incubation experiment. In fact, SOM serves as a reservoir for Mo and mediates its retention, storage, and bioavailability (Karimian and Cox, 1978; Wichard et al., 2009; Marks et al., 2015). It was also found that Mo adsorption prevents Mo leaching and promotes its acquisition by N2-fixing microorganisms in the topsoil (Wichard et al., 2009). These microorganisms employ small complexing agents called metallophores that capture Mo from SOM-Mo complexes prior to incorporation into the nitrogenase enzyme. Additionally, OM can enhance Mo bioavailability by inducing the aggregation of Fe oxides, reducing Mo penetration into their micropores (Lang and Kaupenjohann, 2003). This mechanism was proposed following the observation that higher MoO42− desorption occurred in soil samples with high C concentrations compared to desorption from low-C subsoil (Lang and Kaupenjohann, 2003). OM can also increase Mo bioavailability to plants by restricting Mo interactions with other metal oxides (Jenne, 1977). These processes potentially slow down Mo immobilization on flocs or its decomposition products in high C soils, explaining why water-soluble Mo is not reduced as significantly as in low C soils.
In contrast, in low C soils, dissolved organic carbon (DOC) appears to have a negative effect on Mo bioavailability. This finding aligns with previous research indicating that the addition of organic materials decreases exchangeable soil Mo, indicating Mo fixation with increasing OM content (Gupta, 1971). Similarly, Xu et al. (2013) found that the concentration of Mo in soil solution decreases with increasing soil OC. It is possible that in low C soils, DOC restricted Mo bioavailability through strong binding mechanisms such as ligand exchange and specific adsorption processes. (Xu et al., 2013). Furthermore, Fe bound in dissolved organic matter may be responsible for Mo adsorption (Lombin, 1985). Moreover, it is possible that Mo was incorporated into floc structure. For instance, molybdate ion can be incorporated into hydrotalcite minerals that are formed by the precipitation of Fe or Al oxides (Allada et al., 2002; Smith et al., 2005; Paikaray and Hendry, 2013). Natural Mo mineralization in these soils is likely low due to low C content and is unable to overcome the negative effects of added C on Mo bioavailability.
4.3.2 Relationship between water soluble Mo and clay + silt and sand contents
Our findings are not consistent with previous research indicating that the availability of Mo increases with higher clay and silt content in the soil texture (Srivastava and Gupta, 1996). According to the literature, Mo has a strong affinity for adsorption onto clay minerals such as kaolinite, illite, and montmorillonite (Goldberg et al., 1996), and soils with a higher percentage of clay tend to have higher available Mo content (Lombin, 1985). However, we observed that soils with the highest clay content had the lowest Mo bioavailability in our study. This discrepancy can be attributed to the charges present on clay minerals, which are influenced by pH and the point of zero charge (PZC). Positively charged clays are more likely to adsorb MoO42- and reduce its bioavailability compared to negatively charged clays.
Sandy soils, on the other hand, are typically nutrient-poor, which may explain the low Mo bioavailability observed in the 1% C-Sand soil in our study. Previous studies by Bloomfield and Kelso (1973), Karimian and Cox (1978), and Riley et al. (1987) have also reported that Mo is prone to leaching in sandy soils, with the extent of leaching depending on soil pH.
4.3.3 Relationship among water-soluble Mo, pH, and Fe
Soil pH has been cited as an important control on Mo bioavailability. It has been observed that Mo bioavailability is limited in soils with pH below 5.5, primarily due to adsorption with soil colloids such as Fe oxides (Duval et al., 2015). Lindsay (1979) reported that the concentration of MoO42− increases by a factor of 100 for each unit increase above pH 3. This is attributed to reduced activity of Fe and Al minerals, an increase in free negatively charged soil colloids, and stronger competition between molybdate and hydroxyl anions for adsorption sites (Jarrell and Dawson, 1978; Jiang et al., 2015). In our study, most of the floc-amended low and high C soils had an average pH of 5.5 at day 30 of the incubation, indicating potential adsorption of Mo on Fe species. This adsorption is likely to occur in low C soils. For instance, we found that in 1% C- Sand soil, the decrease in water-soluble Mo concentrations (from 0.0066 to 0.0029 mg kg-1 soil) was accompanied by a decrease in pH (from 6.2 to 5.6) and increased soluble Fe (from 0.24 to 6.16 mg kg-1). Water-soluble Mo and Fe were positively and significantly correlated (r2 = 0.94***) indicating that Fe species adsorb Mo in this soil. In contrast, Marks et al. (2015) found that SOM played a more significant role in Mo complexation compared to short-range Fe, manganese (Mn), and Al oxides. In soils spanning a wide range of pH (6.45–4.55), they observed that 33% of bulk soil Mo was associated with SOM, while only 1.4% was associated with these minerals. Unlike in low C soils, water-soluble Mo was not correlated with pH in high C soils, despite having similar pH levels. This finding aligns with the studies by Perakis and Sinkhorn (2011) and Marks et al. (2015), suggesting that pH restricts Mo availability primarily in soils with lower OM content and relatively low soil C levels.
4.4 Connecting the dots: potential connections between floc-induced Mo depletion and nitrification in soils
This study combines floc-mediated Mo availability and nitrification into one environmental model (Figure 11). The results presented here indicate that floc or its decomposition products (Fe and DOC) are effective at removing Mo from soil solution, thereby reducing nitrification in mineral soils. We posit that Mo removal occurs as a result of either incorporation into the stable floc structure in the case of the aromatic floc, or sorption onto DOC and/or Fe in the aliphatic floc treatment; both processes are promoted by decreased pH caused by the presence of floc. We also posit that nitrification is halted at the final step: NO2− oxidation to NO3−. This was confirmed by the fact that NO2− concentrations accumulated in low C soils (Figure 4F). Overall, this mechanism appears to be active in soils with ≤3% C content.
[image: Figure 11]FIGURE 11 | Mechanisms of Fe-OC floc-mediated Rednit in soils across a soil C gradient. NOB: Nitrite oxidizing bacteria.
In soils with high C, net nitrification was not affected by floc-mediated Mo reduction due to their high OM content. Indeed, OM may increase Mo availability in several ways: (a) by enhancing Mo chelation, (b) by enhancing the supply of Mo by SOM mineralization, and/or (c) by occupying adsorption sites on flocs and/or causing the micro aggregation of Fe oxides, thereby limiting the capacity of flocs to adsorb Mo. As a result, nitrification was not inhibited and NO2− did not accumulate, as demonstrated for the 11% C- soil.
4.5 Response of nitrification to Mo addition in 1%C- soil amended with Fe-OC flocs
In our study, none of the supplemental Mo additions increased net nitrification (Figure 9) compared to the control treatments. This raises an intriguing question: if we posit that flocs limited nitrification by decreasing Mo availability, Why did the addition of Mo not eliminate this limitation and increase nitrification?
These results can have three possible explanations:
(a) The amount of Mo required to saturate the adsorption capacity of floc or its decomposition products, while still leaving enough Mo available for microbial utilization, may not have been reached, even with the maximum amount of supplemental Mo. Previous research by Wen et al. (2019) demonstrated that nitrification can resume when a sufficient amount of Mo is applied. In their study, the application of 0.3 mg kg-1 Mo increased NO3− concentrations in an acidic soil (pH = 4.99). This is a very small amount of Mo added in comparison to the levels added in the present study to increase water-soluble Mo. This observation suggests a large capacity for Mo adsorption by flocs.
(b) The added Mo could have been toxic to nitrifiers. Liang and Tabatabai, (1978) found that the application of 480 mg kg-1 Mo inhibited nitrification by 39%–74% and led to the accumulation of nitrite (NO2−) in three different soils. However, this possibility was discarded in our soils since net nitrification in floc-amended soil was similar with and without added Mo (Figure 9), indicating that the decrease in net nitrification originated from the floc addition rather than the added Mo. Moreover, Ueda et al. (1988) demonstrated that Mo addition up to 1,000 mg kg-1 as sodium molybdate was not toxic, and Buekers et al. (2010) determined that the toxicity threshold is 3,129 (2,910–3,363) mg.kg-1 expressed as total Mo in soil.
(c) The presence of floc or its decomposition products may have caused an imbalance in the concentrations of one or more other nutrients/metals required for the growth of nitrifiers or the nitrification process. For example, the growth of a denitrifying microorganism in a medium initially depleted in Mo by Fe and Al precipitation was not fully restored by the addition of Mo, potentially due to a lack of other necessary nutrients (Ge et al., 2018). In our study, it appears that many other nutrients and metals concentrations were affected, which may have contributed to the effects of flocs on nitrification in this study.
4.6 Influence of changes in soil nutrient status on nitrification
Changes in the water soluble fraction of other nutrient and metal concentrations in flocs amended soils could have contributed to flocs effects on nitrification, considering that (1) the nitrifying communities are highly sensitive to the levels of both growth and non-growth substrates (Smith, 1964; Killham, 1990; Daims et al., 2016; Koch et al., 2019; Fujitani et al., 2020) and (2) when present in excess, many nutrients become toxic to the nitrifying community (Loveless and Painter, 1968; Liang and Tabatabai, 1977; Giashuddin and Cornfield, 1979; Cela and Sumner, 2002; Çeçen et al., 2010; Huang et al., 2016; Aslan and Sozudogru, 2017). However, the lack of established toxicity thresholds for soil nitrifiers makes definitive conclusions challenging. Moreover, The cumulative effects of soil nutrients on nitrification are complex, as interactions between different elements can exhibit various synergistic, additive, or antagonistic effects, further complicating the understanding of their combined impact on nitrifying communities (Gikas, 2008). For instance, Ca and Mg have been found to alleviate cobalt (Co) toxicity to nitrifiers in a medium (Loveless and Painter, 1968).
4.7 The effects of flocs on nitrification in low C soils: The theory
The effects of flocs on nitrification in low C soils can be explained using the concept of Liebig’s Law of the Minimum. This law states that the nutrient which is present in its minimum concentration can affect and regulate plant growth. This law applies to microbial processes as well, including nitrification. The growth of nitrifiers, like all microbes, can be described by the following relationship (C + N + P + other nutrients (e.g., Mo, Fe, Cu, etc.) - > microbial biomass). In this study, we found that the bioavailability of Mo was decreased in flocs-amended soils. Considering the importance of Mo for both nitrifier growth and activity, as backed up by our PLSR analyses, we posit that Mo was a limiting nutrient for nitrification in soils ≤3% C (Figure 12). However, it is important to acknowledge that nutrient toxicity and changes in nutrient status presents another potential pathway through which Fe-OC flocs may have influenced nitrification in low C soils. As mentioned earlier, the lack of established toxicity thresholds specific to nitrifiers in soils and the uncertainties surrounding the determination of the cumulative effects of soil nutrients and metals on nitrification make it challenging to draw definitive conclusions. Further studies are necessary to confirm and gain a better understanding of these interactions.
[image: Figure 12]FIGURE 12 | Liebig’s Barrel is used to illustrate the application of Liebig’s “Law of the Minimum” to flocs-driven nitrification in low C soils. The Liebig’s barrel illustrates that if Mo is missing or deficient, nitrification rates will be poor, regardless of the availability of other nutrients. If the shortest stave is lengthened sufficiently, then another nutrient can become the “limiting nutrient” depending on the needs of the nitrifying population.
5 CONCLUSION
Flocs in soil can originate from the natural coprecipitation of metals and DOM. Floc formation is routinely used in engineered systems, such as wastewater treatment or on-site agricultural drainage treatment facilities, which use iron-based coagulants to remove DOM from the waters or constructed wetlands. Flocs are shown to reverse land subsidence and enhance C sequestration due to their high stability in wetland environments. However, the present study raises questions on the importance of stability of flocs for soil C and N sequestration. It is often assumed that stable flocs are not reactive, based on the observation that C bioavailability is constrained, resulting in slower C cycling. Our study shows that stable structures can be reactive towards other nutrients (i.e., Mo), which may constrain C and N sequestration. Indeed, Van Groenigen et al. (2006) found that soil C sequestration is restricted by N availability and nutrients that support N2 fixation, such as Mo, P, and K. Therefore, adopting a more holistic approach that considers the effect of flocs on other soil nutrients can bring new insight into mechanisms of C and N sequestration and offer new possibilities for the use of flocs in management. Soil properties and conditions should also be considered in this holistic approach. In fact, our study showed that nitrification in high C soils appeared to be less sensitive to the application of flocs compared to low C soils.
This study also suggests that the application of flocs decreases soil nitrification by inducing Mo deficiency in soils with low C content. This decrease in net nitrification was accompanied by a minimal decrease in NH4+ (Supplementary Table S3). More broadly, these results imply that flocs could be useful for decreasing nitrification in agricultural systems and control N bioavailability to plants. Decreased nitrification from agricultural fields can alleviate other environmental issues such as eutrophication of lakes and water pollution. Additionally, we suggest that the fertilizer industry could also use flocs as a coating during fertilizer preparations to enhance their efficiency.
Because flocs can limit nitrification and extend the residence time of NH4+ in agricultural soils, data on flocs-driven changes in soil nutrient status is also useful to understand their possible effects on plant growth and development. In general, a deficiency in one or more of soil nutrients can decrease plant growth and development (Merchant, 2010), or can cause toxicity when present in excess (Eid et al., 2012). However, a study by Liang et al. (2019) found that coagulation treatment with Al- and Fe-based coagulants did not disrupt the growth of Typha plant grown in a constructed wetland, despite a slight change in soil nutrient content within a 2-year period (Liang et al., 2019). More studies are needed to explore the usefulness of flocs in agriculture or as wetland restoration strategy, especially in terms of their effects on both plant growth and other N cycling transformations, such as denitrification and N fixation.
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