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ABSTRACT

Pyrogenic materials generated by wildfires are transported across terrestrial landscapes
into inland waters, creating many consequences for aquatic ecosystems. At least ~10% of
dissolved organic matter pools may be comprised of pyrogenic organic matter (PyOM), but
heterogeneous PyOM chemistry complicates efforts to understand its bioavailability. We used a
substrate-explicit model to predict the energy content, metabolic efficiency, and rate of aerobic
decomposition of representative PyOM compounds from primary literature. This enabled us to
systematically evaluate the bioavailability of a full spectrum of PyOM chemistries — which
would be unfeasible with laboratory experiments —and compare it to measured natural organic
matter (NOM) pools from global aquatic ecosystems. Overall, we found the range of predicted
bioavailability of PyOM was similar to NOM. Thermodynamic properties and carbon use
efficiencies of PyOM and NOM were statistically indistinguishable. Within PyOM, phenolic and
BC molecules had lower metabolic efficiency than other PyOM and NOM compounds, and the
impact of oxygen limitation on BC metabolism was lower than for other PyOM classes. In total,
our work supports the recent paradigm sxhift regarding PyOM bioavailability, highlighting its

potential role in global C emissions as the prevalence of wildfires increases.
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INTRODUCTION

Wildfires have burned an average of 1.8-million ha year in the US alone over the past
80 years® with dramatic impacts on terrestrial and aquatic ecosystem functions.?> The frequency,
extent, and severity of wildfire activity in many regions has increased rapidly in response to
pervasive hotter and drier conditions associated with climate change,®® a trend that is expected to
continue.'® The impact of wildfires on river corridor biogeochemistry has received significant
recent attention and is mediated by the loading of sediment and pyrogenic materials into
waterways.! 12 In particular, pyrogenic organic matter (PyOM) is a complex continuum of
materials generated by thermal alteration of biomass'* 14 and can have substantial impacts on
river corridor biogeochemistry due to the importance of organic matter as a carbon (C) and
energy source in rivers. Globally, wildfires generate 116-385 Tg per year of the most commonly
measured constituent of PyOM—black carbon (BC, defined herein as the condensed aromatic
fraction of PyOM typically measured by benzene polycarboxylic acid (BPCA) method'! %), This
wildfire generated BC provides a continuous source of PyOM to inland waters that totals 300 to
500 giga-metric tons of C stored in sediments, soils, and waters.6-2° Within river corridors, BC
alone constitutes ~10% of dissolved organic C pools.'® Given that organic matter drives
biogeochemical cycles in most aquatic ecosystems, the loading of PyOM into river corridors has
the potential to produce substantial impacts on ecosystem functions and downstream drinking
water treatability.?!: 2

Historically, PyOM has been considered refractory, passively transported and deposited
throughout landscapes. Some estimates of PyOM residence times in aquatic landscapes extend
thousands of years.?*-?6 Yet, simple mass balances suggest depositional reservoirs, including soils

and sediments, do not fully account for PyOM production via biomass burning.?’” This implies
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biotic and/or abiotic loss from source to sink.?® This paradigm shift is highlighted by recent work
that has shown PyOM may be more bioavailable than previously thought?®-3%, and is also
supported by biochar research highlighting a variety of reactivity of combustion by-products.3? 32
PyOM may constitute a significant and unconstrained contributor to global biogeochemical
cycles and climate feedbacks. To address this knowledge gap, we used a substrate-explicit model
to predict organic matter energy content, metabolic efficiency, and rate of aerobic decomposition
to compare the bioavailability of PyOM to natural organic matter (NOM) in global surface
waters and sediments. We hypothesized that the continuum of chemistries in PyOM would show
roughly comparable bioavailability to diverse NOM pools.

We leverage a newly developed substrate-explicit model®* that parameterizes OM-
specific oxidative degradation pathways and reaction rates based on the thermodynamic
properties of OM molecules. It relies on the elemental composition of individual OM molecules
to provide a systematic way to formulate reaction kinetics and enable flexible application across
environments, as it is agnostic of many factors that have complicated a universal understanding
of OM bioavailability, including molecular structure (e.g., double boding and aromatic rings),
priming dynamics, chemical inhibition, mineral-associations and physical protection, terminal
electron acceptor concentrations, microbial community composition and accessibility, and
abiotic reactions (reviewed in Arndt et al.>>). The model requires two simple parameters (Umax
and Vi, see Supporting Information), which focus on the chemical composition of OM as a
governing factor in metabolism and overcome a key limitation in modelling aquatic OM
decomposition, that variation in parameters across environments limits transferability of model
predictions.3® This ecosystem-agnostic approach allows us to examine the molecular

bioavailability of individual OM molecules, and it provides a baseline for future work
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investigating pool-scale dynamics that require a broader range of parameters calibrated for
environmental context and targeted laboratory experiments that a examine the bioavailability of a
narrower range OM across environmental contexts. In total, our results support an emerging

paradigm in wildfire science in which PyOM are more bioavailable than historically considered.

MATERIALS AND METHODS

An extended version of our methods is available in the Supporting Information.

To assess the bioavailability of PyOM, we searched primary literature for representative
compounds of the PyOM continuum. Specifically, we targeted characteristic organic compounds
from field and laboratory burns of various fuel types representing a range of moisture,
temperature, and oxygen conditions (Table S1). The chosen compounds focused on biomass
burning alteration products, which are often used to characterize PyOM in the environment. This
included compounds such as theoretical BC compounds (defined here as condensed aromatic
core structures polysubstituted with O-containing functionalities®®), anhydrosugars, and
polycyclic aromatic hydrocarbons (PAHSs). The list also included compounds created and/or
transformed from biomass burning, such as those derived from biopolymers like lignin (e.g.,
methoxyphenols), waxes (e.g., n-alkenes from thermal dehydration of n-alkanols), and resins
(e.g., thermally oxidized diterpenoids).3’- % In total, our literature search for PyOM chemistries
yielded 389 compounds with 207 unique chemical formulae.

After generating a set of representative compounds, we used a substrate-explicit
modelling framework developed by Song et al.3* to characterize the bioavailability of each
compound and predict its rate of decomposition. Importantly, the model utilizes molecular

formulae to predict energetic content, metabolic efficiency, and rates of aerobic metabolism,
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while it does not account for structural components of organic molecules (e.g., double bonds,
folding patterns, cross-linkages). This enabled flexibility in application to high-throughput mass
spectrometry techniques that yield chemical formulae but not structural information (e.g., Fourier
Transform lon Cyclotron Resonance Mass Spectrometry, FTICR-MS). Despite its limitations,
the substrate-explicit model used here has proven useful in linking NOM composition to aerobic
metabolism in natural environments®* 3% 4% and its structure is consistent with Harvey et al.*
who argued for the importance of thermodynamic estimates of PyOM bioavailability that
underlie this model. It was chosen to allow for comparison of PyOM to the most comprehensive
assessment of global aquatic NOM pools to date.*

Briefly, the substrate-explicit model uses the elemental stoichiometry of organic
molecules, based on molecular formulae, to predict the number of catabolic reactions that must
occur to provide the energy required for the synthesis of one mole of biomass carbon. This
quantity is described by the parameter lambda (A) in which lower A values denote more efficient
energetics of catabolism in producing biomass through anabolism. The model also predicts the
Gibbs free energy of C oxidation (AGcox), under standard conditions with a modification to pH 7
adjusted from LaRowe and Van Cappellen*® by Song et al.**, as well as C use efficiency (CUE)
as defined by Saifuddin et al.** Lower AGcox denotes higher thermodynamic favorability in an
electron donor half reaction associated with organic matter, and higher CUE reflects more C
assimilated into biomass per unit C respired. We also predicted the rate of aerobic metabolism
(as oxygen consumed per mol-C biomass produced) under three scenarios commonly observed in
aquatic ecosystems: (a) C-limitation, (b) oxygen (O2) limitation, and (c) both C and O2-
limitation. For more details of the substrate-explicit modelling approach used, please see Song et

al.* Each metric (A, AGcox, CUE, metabolic rates) denotes a different aspect of bioavailability.
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Though the relative magnitude of the metrics in comparison to each other will vary based on the
specific stoichiometry of a molecule, highly bioavailable compounds are indicated by low A and
AGcox coinciding with high CUE and metabolic rates.

Three sets of organic molecules were used as model inputs: global dissolved (1) surface
water NOM and (2) sediment NOM pools, measured by FTICR-MS as described by Garayburu-
Caruso et al.*?; and (3) literature-derived PyOM compounds as described above. Inputs to the
model from the PyOM compounds were unique molecular formulae, grouped in subsequent
analysis by their corresponding compound classes (Table S1). If one molecular formula was
represented by several PyOM compounds (e.g., C10H1602, which corresponds to the
sesquiterpenoid cis-Thujan-10-oic acid and 3-, 4- substituted methylcatechol phenols), we
assigned multiple compound classes to that molecular formula. Surface water and sediment
NOM pools were filtered to compounds occurring in 95% of samples to yield a dataset of
globally ubiquitous NOM. Formulae assignment and inferred chemical classes via Van Krevelen
diagrams in NOM pools are described by Garayburu-Caruso et al.*> We compared modelling
outputs from representative PyOM to outputs of ubiquitous NOM pools to infer relative
bioavailability using ANOVA and Tukey HSD statistical tests with R software. All model
outputs are available in Tables S2-S4. Code is available at:

https://github.com/hyunseobsong/lambda. Data describing NOM pool chemistry are published as

a data package*® (available at: doi:10.15485/1729719) and are discussed in more detail by

Garayburu-Caruso et al.*.

RESULTS AND DISCUSSION
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We used a substrate-explicit model to evaluate the emerging paradigm of PyOM
bioavailability and compared model outputs to comprehensive measurements of global NOM
pool composition.3* 340,42 |n contrast to previous characterizations of PyOM bioavailability,®
30,41, 46 the model-based approach enabled us to directly compare known combustion products to
thousands of ubiquitous NOM compounds, which would have been unfeasible to directly assess

in a laboratory setting.

Inferred Molecular Bioavailability of Pyrogenic Organic Matter.

Though previous work has shown that OM chemistry of sediment and surface waters is
altered by wildfires,*: 16.47. 48 our results suggest that the chemically distinct pools of OM altered
by pyrolysis may have similar overall bioavailability to NOM. We found that the ranges of
AGcox, A, and CUE were similar between PyOM and NOM pools in sediments and surface
waters (Figure 1 and 2a). Predicted CUE of PyOM classes was also comparable to literature
values reported by others.** 450 Similarly, A did not vary across all groups of organic molecules
or in post-hoc pairwise comparisons (ANOVA p = 0.09, and Tukey HSD p (PyOM-sediment) =
0.92, p (PyOM-water) = 0.40, p (water-sediment) = 0.10). While AGcox and CUE were
significantly different when comparing all three groups (ANOVA, p < 0.001), surface water and
sediment NOM had greater dissimilarity in these parameters than any comparison involving
PyOM. For example, the mean difference in NOM between surface water and sediment was 7.34
kJ/mol-C for AGcox and 0.058 for CUE. Comparatively, the differences between PyOM and both
surface water and sediment were less than 7.4 kJ/mol-C for AGcox and 0.058 for CUE. Further,
there was no evidence that CUE was different between PyOM and sediment NOM (Tukey HSD,

p = 0.20). These results signal a strong overlap between PyOM bioavailability and NOM pools;
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however, within PyOM compounds, there was variability in AGcox, A, and CUE consistent with a
heterogeneous continuum of organic matter (Figure 1 and S1). This is not surprising, given the
diversity of PyOM chemistries generated by wildfires of different burn severities and source
materials,! 5% 52 some of which overlap with chemical classes in unaltered NOM.

Interestingly, the relative equivalence of predicted CUE across PyOM and NOM pools
revealed that PyOM decomposition in rivers could emit comparable amounts of CO2 per mole of
C to extant NOM pools. CUE is used in many microbially-explicit decomposition models to
constrain organic matter bioavailability,>3-%° and predicted CUE from PyOM pools can be easily
assimilated in microbially-explicit model predictions that rely on CUE as an input parameter.
Such an approach could be used to directly evaluate the impact of PyOM on global C cycles,
leading to a better incorporation of PyOM impacts in model predictions.®°

Within PyOM (Figure 1c), two clusters of compounds were distinctly separated from the
energetic and metabolic properties of most PyOM. For example, phenols had greater A values
than the majority of PyOM and NOM compounds (all A > 0.039, mean A = 0.084), while the
electron donor half reaction involving BC molecules were less energetically favorable than other
PyOM classes (all AGcox > -143.42, mean AGcox = -136.40). However, both were within the
range of variability in NOM pools (Figure 1). Phenols and BC also had among the lowest CUE
values (BC mean = 0.47 and phenols mean = 0.54). Phenols are traditionally associated with
refractory organic matter, such as lignin and tannins, that exhibit long residence times in soils,®*
although they have also been reported to be bioavailable in soils and waters in recent years (e.g.,
61,62)  Additionally, BC in this study is defined by inferred aromaticity from ultrahigh resolution
mass spectroscopy (i.e., the presence of condensed aromatic structures), which is also considered

to have low reactivity.? 3¢ Although the bioavailability of the phenols and BC classes is
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consistent with traditionally defined refractory PyOM pools, it is within the bioavailability range
observed in NOM, and these compound classes represent only a small portion of the PyOM
continuum.* 4 We note that the comparatively low predicted CUE of phenols and BC indicates
that, if metabolized, their decomposition could have a greater impact on river corridor CO2
emissions than other PyOM and NOM compounds. As a result, current understanding may

substantially underestimate the size, reactivity, and hydrobiogeochemical role of PyOM. !

Inferred Metabolism of Pyrogenic Organic Matter.

Predicted rates of PyOM metabolism were also similar to NOM pools (Figure 2b),
reinforcing comparable bioavailability between the two pools of organic matter. Pairwise
comparison of metabolic rates revealed no evidence for differences between PyOM and sediment
NOM under oxygen limitation (Tukey HSD, p = 0.23) and without carbon or oxygen limitations
(Tukey HSD, p = 0.34). However, there was strong evidence that metabolic rates of both PyOM
and sediment NOM were different than surface water NOM (Tukey HSD, all p < 0.001). Aquatic
sediments can reach anoxia within millimeters of the sediment-water interface such that model
predictions under oxygen limitation may translate to no meaningful difference between PyOM
and NOM in natural sediments. Under C-limitation, PyOM had a statistically elevated rate of
metabolism relative to both surface water and sediment NOM (Tukey HSD, all p < 0.001).
However, we noted only small differences in rate values (means, surface water: 0.13, sediment:
0.13, PyOM: 0.17), with a similar range of values in sediment NOM (0.0008-0.45) and PyOM
(4.75e-08-0.45). Statistical differences were not surprising given an extremely large sample size

for NOM (sediment n = 398, surface water n = 811), and the low effect sizes denote that overall
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differences in metabolisms between PyOM and NOM were minimal despite statistical
separation.

When considering the impact of various elemental limitations on PyOM metabolism, rate
predictions were strongly inhibited under low carbon and oxygen conditions. Predicted rates of
PyOM metabolism were approximately six times lower when C or Oz was scarce. Low
decomposition rates such as those predicted here under oxygen and C limitation could be one
reason for the observed persistence of PyOM in depositional features that tend to be anoxic with
refractory C pools.?-? Still, it is worthwhile to note that metabolism of all PyOM classes under
low O2 or C was predicted to be substantially slower than without elemental limitations,
indicating PyOM compounds may both actively cycle in well-oxygenated surface waters with
fresh C inputs? and persist over long periods of time in O2-limited sediments.

Among PyOM compound classes, BC was less negatively impacted by oxygen limitation
than any other group (Figure S2). Previous work has demonstrated that microorganisms are
capable of decomposing chemically complex organic molecules, such as long-chained and/or
aromatic hydrocarbons under low oxygen availability and/or anaerobia.®%-¢¢ Similar microbial
metabolic pathways may also be capable of degrading BC molecules in natural settings and
could be investigated with future laboratory work. Notably, our work also supports the notion
that black nitrogen could be more bioavailable than BC. We posit this may be due, in part, to its
chemical structure that includes pyrrole-type moieties, which are relatively biodegradable.®7: 68
While we only examined one class of PyOM molecules containing nitrogen (n-alkylnitriles), it

had among the highest predicted CUE and rates of aerobic metabolism.

Correspondence to Empirical Investigations.
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While the substrate-explicit modelling approach used here has been validated in natural
settings and enabled comparison to a rich suite of ubiquitous NOM molecules, one key limitation
is its inability to account for structural characteristics of organic matter. Indeed, some aspects of
model predictions are inconsistent with experimental evidence, highlighting the role of
laboratory studies in evaluating PyOM bioavailability. For instance, n—alkenes and related
compounds tended to be most favorable for metabolism, despite these compound classes having
high stability in the environment and common usage as paleo-proxies in soils and sediments
(e.g., % 79). These compounds are characterized by carbon-carbon double bond functional
groups, which may decrease bioavailability and are not considered in the model predictions.
Fatty acids and n-alkanes biomass burning by-products are generally reduced in chain length in
comparison to their un-burned counterparts’, and thus may be relatively bioavailable compared
to other lipids. Additionally, we note that previous work has shown fast degradation of
combustion-derived lipids in soils;* as well as high n-alkene metabolism under anaerobic
conditions (in particular by sulfate-reducing bacteria’>7°), n-alkene metabolism in natural
sediments,” ’® and a range in lipid reactivities at the sediment-water interface.”” While work on
n-alkene metabolism in aerobic settings is limited, the comparative bioavailability of n-alkenes
and known microbial degradation pathways suggests diverse microbiomes in sediments may
metabolize these compounds as part of natural biogeochemical cycles. Another notable
discrepancy is the relatively low bioavailability of anhydrosugars when compared to other PyOM
compounds. Experimentally, anhydrosugars are highly bioavailable in oxic conditions, with a
half-life of less than seven days.3 The model may therefore not adequately account for enzyme-
catalyzed reactions, such as levoglucosan kinase or levoglucosan dehydrogenase, which cleave

and phosphorylate the 1,6-intramolecular linkage,”® and could be potentially common enzymes
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utilized by aquatic microorganisms.’” Because of these nuances, the PyOM compound classes
presented here are best used as bounding estimates for experimental validation, and for holistic
comparison to NOM bioavailability. Still, the span of compounds investigated here, and their
comparison to NOM pools, provides a breadth of PyOM investigation that is unfeasible without

model-based approaches.?®: 30 41, 46

Conclusions.

Our data supports the recent paradigm shift towards high PyOM bioavailability and
provides a foundation for detailed laboratory experiments investigating specific components of
the PyOM continuum. Intensifying wildfire regimes in many parts of the world are increasing the
production of PyOM with potential implications for source water supplies, which are critical for
domestic, industrial, agricultural, and ecological needs. Yet, many fundamental questions, such
as “how much” PyOM exists in ecosystems, “how fast” it cycles, and “how old” it is remain
largely unknown, and are an active area of research.8® Furthermore, there has been no systematic
evaluation of the bioavailability of different constituents within the heterogeneous pools that
comprise the PyOM continuum.8 Our work provides the first comprehensive computational
assessment of the bioavailability of various chemical classes of PyOM in comparison to NOM
pools. The comparable bioavailability to NOM revealed that PyOM may be actively transformed
within the river corridor and may be an increasing source of C emissions to the atmosphere in the

future as the prevalence of wildfires increases.
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Figure 1. Comparison of PyOM energy content (AGcox) and metabolic efficiency (1) to global
NOM. Ubiquitous NOM molecules detected via FTICR-MS in global (a) surface water and (b)
sediment are colored by inferred chemical class. (c) Representative PyOM molecules are colored
by known chemical properties. Because PyOM molecules were derived from primary literature,
we are able to assign chemical properties at higher resolution than inferred classes from
measured NOM pools. Details on inferred chemical class assignment are provided in the

Supporting Information. Legends are inset in (a) for (a) and (b), and to the right of (c).
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Figure 2. Carbon use efficiency (CUE) and predicted metabolism of NOM and PyOM. (a)
shows the distribution of CUE in PyOM (red) and ubiquitous surface water (blue) and sediment
(black) NOM molecules rates. It shows a probability density function (PDF) that reflects the
relative likelihood that value of a random sample drawn from a particular group would equal the
value on the x-axis. (b) depicts the predicted metabolism of surface water NOM, sediment NOM,
and PyOM. Letters in (b) denote statistical groups. Median values are denoted by a bar, the
lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles),
and the upper and lower whiskers extend from the hinge to the largest/smallest value no further
than 1.5 * IQR from the hinge (where IQR is the inter-quartile range, or distance between the

first and third quartiles), and data beyond the end of the whiskers are plotted individually.
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330 Figure S1. Carbon use efficiency (CUE) of PyOM, grouped by known chemical properties. High
331 CUE values indicate more C incorporated into biomass vs. respired per unit C. Median values
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Figure S2. Predicted metabolism of ub
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C-limited and O2-limited scenarios are show in the second and third columns, respectively.
Median values are denoted by a bar, the lower and upper hinges correspond to the first and third
quartiles (the 25th and 75th percentiles), and the upper and lower whiskers extend from the hinge
to the largest/smallest value no further than 1.5 * IQR from the hinge (where IQR is the inter-
quartile range, or distance between the first and third quartiles), and data beyond the end of the

whiskers are plotted individually.
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Table S1. PyOM molecules and chemical properties.

Table S2. Substrate-explicit model outputs for each PyOM compound.

Table S3. Substrate-explicit model outputs for each sediment NOM compound.

Table S4. Substrate-explicit model outputs for each surface water NOM compound.
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SUPPORTING INFORMATION: EXTENDED MATERIALS AND METHODS
Representative Pyrogenic Organic Matter (PyOM) Description

To assess the bioavailability of PyOM, we searched primary literature for representative
compounds of the PyOM continuum. Specifically, we targeted previously characterized organic
compounds from field and laboratory burns of various fuel types representing a range of
moisture, temperature, and oxygen conditions (Table S1). The chosen compounds focused on
biomass burning alteration products which are often used to characterize PyOM in different
environmental media, such as aerosols, soils, and waters. This included compounds such as
theoretical BC compounds (defined here as condensed aromatic core structures polysubstituted
with O-containing functionalities'), anhydrosugars, and polycyclic aromatic hydrocarbons
(PAHS). The list also included compounds created and/or transformed from biomass burning,
such as those derived from biopolymers like lignin (e.g., methoxyphenols), waxes (e.g., n-
alkenes from thermal dehydration of n-alkanols), and resins (e.g., thermally oxidized
diterpenoids).? 2 In total, our literature search for PyOM chemistries yielded 389 compounds

with 207 unique chemical formulae from 12 primary literature sources (Table S1).

Natural Organic Matter (NOM) Description

Global surface water and sediment NOM pool composition was measured with Fourier
transform ion cyclotron mass spectrometer (FTICR-MS) in order to be able to detected
thousands of OM compounds per sample, thereby providing a high-resolution perspective on
NOM, and the data used here are described in more detail by Garayburu-Caruso et al.*

Briefly, the WHONDRS consortium collected surface waters and sediments from 97 river

corridors in 8 countries within a 6-week period, from 29 July to 19 September. At each location,



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

23

collaborators selected sampling sites within 100 m of a station that measured river discharge,
height, or pressure. Surface water was collected in triplicate using a 60 mL syringe and then
filtered through a 0.22 um sterivex filter (EMD Millipore) into a 40 mL glass vial (I-Chem
amber VOA glass vials; ThermoFisher, pre-acidified with 10 pL of 85% phosphoric acid).
Subsequently, 125 mL of surface sediments (1-3 cm depth) were sampled from a ~1 m? area at
each of three depositional zone with a stainless steel scoop, making sure the sediments were
saturated upon collection. All samples were shipped to Pacific Northwest National Laboratory on
blue ice within 24 h of collection. Surface water samples were immediately frozen at —20 °C
upon receiving. Sediments were sieved to <2 mm, subsampled into proteomic friendly tubes
(Genesee Scientific), flash frozen in liquid nitrogen and then stored at -80 until FTICR-MS
analysis. Note that in the methods provided by Garayburu-Caruso et al. 4 there is an error in the
description of the sediment preservation prior to FTICR-MS analysis. Corrected preservation
methods are used in this manuscript.

Prior to FTICR-MS analysis, sediment organic matter was extracted in proteomic friendly
tubes (Genesee Scientific) with a 1:2 ratio of sediment to water (5 g of sediment to 10 mL of
milli-Q water), continuously shaken in the dark at 375 rpm and 21 °C for 2 h. The tubes were
centrifuged at 6000 rcf and 21 °C for 5 min. The supernatant was collected and filtered through
0.22 pm polyethersulfone membrane filter (Millipore Sterivex, USA) into borosilicate glass
vials. Surface water and sediment extracts were normalized to a standardized NPOC
concentration of 1.5 mg C L—1. Diluted samples were acidified to pH 2 with 85% phosphoric
acid and extracted with PPL cartridges (Bond Elut), following Dittmar et al.®

A 12 Tesla (12 T) Bruker SolariX FTICR-MS (Bruker, SolariX, Billerica, MA, USA)

located at the Environmental Molecular Sciences Laboratory in Richland, WA, was used to
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collect ultrahigh-resolution mass spectra of surface water and sediment OM pools. Resolution
was 220 K at 481.185 m/z. The FTICR-MS was outfitted with a standard electrospray ionization
(ESI) source, and data were acquired in negative mode with the voltage set to +4.2 kV. The
instrument was externally calibrated weekly to a mass accuracy of <0.1 ppm; in addition, the
instrument settings were optimized by tuning on a Suwannee River Fulvic Acid (SRFA)
standard. Data were collected with an ion accumulation of 0.05 s for surface water and 0.1 or 0.2
s for sediment from 100-900 m/z at 4 M. One hundred forty-four scans were co-added for each
sample and internally calibrated using an OM homologous series separated by 14 Da (-CH2
groups). The mass measurement accuracy was typically within 1 ppm for singly charged ions
across a broad m/z range (100 m/z-900 m/z). BrukerDaltonik Data Analysis (version 4.2) was
used to convert raw spectra to a list of m/z values by applying the FTMS peak picker module
with a signal-to-noise ratio (S/N) threshold set to 7 and absolute intensity threshold to the default
value of 100. We aligned peaks (0.5 ppm threshold) and assigned chemical formulas using
Formularity.® The Compound Identification Algorithm in Formularity was used with the
following criteria: S/N > 7 and mass measurement error <0.5 ppm. This algorithm takes into
consideration the presence of C, H, O, N, S, and P and excludes other elements.

The R package “ftmsRanalysis”’ was used to (1) remove peaks outside of a high
confidence m/z range (200 m/z—900 m/z) and/or with a 13C isotopic signature and (2) to predict
chemical class assignments for each NOM molecule using oxygen-to-carbon and hydrogen-to-
carbon ratios (i.e., Van Krevelen classes®). To yield a dataset of globally ubiquitous NOM,
surface water and sediment NOM pools were filtered to compounds occurring in 95% of

samples.
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Although FTICR-MS has the advantage of allowing for the detection of thousands of
NOM molecules, one drawback is that formula assignments and follow-on chemical class
inferences are computationally assessed rather than referenced against known standards. Because
of this, chemical class inferences for NOM molecules in this study are limited to a higher level of
molecular taxonomy than PyOM molecules that were extracted from primary literature and had
known compound identifications. This results in a discrepancy between compound classes
presented in the main text figures for NOM and PyOM molecules. We provide finer
classifications for PyOM compounds (e.g., phenols), many of which fall into the broader groups
depicted for NOM pools (e.g., lipids), to provide the maximum information we are able to infer

from each data type.

Substrate-Explicit Model Description

We used a substrate-explicit modelling framework developed by Song et al.® to
characterize the bioavailability of each compound and predict its rate of decomposition. The
model is compound-specific and environment-agnostic (with excepted specifications of 1 bar
atmospheric pressure, pH 7, and 25°C), meaning that it yields predictions for each input
compound (as opposed to as a pool of compounds) and does not consider environmental
conditions such as minerology or redox potential. Calculation of thermodynamic functions at

pH=7 is important because aqueous species at pH=0 do not necessarily represent the state of

biological cells. Correction of Gibbs free energy for any given reaction (r) from pH=0 (AG/) to
7 (AG, ) can be made using the following equation:

AG, =AG; +RTy,.In(107) (Eq. 1)
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where R is the universal gas constant [= 0.008314 kJ/(K - mol)], T is temperature in Kelvin, y .

is the stoichiometric coefficient of H* in a given reaction. With this adjustment, the sign of Gibbs
free energy for an electron donor half reaction is often changed from plus to minus.

Three sets of organic molecules were used as model inputs: global dissolved (1) surface
water NOM and (2) sediment NOM pools?; and (3) literature-derived PyOM compounds as
described above. Inputs to the model were unique molecular formulae, grouped in subsequent
analysis by their corresponding compound classes (Table S1). If one molecular formula was
represented by several PyOM compounds (e.g., C10H1602, which corresponds to the
sesquiterpenoid cis-Thujan-10-oic acid and 3-, 4- substituted methylcatechol phenols), we
assigned multiple compound classes to that molecular formula.

Briefly, the substrate-explicit model uses the elemental stoichiometry of organic
molecules, based on molecular formulae, to predict the number of catabolic reactions that must
occur to provide the energy required for the synthesis of a unit carbon mole of biomass. This
quantity is described by the parameter lambda (A) in which lower A values denote more efficient
energetics of catabolism in producing biomass through anabolism. As described above, the
model also predicts the Gibbs free energy of C oxidation (AGcox), under standard conditions with
a modification to pH 7 adjusted from LaRowe and Van Cappellen'® by Song et al.®, as well as C
use efficiency (CUE) as defined by Saifuddin et al.'* Lower AGcox denotes higher
thermodynamic favorability in an electron donor half reaction associated with organic matter,
and higher CUE reflects more C assimilated into biomass per unit C respired. We also predicted
the rate of aerobic metabolism (as oxygen consumed per mol-C biomass produced) under three
scenarios commonly observed in aquatic ecosystems: (a) C-limitation, (b) oxygen (Oz2)

limitation, and (c) both C and Oz-limitation. For more details of the substrate-explicit modelling
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approach used, please see Song et al.® Each metric (A, AGcox, CUE, metabolic rates) denotes a
different aspect of bioavailability. Though the relative magnitude of the metrics in comparison to
each other will vary based on the specific stoichiometry of a molecule, highly bioavailable
compounds are indicated by low A and AGcox coinciding with high CUE and metabolic rates.
More details on Song et al.’s substrate-explicit model are below, and we point the reader to the
original publication for the full methodology.

The substrate-explicit model used here leverages two microbial parameters [maximal
growth rate (umax) and harvest volume (V) (i.e., the volume that a microbe can access for
harvesting energy)] to predict OM-specific oxidative degradation pathways and reaction rates
based on the thermodynamic properties of OM pools. The remaining reaction kinetics are
formulated from the chemical formula of OM, based on thermodynamic principles. The model is
comprised of two major components (1) derivation of stoichiometric equations for catabolic,
anabolic, and metabolic reactions by combining a set of standard thermodynamic analyses*? 1213
and (2) formulation of kinetic equations for the final oxidative degradation reaction of OC using
a relatively recent thermodynamic theory for microbial growth.4

For (1), we derived stoichiometric equations following the standard approaches outlined
in the literature.*® 1> Step-by-step instructions are available in Song et al. For each OM
compound, we derived a stoichiometric equation for oxidative degradation of OC by combining
catabolic (i.e., all processes for obtaining energy through substrate oxidation or other means) and
anabolic (i.e., synthesis of biomass using the energy provided from catabolism) reactions to
generate a full metabolic process. To do so, we combined to common approaches to generate
metabolic reactions based on stoichiometric equations—the dissipation method*® 17 and the

thermodynamic electron equivalents model (TEEM).*? The dissipation method provides a basic
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framework through the determination of the stoichiometric coefficient vector for metabolic
reaction by coupling the catabolic and anabolic reactions based on the parameter A, which in turn
was calculated by TEEM along with dissipation energy using information on C source and its
conversion into biomass. In all cases, we specified ammonium as the nitrogen source.

To derive kinetic equations in step (2), we use thermodynamic theory by Desmond-Le
Quemener and Bouchez!4 to formulate microbial growth kinetics from stoichiometric equations
in step (1). In the case of oxidative degradation of OC, the microbial growth on the ith OC (OCi)

can be represented by

b = p exp (_ lyoc.il ) exp (_ |vo,.i| )
’ Vi [0Ci] Vi [02]

where umax Is the maximal specific growth rate, Vh is the volume that a microbe can access for

(Eq. 2)

harvesting energy from the environment (thus termed harvest volume), y,; and y, are the

stoichiometric coefficients of OC and O2 in the metabolic reaction associated with oxidative

degradation of OC;, and ‘yoc‘i‘ and ‘yoz‘ denote their absolution values.

Importantly, the model utilizes molecular formulae to predict energetic content,
metabolic efficiency, and rates of aerobic metabolism, and it does not account for structural
components of organic molecules (e.g., double bonds, folding patterns, cross-linkages). It also is
agnostic of environmental parameters known to impact metabolic rates, such as temperature,
mineral sorption, and microbial community composition. This simplified approach enables
flexibility in application to high-throughput mass spectrometry techniques that yield chemical
formulae but not structural information (e.g., Fourier Transform lon Cyclotron Resonance Mass

Spectrometry, FTICR-MS) and supports hypothesis generation regarding in situ molecular



515

516

517

518

519

520

521

522

523

524

525

526

527

528

529
530

29

dynamics that can be directly measured with targeted laboratory experiments. Despite its
limitations, the substrate-explicit model used here has proven useful in linking NOM
composition to aerobic metabolism in natural environments® 8 19 and its structure is consistent
with Harvey et al.?’ who argued for the importance of thermodynamic estimates of PyOM
bioavailability that underlie this model. It was chosen to allow for comparison of PyOM to a

comprehensive assessment of global aquatic NOM pool composition.*

Statistics and Data Availability
We compared modelling outputs from representative PyOM to outputs of ubiquitous
NOM pools to infer relative bioavailability using ANOVA and Tukey HSD statistical tests with

R software. All model outputs are available in Tables S2-S4. Code is available at:

https://github.com/hyunseobsong/lambda. Data describing NOM pool chemistry are published as
a data package? (available at: doi:10.15485/1729719) and are discussed in more detail by

Garayburu-Caruso et al.*
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