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Abstract  17 

Woodchip bioreactors (WBRs) are important tools for the removal of nitrate in agricultural 18 

drainage, but their effectiveness is often limited by the slow degradation of lignocellulosic wood 19 

residues into bioavailable forms of carbon that fuel denitrifying microorganisms. Here, we 20 

examine biogeochemical factors regulating wood degradation in saturated woodchip beds, with a 21 

focus on the effects of dissolved oxygen (DO), iron (Fe), and manganese (Mn) in generating 22 

oxidative activity that can enhance wood decomposition. Woodchips from a 10-yr old WBR were 23 

characterized with bulk techniques and a novel combination of µX-ray scattering, µXRF, and 24 

µXANES to visualize the depletion of crystalline cellulose as a proxy for wood degradation. 25 

Woodchips from upstream portions of the reactor exhibited the greatest degradation, probably due 26 

to greater DO exposure, and degradation was localized to a 100 to 200 µm thick surface layer that 27 

was also associated with higher concentrations of Fe and Mn. Greater degradation was associated 28 

with faster nitrate removal. µXANES analysis of Fe and Mn in the surface layer indicated the 29 

presence of a microenvironment where oxygenation reactions of Fe(II) and Mn(II) could 30 

contribute to the formation of reactive oxidants involved in the degradation of lignocellulose. Our 31 

results provide new insight into biogeochemical properties that influence wood decomposition in 32 

WBRs at both micro- and macro-scales, and how these wood degradation processes are coupled 33 

with denitrification.   34 

  35 

 36 

 37 

 38 
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Synopsis 39 

Degradation of wood biomass into bioavailable carbon is a bottleneck that limits the effectiveness 40 

of denitrifying bioreactors treating agricultural drainage.  This study describes spatial relationships 41 

between wood degradation and biogeochemical properties of decomposing wood at both the 42 

micro- and macro-scale, and proposes a role for redox reactions of iron and manganese as a 43 

potential source of reactive oxidants that can enhance the oxidative degradation of wood and 44 

increase the supply of bioavailable carbon for denitrifying microbes. 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 
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 58 

1. Introduction 59 

Woodchips and other lignocellulosic residues are widely used as renewable and widely-available 60 

electron donor sources for heterotrophic denitrifying microorganisms in nature-based systems 61 

including horizontal levees1, stormwater biofilters2, managed aquifer recharge basins3, and 62 

woodchip bioreactors (WBRs) treating agricultural drainage4-6. While woodchips can initially 63 

release significant amounts of labile dissolved organic carbon (DOC) in the early stages of 64 

decomposition, DOC release slows considerably when woodchips are aged under saturated 65 

conditions7, causing denitrification in many WBRs to become carbon-limited5. This has been 66 

attributed to the stability of lignin under anoxic conditions8, with the persistence of lignin 67 

protecting underlying cellulose and hemicellulose (holocellulose) biopolymers from 68 

biodegradation9. Biogeochemical factors controlling holocellulose bioavailability in saturated 69 

conditions have important implications for the long-term effectiveness of woodchip and other 70 

lignocellulose-based denitrifying systems, but are not well understood.     71 

 72 

There is significant spatial variability in woodchip media properties after weathering under in situ 73 

bioreactor conditions. Woodchips excavated from the influent end of bioreactors are more 74 

degraded than those near the effluent after 2 to 4 yr of weathering, as measured by a lower C/N 75 

ratio and a higher lignocellulose index (LCI), indicating a depletion of cellulose relative to lignin10-76 

11. Greater degradation was correlated with faster nitrate (NO3
-) removal rates10, underscoring the 77 

importance of wood decomposition as a driver of denitrification.  While these observations may 78 

be related to higher dissolved oxygen (DO) concentrations near influents11 and the ability of 79 
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oxygen (O2) to stimulate extracellular fungal ligninolytic enzymes12-14, other studies have found 80 

no relationship between DO levels and wood decay10.  A recent analysis of WBR subsidence in 81 

field-scale WBRs, a result of wood mass loss over time, also suggested that O2 exposure alone is 82 

insufficient to explain variations in subsidence15.  Woodchips also entrain inorganic material when 83 

storm events transport suspended soil particles into WBRs10, 16. Woodchips recovered from a field 84 

bioreactor were enriched in iron (Fe), aluminum (Al), and magnesium (Mg) compared to “fresh” 85 

woodchips sourced from lumber yards17, and an ash content as high as 22% has been observed in 86 

woodchips excavated from a 2 yr old bioreactor10.  Notably, the ash content was highest in 87 

woodchips where C/N ratios and LCI indicated the most advanced degradation10.  88 

 89 

The presence of minerals in woodchip media may have implications for wood degradation and 90 

carbon bioavailability for denitrifying microorganisms. Mineral protection theories, which 91 

emerged from studies of organic matter dynamics in soils, suggest that Fe- and manganese (Mn) 92 

oxide minerals could decrease the bioavailability of wood-derived organic carbon through 93 

processes including adsorption or physical trapping18-24. However, emerging research has 94 

challenged mineral protection paradigms and highlighted the roles of Mn and Fe in promoting the 95 

oxidative decomposition of lignocellulosic biomolecules25.  These oxidative processes include the 96 

oxidation of Mn(II) to Mn(III) by fungal manganese peroxidase (MnP) enzymes followed by 97 

Mn(III)-driven oxidation of phenolic moieties in lignin26; and the production of hydroxyl radicals 98 

(•OH) and other reactive oxygen species via Fe(II) oxidation at oxic-anoxic interfaces27-29.  These 99 

Mn- and Fe-dependent mechanisms are utilized by fungal white and brown rot phenotypes, 100 

respectively, in the degradation of woody biomass30-31.  There has been substantial biogeochemical 101 

research into organo-mineral interactions as a control of carbon stability in soils25, 27, 32, but the 102 
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impacts of these processes on wood degradation and carbon availability in saturated denitrifying 103 

woodchip beds is unknown.     104 

 105 

We hypothesized that higher concentrations of Fe and Mn in the woodchip matrix enhance the 106 

oxidative decomposition of wood biomass, particularly under redox-fluctuating conditions or at 107 

redox interfaces, leading to more bioavailable carbon and faster NO3
- removal by woodchip 108 

biofilms. Potential Fe- and Mn-driven effects on wood decomposition have implications for the 109 

long-term effectiveness of wood as an electron donor source in WBRs, as well as for understanding 110 

woody biomass decay with relevance to the global carbon cycle33-35. There has been little focus on 111 

the role of metals in biogeochemical pathways for wood degradation in denitrifying bioreactors, 112 

despite the fact that large amounts of inorganic sediment can be transported into woodchip beds10, 113 

16, 36. We used a novel combination of synchrotron-based µX-ray scattering, µXRF imaging, and 114 

µXANES spectroscopy to probe micro-scale relationships between cellulose crystallinity, a 115 

quantitative indicator of lignocellulose decay37, and metal speciation in wood in a field-scale 116 

WBR.  This micro-scale analysis of wood decomposition informs a macro-scale understanding of 117 

WBR denitrification function.   118 

 119 

2. Materials and Methods 120 

Field Bioreactor and Woodchip Sample Collection. Paired woodchip bioreactors were installed 121 

in Freeville, NY, in 2012 to treat tile drainage containing roughly 8 mg/L NO3
- -N from 8 hectares 122 

of vegetable fields.  The dimensions of each reactor is 6.1 m long × 3.1 m wide × 0.69 m thick, 123 

with a 0.35 m soil cap. In October 2022 we collected primarily ash (Fraxinus sp.) woodchips that 124 



 

7 

had been weathering for ten years38-40. Woodchips were excavated from upstream (0.6 m from 125 

reactor inlet), midstream (3 m from reactor inlet), and downstream (5.5 m from reactor inlet) 126 

locations at three different depths for each longitudinal position (0-5 cm below the bioreactor 127 

surface; 30-35 cm below the bioreactor surface; and 60-65 cm below the bioreactor surface), for a 128 

total of 9 sample locations (Fig. S1).  Sample locations and labels are summarized in Table 1. 129 

Woodchips were frozen at -20°C within 3 hr of being collected until later characterization.   The 130 

bioreactor has a V-notch weir in the outlet control structure that maintains water levels at a depth 131 

> 49 cm in the woodchip bed. A pressure transducer (Campbell Scientific CS451) mounted in the 132 

outlet structure was used to monitor water levels and determine bioreactor discharge.  In the 133 

summer of 2023, DO concentrations in the woodchip bed 0.1 and 6 m from the bioreactor inlet 134 

were monitored using DO sensors (Campbell scientific CS511-L)41 to provide representative data 135 

on DO concentrations in upstream and downstream portions of the reactor.  136 

 137 

Bulk Woodchip Properties.  Total Mn and Fe concentrations on woodchip surfaces were 138 

determined by lightly rinsing 2.8 ± 0.35 g (dry weight) of woodchips with ~500 ml of tap water  139 

and then extracting with 6 M HCl for 4 h in a 50 ml polypropylene centrifuge tube on a tube rotator. 140 

Extracts were filtered through a 0.2 µm PES filter and analyzed for metal concentrations via ICP-141 

MS. C/N ratios were determined using an NC2500 elemental analyzer (Carlo Erba, Italy). The 142 

protein concentration on woodchip surfaces, a measure of microbial biomass, was determined 143 

using the Pierce BCA protein assay (see SI for additional details). Extractable DOC was quantified 144 

using pyrophosphate (PP)34, 42 and potassium chloride (KCl) extractions of woodchips, with the 145 

difference between PP- and KCl-extractable carbon indicating DOC chelated with metals34, 42-43 146 

(see SI for details).  All woodchip properties were measured in triplicate samples from each 147 
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location.  Three wood specimens collected from the field woodchip bioreactor were also 148 

characterized using SEM (Zeiss LEO 1550 FESEM).  149 

 150 

Woodchip Batch Incubations.  Woodchips were stored at -20C for approximately one year after 151 

field collection, then thawed at room temperature for one day. They were gently rinsed in tap water 152 

until there was no visual evidence for additional mineral material being rinsed away, and pre-153 

incubated in a synthetic bioreactor media (1 mM NaNO3, 3mM KCl, 0.2 mM Na2SO4, 1 mM 154 

NaHCO3, and 0.2 mM NaH2PO4, adjusted to pH 7.2 ± 0.1) for two weeks at room temperature 155 

(22°C).  Samples were then dried in air for two days before being placed in triplicate batch reactors 156 

for each of the nine locations. 17.5 ± 0.2 g of woodchips (dry weight) were added to 90 ml of the 157 

synthetic media in 120-ml glass bottles sealed with gas-tight bromobutyl stoppers, leaving 158 

approximately 5-10 mL of headspace. Bottles were wrapped in foil to avoid light exposure and 159 

incubated at room temperature for two weeks without shaking. Water samples were collected six 160 

times over eight days and filtered through 0.2 µm PES filters for analysis of NO3
-, DOC released 161 

from wood, and specific ultraviolet absorbance at 254 nm (SUVA254), a measure of carbon 162 

aromaticity44.    163 

  164 

Oxidative activities of woodchip specimens at the termination of batch incubations were measured 165 

with the L-3,4 dihydroxyphenylalanine (L-DOPA) probe method, a widely-used assay for 166 

enzymatic and nonenzymatic oxidation of lignin-like phenolic compounds27-28, 45-46. Woodchips 167 

were suspended in a mixture of 7.5 ml of 12.5 mM L-DOPA and 7.5ml of 50 mM sodium acetate 168 

buffer (pH 4.7) and shaken on an orbital shaker under oxic conditions for 2.5 hr, and L-DOPA 169 



 

9 

oxidation was measured using UV-Vis spectroscopy.  Additional details are available in SI. While 170 

the L-DOPA technique does not distinguish between specific oxidative mechanisms, L-DOPA 171 

oxidative activities have been linked to phenol oxidases (without added H2O2) and peroxidases 172 

(with added H2O2)
45, 47-48, as well as reactive oxygen species produced by Fenton reactions driven 173 

by Fe(II) oxidation27. Control experiments were performed with L-DOPA and H2O2 without 174 

woodchips to confirm that measured oxidative activities were wood-driven. Production of 175 

hydroxyl radicals and other reactive oxidants from Fe(II) oxidation is highly pH-dependent49-50, 176 

and we acknowledge that the pH of the L-DOPA assay (4.7) is lower than the pH of the bulk liquid 177 

in the bioreactor.  However, the pH in the surface layers of decomposing wood where we propose 178 

that Fe(II) oxidation is occurring is most likely lower than the bulk solution pH51-53. The oxidative 179 

activity was then calculated using a molar extinction coefficient of 1832 M-1 cm-1, and the results 180 

were reported in µmol of oxidized L-DOPA per g of woodchip (dry weight)54. 181 

  182 

Wet Chemical and Optical Analyses.  Filtered water samples for elemental analysis were 183 

preserved in 2% trace metal grade nitric acid and analyzed with an Agilent 7800 ICP-MS with an 184 

He collision cell. QA/QC was routinely assessed with check standards, blanks, and repeat 185 

measurements of samples. DOC was measured using a Shimadzu TOC analyzer (NPOC method). 186 

Optical measurements for the L-DOPA assay and determination of SUVA254 were performed with 187 

a Shimadzu UV-2600i spectrophotometer.  NO3
- was measured using ion chromatography (Dionex 188 

ICS-2100).   189 

 190 
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Synchrotron-based Analysis of Wood Specimens. Frozen woodchip samples collected from the 191 

field WBR were thawed, air-dried, and cut into matchstick-sized pieces, with a length of 20-30 192 

mm and a width of 3-4 mm. A specimen of woodchip that had not weathered in the bioreactor was 193 

acquired as a non-degraded control. X-ray scattering and fluorescence data were simultaneously 194 

collected at the LiX beamline (16-ID)55 at the National Synchrotron Light Source II (NSLS-II), 195 

using a scanning microtomographic imaging approach with a beam size of 5 microns and an X-196 

ray energy of 15.138 keV.  The X-ray scattering data were used for structural characterization of 197 

crystalline cellulose biopolymers in wood. The tomographic approach was utilized due to 198 

difficulties in preparing thin sections of decomposed samples, and to avoid potential errors in X-199 

ray scattering data if sections were not perpendicular to the fibril growth direction56. Additional 200 

details, including on the tomographic reconstruction of X-ray scattering intensities, are available 201 

elsewhere56-57.  The cellulose crystallinity index (C.I.) describes the relative amount of crystalline 202 

material in cellulose, and is interpreted here as a quantitative measure of woodchip degradation37, 203 

58-60. The C.I. in each voxel (5µm x 5µm) was determined using:   204 

𝐶. 𝐼. =  
𝐼𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 − 𝐼𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠

𝐼𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠
        (𝐸𝑞𝑛. 1) 205 

where Icellulose and Iamorphous are intensities of crystalline and amorphous cellulose, respectively, and 206 

are determined by integrating scattering intensities in q-space from 1.56-1.62 and 1.29-1.35 Å-1, 207 

respectively56. Low-intensity voxels were removed to prevent division by zero artifacts56.  Higher 208 

C.I. indicates a greater amount of crystalline cellulose, while lower C.I. indicates a depletion of 209 

crystalline cellulose and more advanced degradation. X-ray fluorescence for imaging elemental 210 

distributions was collected using a Vortex silicon drift detector with Xspress3 readout electronics, 211 

and self-absorption corrections were made using methods described in ref.Ge, et al. 61    212 
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 213 

Separately, transverse and longitudinal thin sections (40 µm) were prepared from freeze-dried 214 

woodchip samples from the midstream-middle (M-M) location using a cryo-microtome and stored 215 

in heat-sealed mylar bags with O2 scrubbers until synchrotron analysis to avoid changes in Fe or 216 

Mn oxidation states. µXRF elemental maps and K-edge Mn and Fe µXANES spectra were 217 

collected at the XFM beamline (4-BM) at NSLS-II with a beam size of 8 µm. Variations in Mn 218 

and Fe oxidation states were assessed by comparing the Mn XANES white line energy and the Fe 219 

XANES pre-edge centroid energy (Fig. S2)62-63, respectively. MnCl2, Mn(III) oxide, and 220 

birnessite64 were used as references for Mn(II), Mn(III), and Mn(IV) white line energies, while 221 

siderite and ferrihydrite pre-edge centroid energies were used as references for Fe(II) and Fe(III), 222 

respectively63. Mn(0) (6539 eV) and Fe(0) foils (7112 eV) were used to calibrate the spectra.  223 

 224 

Results and Discussion 225 

 226 

Spatial Variations in Woodchip Properties.  Ten year-old woodchips collected from different 227 

locations of the woodchip bed had distinct visual characteristics, with samples from upstream 228 

locations having a darker color and a large amount of inorganic material mixed in with the 229 

woodchip media (Fig. S3).  The upstream portion of the reactor was also characterized by DO 230 

concentrations in the bulk water that exceeded 5 mg/L during high-flow periods but then declined 231 

to ~2 mg/L during lower-flow periods (Fig. S4), indicating that upstream woodchips were 232 

periodically exposed to high DO during their lifetime in the reactor. DO in the downstream portion 233 

of the reactor was always < 1 mg/L. We acknowledge that the location of the upstream DO sensor 234 

(0.1 m from the reactor inlet) was not perfectly matched to the sampling location of upstream 235 
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woodchips (0.6 m from reactor inlet), but the discharge-dependent fluctuations in DO measured at 236 

0.1 m most likely occur, though perhaps to a lesser extent, at the location of the upstream woodchip 237 

samples.  Research at other bioreactor sites has measured DO concentrations between 6-8 mg/L at 238 

a distance of 0.6 m from the reactor inlet65.   The shallow sampling depth was located above the 239 

bioreactor water table throughout the spring and summer of 2023, and would therefore only have 240 

been saturated during rare extreme flood events. The middle and deep sampling locations were 241 

consistently saturated (Fig. S4). 242 

 243 

Table 1. Bulk Woodchip Biogeochemical Properties (dry weight) 

†Pyrophosphate-extractable DOC; ‡KCl-extractable DOC 

  Upstream Midstream Downstream 

  
Shallow 

U-S 

Middle 

U -M 

Deep 

U -D 

Shallow 

M-S 

Middle 

M-M 

Deep 

M-D 

Shallow 

D-S 

Middle 

D-M 

Deep 

D-D 

Fe 

(mg/kg) 

27.1 ± 

10.6 

72.7 ± 

5.8 

102.3 ± 

35.2 

32.7 ± 

3.8 

52.8 ± 

1.1 

40.8 ± 

6.2 

35.8 ± 

6.2 

70.8 ± 

6.5 

38.5 ± 

9.3 

Mn 

(mg/kg) 

2.5 ± 

0.9 

12.6 ± 

1.4 

15.4 ± 

3.5 

1.04 ± 

0.01 

3.6 ± 

0.2 

3.5 ± 

1.0 

1.4 ± 

0.3 

2.5 ± 

0.3 

1.1 ± 

0.1 

Protein 

(mg/kg) 

579.9 ± 

72.7 

1131.5 

± 49.6 

1096.6 

± 93.8 

504.4 ± 

28.4 

316.8 ± 

103.7 

315.7 ± 

18.3 

494.9 ± 

39.3 

353.3 ± 

100.9 

321.6 ± 

68.1 

 

 C/N ratio 

244.5  

3.6 

132.2  

36.4 

135.2  

53.8 

228.1  

46.6 

345.0  

33.0 

315.1  

34.0 

279.1  

22.3 

350.7  

44.8 

332.4  

28.7 

DOCPP
† 

(mg /g) 

0.53 ± 

0.09 

0.80 ± 

0.03 

0.70 ± 

0.17 

0.49 ± 

0.04 

0.30 ± 

0.03 

0.31 ± 

0.03 

0.36 ± 

0.04 

0.30 ± 

0.03 

0.30 ± 

0.03 

DOCKCl
‡ 

(mg /g) 

0.04 ± 

0.003 

0.05 ± 

0.007 

0.04 ± 

0.009 

0.06 ± 

0.006 

0.03 ± 

0.003 

0.02 ± 

0.003 

0.06 ± 

0.011 

0.03 ± 

0.011 

0.02 ± 

0.001 

 244 

 245 

Woodchips from upstream-deep (U-D) and upstream-middle (U-M) locations had the lowest C/N 246 

ratios of 132.2  36.4 and 135.2  53.8, respectively, reflecting a high level of degradation10 (Table 247 

1). Woodchips from all other locations had C/N ratios > 200.  Woodchips from midstream-shallow 248 

(M-S) and downstream-shallow (D-S) locations had lower C/N ratios than midstream and 249 
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downstream samples from saturated depths, suggesting that exposure to air in unsaturated depths 250 

may have enhanced decomposition rates. 251 

 252 

The U-D and U-M woodchips were also associated with higher surface Fe and Mn concentrations, 253 

consistent with visual evidence of more inorganic material mixed in with upstream woodchips. 254 

Protein concentrations were also significantly higher in U-D and U-M woodchips, ranging from 255 

1096.6  93.8 to 1131.5  49.6 mg/kg, while protein concentrations in midstream and downstream 256 

locations were less than half of those levels, indicating greater biofilm density in upstream 257 

saturated zones of the bioreactor. There was a strong inverse relationship between protein 258 

concentrations and C/N ratios (r = -0.96, p < 0.05), highlighting links between greater biomass 259 

densities and more degraded wood (Figure S5). Comparison of  pyrophosphate (PP) - and KCl-260 

extractable DOC showed that 84%-95% of the potentially leachable DOC was in colloidal form or 261 

chelated with metals on woodchip surfaces, and PP-extractable DOC was highest in the U-D and 262 

U-M woodchips (Table 1). 263 

 264 

Batch Incubations.  NO3
- removal rates were highly variable in anoxic batch incubations, with 265 

the U-M, U-D, and M-S woodchips characterized by the fastest rates, removing 65.4, 81.2 and 266 

84.0% of NO3
-, respectively, after 77 hr (Fig. 1A).  The upstream samples exhibited a different 267 

depth-dependent pattern than the midstream and downstream samples, with faster NO3
- removal 268 

in the saturated upstream locations, while the saturated midstream and downstream samples had 269 

the slowest NO3
- removal. NO3

- removal was strongly correlated with DOC concentrations 270 

released from wood during batch incubations (r = 0.92, p < 0.05) and surface protein 271 

concentrations (r = 0.72, p < 0.05) (Fig. S5), underscoring important links between wood 272 
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degradation, bioavailability of carbon, and enhanced growth of denitrifying microorganisms.  It is 273 

possible that greater denitrifying activity on upstream woodchips could also be related to 274 

differences in the microbial community structure, but analysis of microbial diversity in the 275 

woodchips was beyond the scope of the current study.  The DOC pool after 8 d of anoxic 276 

incubation of upstream samples was more aromatic than that from midstream and downstream 277 

locations (Fig. S6C), likely due to greater release of depolymerized lignin residues from the more 278 

degraded upstream woodchips66.   279 

 280 

  281 
 282 

 283 
 284 

Figure 1. Results of anoxic batch experiments using woodchips from different locations in the 10 285 

year-old bioreactor. (A) Nitrate removal; (B) DOC released from woodchips after 8 d of 286 



 

15 

incubation;  (C) Oxidative activities measured using the L-DOPA assay with and without H2O2, 287 

expressed per dry weight of woodchips, measured after 8 d of anoxic incubation.  All 288 

measurements were performed in triplicate. Statistically significant differences between samples 289 

was determined using one-way ANOVA with Tukey HSD test (p = 0.05). 290 

 291 

 292 

L-DOPA oxidation varied with location, and similar to prior studies in soils27 was significantly 293 

greater in the presence of H2O2 (Fig. 1C).  L-DOPA oxidation was very strongly associated with 294 

Fe (r = 0.89, p < 0.05) and to a somewhat lesser extent with Mn (r = 0.72, p < 0.05), with oxidation 295 

rates up to 0.41 0.07 µmol L-DOPA g-1 woodchip  h-1 measured in the U-D sample that also had 296 

the highest Fe and Mn concentrations (Fig. 1C, S5).  Prior observations of correlations between 297 

Fe and L-DOPA oxidation in the presence of H2O2 have been interpreted as evidence for Fenton 298 

reactions27-28, though it is possible that autocatalytic reactions between L-DOPA and Fe may 299 

enhance production of •OH or other reactive oxidants beyond what would occur in natural 300 

conditions27. However, when all samples were considered there was no relationship between L-301 

DOPA oxidative activity and woodchip C/N ratios, protein, DOC release, or NO3
- removal (Fig. 302 

S5), suggesting that Fe- or Mn-driven oxidative activities did not have a systematic impact on 303 

wood decomposition or denitrification function in all portions of the reactor. Because the L-DOPA 304 

assay is performed with woodchips in oxic conditions, it represents a “potential” measure of 305 

oxidative activity and not a measure of oxidative activity under in situ bioreactor conditions, and 306 

L-DOPA oxidation may be decoupled from woodchip degradation in midstream and downstream 307 

woodchips because they were not routinely exposed to DO.  In contrast, for upstream woodchips 308 

that were routinely exposed to high DO the L-DOPA assay could provide a more descriptive 309 

measure of in situ activity. Indeed, when only upstream woodchips were examined there were very 310 
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strong correlations between L-DOPA oxidative activities and measures of denitrification function 311 

(e.g., DOC release, microbial biomass, and NO3
- removal) while for midstream and downstream 312 

woodchips there was either no relationship or there were weak inverse relationships between 313 

oxidative activities and denitrification function (Fig. S8).   314 

  315 

Synchrotron-based structural and elemental characterization of woodchips.  Bulk analysis of 316 

woodchip properties suggested that wood degradation rates and pathways depended strongly on 317 

location within the bioreactor. We used a novel scanning microtomographic approach56 to create 318 

micro-scale maps of the cellulose crystallinity index (C.I.) and metal concentrations in woodchips 319 

to further explore biogeochemical processes regulating wood decay and how they varied spatially 320 

within the bioreactor bed (Fig. 2). Virtual sections of intact woodchips showed that lower C.I. 321 

values, corresponding to a greater depletion of crystalline cellulose, were concentrated  322 
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 323 

Figure 2. (A-I) Virtual cross-sections obtained with scanning microtomography showing the 324 

cellulose crystallinity index (C.I.) of woodchip samples collected from different locations in the 325 
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field reactor.  Lower C.I. values indicate more degraded wood material.  Sampling locations for 326 

different woodchip samples are detailed in Fig. S1. The mean C.I. for each sample (calculated as 327 

the mean of all wood voxels in each sample) is shown in the upper-right corner of each panel. (J) 328 

Violin plots of C.I.  Histograms of C.I. distributions are shown in Fig. S12. Pairwise comparisons 329 

between samples were performed using the two-sample Kolmogorov-Smirnov test, followed by 330 

the Benjamini-Hochberg correction to control the false discovery rate. All corrected p-values were 331 

below 0.05, indicating significant differences in the distributions between all samples. 332 

 333 

at woodchip surfaces (Fig. 2, S9). Voxels near pores also tended to have a lower C.I.  Depletion 334 

of crystalline cellulose near surfaces was especially pronounced for the U-M and U-D woodchips, 335 

which both had ~250 µm thick bands of highly degraded wood material (C.I. < 0.3) at the surface. 336 

Violin plots further showed that the C.I. distributions in U-M and U-D samples were bimodal, with 337 

a significant population of near-surface voxels with a lower range of C.I. than is observed in other 338 

samples (Fig. 2J). A control woodchip that had not weathered in the bioreactor had high C.I. values 339 

throughout the sample with no evidence of surficial degradation (Fig. S10). Even for the most 340 

degraded samples including U-M and U-D, there is an intact core of largely undegraded cellulose 341 

in the woodchip interior, which may explain how these woodchips continue to supply carbon to 342 

sustain fast NO3
- removal. The mean C.I. shown in Fig. 2 represents analysis of a single sample 343 

from each location due to practical limitations with the number of samples that can be analyzed at 344 

the synchrotron, though we analyzed a limited number of duplicate samples to demonstrate that 345 

the patterns observed in Fig. 2 were generalizable (Fig. S11).  In addition, mean C.I. (n=1 samples) 346 

and C/N ratios (n=3 samples) from each location were strongly correlated (r = 0.83, p < 0.05) (Fig. 347 

S5), demonstrating agreement between micro- and bulk-scale measurements of wood degradation. 348 

 349 
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Simultaneous collection of X-ray scattering and fluorescence allowed for the analysis of spatial 350 

relationships between cellulose C.I. and metals (Fig. 3).  Fe and Mn were both localized on 351 

woodchip surfaces, though Fe had greater intensities than Mn, consistent with bulk concentration 352 

data (Table 1; Figs. S13, S14).  This suggests that Fe and Mn principally originate from exogenous 353 

sources, likely soil particles that are transported into reactors and attach to wood surfaces, rather 354 

than deriving from wood biomass.  In most cases, Fe is located in a thin layer (~50 µm) around 355 

the woodchip surface, though the surface of the U-D woodchip was associated with a thicker band 356 

of Fe enrichment that overlapped with the band of low C.I shown in Fig. 2C. The upper-right 357 

section of the M-M sample was also associated with a thicker layer of Fe enrichment, in a portion 358 

of the woodchip that was also associated with a relatively low C.I. (Fig. 2E).   359 

 360 

 361 
Figure 3. Micro-scale correlations between Fe, Mn, and C.I, obtained using scanning 362 

microtomographic analysis of X-ray fluorescence and X-ray scattering data, in (A) Upstream-363 

Middle (U-M), (B) Upstream-Deep (U-D), (C) Downstream-Middle (D-M), and (D) Downstream-364 
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Deep (D-D) samples. Each point represents a voxel (5 µm x 5 µm) from images shown in Figure 365 

2. Insets in C and D are zoomed-in to improve visualization at low-Fe and low-Mn levels due to 366 

lower metal concentrations in downstream samples. Lower C.I. values indicate more degraded 367 

wood material. 368 

 369 

 370 

We examined micro-scale correlations between Fe, Mn, and C.I. in a subset of samples to assess 371 

differences in metal - C.I. relationships between upstream and downstream locations (Fig. 3). In 372 

all samples, high-C.I. voxels (defined as C.I. > 0.6) are clustered near the origin where Fe and Mn 373 

concentrations are low, while voxels with higher concentrations of Fe and Mn are associated with 374 

greater levels of wood degradation (lower C.I.). This was especially clear for the upstream samples 375 

which had higher metal concentrations than downstream samples, and where increasing levels of 376 

both Fe and Mn were associated with steady decreases in C.I (Fig. 3A, B). 377 

 378 

There were a number of differences in Fe-Mn-C.I. correlations between upstream and downstream 379 

samples suggesting that Fe and Mn played a more direct role in enhancing wood degradation in 380 

upstream locations. For example, in upstream samples essentially all voxels with Fe intensities > 381 

2 (arb. units) had low C.I. (defined as C.I. < 0.3). In contrast, many voxels in downstream samples 382 

with the same range of Fe concentrations still had mid- to high-C.I. values (Fig. S15; S16). This 383 

suggests that comparable Fe levels had different impacts on upstream vs. downstream woodchips, 384 

with Fe intensities > 2 (arb. units) associated with highly degraded wood material in upstream 385 

samples while similar Fe levels did not correlate with advanced wood degradation in downstream 386 

samples. Mn-C.I. correlations show a similar pattern, with the highest Mn concentrations in each 387 

sample strongly associated with low C.I. voxels in upstream but not downstream samples (Fig. 388 

S17). Direct comparison between effects of Mn in upstream and downstream samples is 389 
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challenging, however, because Mn concentrations were significantly greater in upstream compared 390 

to downstream locations. This analysis also shows that in all samples there are voxels with both 391 

low metal concentrations and low C.I., indicating that there must be Fe- and Mn-independent 392 

pathways for wood degradation in portions of the samples, even while other portions of the 393 

samples, particularly in upstream locations, reflect an influence of Fe and/or Mn on enhanced 394 

wood degradation.  395 

  396 

µXRF and XANES Analysis of Woodchip Thin Sections.  We characterized Fe and Mn at 397 

woodchip surfaces using µXRF and µXANES spectroscopy to explore redox dynamics of Fe and 398 

Mn that could influence wood decomposition. µXRF imaging of thin-sections confirmed that Fe 399 

and Mn were primarily concentrated on or near woodchip surfaces (Fig. 4; S18), though there were 400 

examples where metals were also enriched within pores (e.g., Fig. S18 h-j). We also mapped 401 

calcium (Ca) concentrations, since Ca hotspots in wood can serve as a biosignature of fungal 402 

biomass due to fungal secretion of oxalate and precipitation of Ca oxalate crystals67, though Ca 403 

hotspots could also be related to other Ca-containing minerals. Unlike Fe and Mn, Ca was 404 

distributed throughout wood samples in wood rays and vessels due to Ca in biological tissues, 405 

though in some cases Ca, Fe, and Mn were co-enriched (e.g., near the wood surface in transect L1, 406 

Fig. 4).  These and other locations were also enriched in sulfur (bottom row of Fig. S18), and prior 407 

µXRF analysis has identified co-enrichment of Ca, Mn, and S as a signature of fungi in 408 

decomposing wood68.  SEM imaging of woodchips collected from the reactor confirmed the 409 

presence of fungal mycelia in the wood structure (Fig. S19).  410 

 411 

 412 
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 413 

 414 

 415 

Figure 4. µXRF and µXANES analysis of Fe and Mn distributions and oxidation states in wood 416 

thin-sections. Tri-color µXRF images of Fe, Mn, and Ca in (A) transverse and (B) longitudinal 417 

thin sections.  Insets show zoomed-in images where µXANES spectra were collected along four 418 

transects (L1 – L4) moving from the surface to the interior of wood samples.  XRF intensities of 419 

Fe, Mn, and Ca along transects are shown in boxes to the left and right of panels A and B, with an 420 

indication of the location µXANES spectra along the transects.  (C, D) Fe pre-edge centroid and 421 

Mn white line energies in points of interest 1-9 from transects L1 and L2 in panel A; (E, F) Fe pre-422 

edge centroid and Mn white line energies in points of interest 10-15 from transects L3 and L4 in 423 

panel B.  Fe and Mn XANES sample and reference spectra are shown in Figure S20.     424 

 425 

Fe and Mn µXANES spectra were collected along transects L1 – L4 in Fig. 4 to explore gradients 426 

in oxidation state moving from the surface to woodchip interior.  For Fe, pre-edge centroid 427 
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energies68 were greatest at the surface and then tended to decrease by 1 to 1.5 eV moving 100 to 428 

200 µm into the woodchip surface layer (Fig. 4C, E), indicating lower Fe oxidation states in the 429 

interior and a redox interface within the woodchip surface layer.  Pre-edge centroid energies ~7114 430 

eV near the wood surface reflect a mixture of Fe(II) and Fe(III) with a stronger contribution of 431 

Fe(III), while a centroid energy ~7113 eV in the wood interior in transect L3 represents primarily 432 

Fe(II) (Fig. S20D). Mn followed a similar pattern with relatively higher oxidation states near the 433 

surface, though the white line energies between 6551 and 6553 eV all represent Mn oxidation 434 

states closer to Mn(II) with a limited contribution from higher oxidation state species (Fig. S20C). 435 

Higher oxidation states at surfaces may be related to mineral Fe- and Mn-oxides at woodchip 436 

surfaces, while lower oxidation states in the interior surface layer reflect a more reduced 437 

environment within the woodchip and its near-surface biofilm.  Detailed studies of biofilm 438 

communities in decomposing wood have shown that fungal biomass is concentrated inside the 439 

wood surface, explaining why reducing microenvironments that depend on labile carbon form 440 

within this surface layer13, 69.   Lower oxidation states of Mn relative to Fe are consistent with 441 

Mn(III/IV) oxides being more favorable terminal electron acceptors than Fe(III) oxides and thus 442 

being reduced more easily70.  Prior studies have also reported methanogenic conditions within 443 

woodchip biofilms even while the bulk fluid contains NO3
-, highlighting the deeply reducing 444 

conditions that can develop within woodchip biofilms14.  Lower oxidation states in the interior 445 

may also be attributed to Mn(II) and Fe(II) in plant tissues71-74.   446 

 447 

Effect of Woodchip Location on Degradation and Denitrification.  Bulk and micro-scale 448 

woodchip properties were combined and explored using PCA and K-means clustering (Fig. 5A).  449 

The saturated upstream samples (U-D and U-M) clustered separately from the others, along a 450 
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principal component that explained more than two-thirds of the variation among samples.  Higher 451 

DO concentrations in the upstream portions of the reactor, particularly during high-flow periods, 452 

likely contributed to O2-dependent pathways for woodchip decay leading to properties of upstream 453 

woodchips (including greater biomass and NO3
- removal) that were distinct from 454 

midstream/downstream samples. Fungi are thought to play an important role in wood decay in 455 

WBRs75-76, and SEM images of fungal mycelia along with the co-localization of Ca, S, and Mn in 456 

µXRF images support a role for fungal wood decay in the samples characterized here, though our 457 

data do not provide information on contributions of white rot vs. brown rot phenotypes.  In earlier 458 

work, -omics analysis of experimental columns packed with woodchips from the field reactor 459 

studied here showed that transient exposure of woodchips to O2 during column dry-downs 460 

stimulated extracellular fungal lignin-degrading enzymes, including MnP, leading to greater 461 

carbon availability and denitrification rates after systems returned to anoxia12, 14. Fluctuating and  462 

occasionally high DO in upstream portions of the field reactor (Fig. S4) likely had a similar impact 463 

on enhancing enzymatic degradation of the samples analyzed here, while low DO in downstream  464 
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Figure 5. Relationships among key woodchip biogeochemical properties.  (A) PCA biplot with 466 

results shown from each individual replicate of triplicate measurements. Because mean C.I. was 467 

determined for just one specimen from each location, the same value of mean C.I. was used for 468 

each replicate from that location. The optimal number of clusters in the K-means clustering was 469 

determined by the silhouette method and the blue and red stars represent the centroid of the clusters. 470 

(B,C) Relationships between woodchip surface Fe or Mn and percentage of NO3
- removal after 77 471 

h of anoxic batch incubation.  Filled symbols show upstream samples and open symbols show 472 

midstream and downstream samplers.  Lines show a linear model fit to the upstream samples only.  473 

 474 

portions limited wood decay.  These results are consistent with recent findings in Wang et al.13, 475 

who linked greater fungal biomass near the inlet of a Minnesota WBR to higher DO, and also 476 

provided biomolecular evidence for the presence in decomposing woodchips of white rot fungi, 477 

some of whom utilize MnP enzymes in the degradation of lignocellulose77. 478 

  479 

Effects of Fe and Mn Redox Dynamics on Wood Degradation.  The µXANES analysis of Fe 480 

and Mn redox gradients near the wood surface describe an interfacial microenvironment where 481 

Fe(II) and Mn(II) species are produced in reducing zones within the woodchip surface layer, 482 

creating a microenvironment where they can be microbially oxidized by O2 or NO3
- that diffuse 483 

into the surface layer78-80. Oxygenation of Fe(II) or Mn(II) within this surface layer can generate 484 

reactive species involved in depolymerization of lignocellulosic biomolecules18, 31, 81-82. For 485 

example, Fe(II) oxidation by O2 can result in the “dark” formation of •OH via Fenton reactions50, 486 

83, and generated •OH can then depolymerize polysaccharides and/or modify lignin84.  We caution 487 

that while our results with the L-DOPA assay indicate significant phenol oxidative activity with 488 

Fe-rich woodchips, we do not have direct evidence for •OH production and would need additional 489 

experiments with •OH quenchers to confirm the mechanism. This redox cycling of Fe could be 490 
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nonenzymatically mediated by brown rot fungi85-86, or could also be driven by bacterial reduction 491 

of Fe(III) oxides in anaerobic biofilms coupled to abiotic Fe oxidation by dissolved O2 in the wood 492 

surface layer or wood-water interface.  H2O2 produced by Fe redox reactions or other pathways 493 

can then serve as the electron acceptor for MnP enzymes, oxidizing Mn(II) to chelated Mn(III) 494 

which can attack phenolic structures in lignin26, 87.   495 

 496 

Differentiating woodchips into upstream vs. midstream/downstream samples clarifies the effects 497 

of Fe or Mn on wood decomposition and NO3
- removal that are distinct from O2 exposure alone. 498 

While there was no relationship between surface metal concentrations and NO3
- removal when all 499 

samples were considered (Fig. 5A), strong correlations between metals and NO3
- removal in 500 

upstream samples are consistent with a role for Fe and/or Mn in stimulating denitrification by 501 

enhancing oxidative wood decay and the supply of bioavailable carbon to denitrifiers (Fig. 5B,C).  502 

Strong correlations between metals, advanced woodchip degradation (as measured by C/N ratios), 503 

and protein concentrations among upstream samples further support this role for metals in portions 504 

of the reactor that are exposed to O2 (Fig. S21,S22).  In contrast, metals on midstream/downstream 505 

samples had no relationship with protein concentrations (Fig. S21F,H), and exhibited a protective 506 

effect on wood decay, with higher metal concentrations associated with less degraded wood (Fig. 507 

S21B,D).  This protective effect was particularly strong with Fe. Consistent with a possible 508 

protective mechanism, metal concentrations on midstream/downstream woodchips were inversely 509 

correlated with NO3
- removal, though the relationships were relatively weak (Fig. 5B, C).   510 

 511 
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These relationships highlight the potential importance of Fe- or Mn-driven oxidative processes for 512 

woodchip degradation and subsequent denitrification, specifically in upstream portions of the 513 

reactor.  Consistent with these bulk-scale relationships, micro-scale characterization revealed that 514 

higher Fe and Mn concentrations in saturated upstream samples led to greater localized wood 515 

degradation, while in downstream samples voxels with higher Fe and Mn were not necessarily 516 

associated with highly-degraded material (Fig. 3). We propose that metals played an active role in 517 

degradation of upstream woodchips, but not midstream/downstream woodchips, because only 518 

upstream woodchips were consistently exposed to O2 that could activate oxygenation reactions of 519 

Fe(II) and Mn(II) at wood surfaces that generate reactive oxidants like •OH or Mn(III). This 520 

explains why L-DOPA oxidative activities, a measure of oxidative potential under oxic conditions, 521 

were only linked to greater DOC release, biomass, and NO3
- removal in upstream samples but not 522 

in midstream/downstream samples where O2 is depleted (Fig. S7, S8). These results provide new 523 

insights into redox dynamics of metals in woodchip surface biofilms, and potential synergies 524 

between O2 exposure and metals in enhancing oxidative wood degradation.  While impacts of Fe 525 

and Mn redox reactions on organic matter transformation are an area of active research in soil 526 

biogeochemistry25, 27-28, 34, to our knowledge these processes have not been explored in 527 

decomposing woody biomass in aquatic systems, and their potential contribution to key WBR 528 

properties including wood degradation, denitrification rates, or reactor subsidence have not been 529 

examined before this study.   530 

 531 

Our analysis provides support for a mineral-enhanced wood degradation process in upstream 532 

woodchips that are exposed to fluctuating redox conditions.  While most of the potentially 533 

leachable DOC from woodchips was associated with metals on woodchip surfaces (Fig. S6), this 534 
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did not prevent the metal-rich upstream woodchips from releasing the most DOC and fueling the 535 

fastest NO3
- removal during batch incubations (Fig. 1).  In contrast, for midstream and downstream 536 

woodchips there was some support for a mineral protection process wherein minerals on the wood 537 

surface shield wood-derived carbon from microbial activity and slow wood degradation (Fig. S21).  538 

We note that metal concentrations on the surfaces of woodchips studied here are relatively low, 539 

with Fe concentrations more than ten times lower than those found on woodchips collected from 540 

a field reactor in Illinois17, though this difference may be due to the fact that we rinsed woodchips 541 

prior to metal extraction. The effects of metals on wood degradation may be different in the 542 

presence of higher metal concentrations.   543 

 544 

An important limitation to our analysis of field-collected woodchip specimens is that causal links 545 

between metals and wood degradation are difficult to disentangle from correlation.  For example, 546 

correlations observed between high metal concentrations and low C.I. in surface voxels of 547 

woodchip samples (Fig. 3) may reflect the fact that wood degradation is localized at surfaces that 548 

are more readily exposed to DO and/or fungal biomass, and that Fe and Mn introduced into the 549 

reactor as soil particles also accumulated at the wood surface, without a necessary mechanistic link 550 

between metals and wood decay processes. We also cannot readily distinguish effects of Fe vs. 551 

Mn, or potential synergies between Fe and Mn oxygenation reactions (e.g., H2O2 produced by Fe 552 

redox reactions serving as the electron acceptor for MnP enzymes), on wood decay since Fe and 553 

Mn co-occur on woodchip surfaces. Follow-up laboratory studies are underway to clarify 554 

mechanisms linking redox reactions of Fe and/or Mn with wood degradation and denitrification 555 

function. Biomolecular data on the presence and/or activity of white or brown rot fungi in the field 556 

bioreactor samples would also have been helpful to differentiate between enzymatic (e.g., 557 
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expression of MnP enzymes) and nonenzymatic (e.g., Fe-driven Fenton reaction) pathways for 558 

wood degradation, both of which would be stimulated by exposure to DO.  559 

 560 

Environmental Implications. We used a combination of bulk and micro-scale characterization 561 

techniques to explore the biogeochemical factors regulating the degradation of lignocellulosic 562 

wood material into bioavailable carbon for denitrifying microorganisms, an important bottleneck 563 

that can limit the real-world effectiveness of woodchip bioreactors treating agricultural tile 564 

drainage. Only woodchips in upstream portions of the bioreactor exhibited significant degradation, 565 

and highly-degraded upstream woodchips released more carbon and supported faster NO3
- removal 566 

than less-degraded woodchips from midstream/downstream locations.  This may be because even 567 

the most highly-degraded woodchips retained an inner core replete with cellulose, and could thus 568 

continue to serve as a source of bioavailable carbon.  This insight into the micron-scale features of 569 

wood biomass degradation was enabled by our novel application of synchrotron µX-ray scattering 570 

techniques to visualize cellulose crystallinity in decomposing wood. Greater degradation of 571 

upstream wood was most likely due to greater dissolved O2 near the reactor influent which can 572 

stimulate a host of enzymatic and nonenzymatic processes involved in lignocellulose decay. 573 

 574 

These results highlight the need to enhance degradation of woodchips to increase their capacity 575 

for NO3
- removal.  One practical approach to do this is to periodically drain reactors88-89 to activate 576 

O2-dependent decomposition processes throughout the reactor and not just near the influent. Our 577 

study highlights potential couplings between metal redox transformations and oxidative 578 

depolymerization of complex biomolecules in the wood surface layer or the wood-water interface, 579 

and suggests that effects of O2 exposure on accelerating wood degradation into bioavailable carbon 580 
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may be enhanced in the presence of higher metal concentrations. Our results have implications for 581 

lignocellulosic biomass degradation in redox-dynamic environments beyond WBRs, including 582 

wetlands and sediment-water interfaces, and the multi-modal synchrotron-based techniques for 583 

visualizing cellulose degradation utilized here may have broad relevance for studies of 584 

lignocellulosic biomass degradation in the environment.   585 

 586 
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