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Wildfires, which are increasing in frequency and severity in the western U.S., impact water quality through

increases in erosion, and transport of nutrients and metals. Meanwhile, beaver populations have been

increasing since the early 1900s, and the ponds they create slow or impound hydrologic and elemental

fluxes, increase soil saturation, and have a high potential to transform redox active elements (e.g.,

oxygen, nitrogen, sulfur, and metals). However, it remains unknown how the presence of beaver ponds

in burned watersheds may impact retention and transformation of chemical constituents originating in

burned uplands (e.g., pyrogenic dissolved organic matter; pyDOM) and the consequences for

downstream water quality. Here, we investigate the impact of beaver ponds on the chemical properties

and molecular composition of dissolved forms of C and N, and the microbial functional potential

encoded within these environments. The chemistry and microbiology of surface water and sediment

changed along a stream sequence starting upstream of fire and flowing through multiple beaver ponds

and interconnecting stream reaches within a burned high-elevation forest watershed. The relative

abundance of N-containing compounds increased in surface water of the burned beaver ponds, which

corresponded to lower C/N and O/C, and higher aromaticity as characterized by Fourier transform ion

cyclotron resonance mass spectrometry (FT-ICR MS). The resident microbial communities lack the

capacity to process such aromatic pyDOM, though genomic analyses demonstrate their potential to

metabolize various compounds in the anaerobic sediments of the beaver ponds. Collectively, this work

highlights the role of beaver ponds as biological “hotspots” with unique biogeochemistry in fire-

impacted systems.
Environmental signicance

Beaver populations in North America have been increasing since the early 1900s, as have the occurrence of wildres in the western U.S., causing beaver ponds to
be frequently present within re impacted watersheds. Thus, it is important to understand how beaver ponds control the retention and transformation of re-
affected organic matter. Here, we analyzed a series of beaver ponds and interconnecting free-owing streams affected by the 2018 Ryan Fire in Wyoming, USA.
We found that re-impacted organic matter, rich in nitrogen, accumulated within the beaver ponds. We also investigated the microbial communities present in
re-impacted beaver ponds, which has not been previously reported. Our data indicates that beaver ponds function as biogeochemical hotspots controlling
downstream water quality within burned watersheds.
niversity, Fort Collins, CO, USA. E-mail:

91-6235

orado State University, Fort Collins, CO,

Ion Cyclotron Resonance Facility, Florida

est Service, Fort Collins, CO, USA

ratory, New Mexico State University, Las

mation (ESI) available. See

of Chemistry 2022
1. Introduction

Forests provide ecosystem services valued at �$5 trillion
annually1–3 and are critical global sources of high-quality
drinking water.4,5 Wetlands contribute to these services, as
they lter water, inuence biogeochemical cycling, and support
local ora and fauna.5 Such services are susceptible to natural or
anthropogenic disturbances (e.g., wildre, insect infestation,
development, etc.), especially as such disruptions may threaten
downstream water quality.6 Wildres are of particular concern
in the western U.S., as their frequency, intensity, and duration
Environ. Sci.: Processes Impacts
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have increased in recent years and are projected to increase
further.7,8 This underscores the need to better understand the
consequences of severe re on the ecosystem processes that
regulate clean water supply.

Heating and combustion of organic matter during severe
wildres creates pyrogenic organic matter (pyOM),9 comprised
of char, soot, and condensed polycyclic aromatic molecules,
and accounts for �5–15% of soil carbon.10 The higher hydro-
phobicity and aromaticity, lower C : N ratios, and longer mean
residence times of C in pyOM alters biogeochemical processes
compared to unburned soils.11–13 pyOM may be introduced to
uvial systems in post-re runoff, which can be enriched in
dissolved organic carbon (DOC), nitrogen (N), heavy metals,
nutrients, and polycyclic aromatic hydrocarbons.14–16 Indeed,
stream DOC concentrations oen increase following re,17–19

though its reactivity and impacts on either river microbial
communities or water treatment is less certain. Recent studies
document elevated post-re DOC with increased aromaticity
and aromatic carboxylic acid concentrations,20,21 though
a comprehensive molecular-level characterization of these
compounds is lacking. Shis to more recalcitrant functional
groups may inhibit microbial metabolism of DOC22,23 and
preserve pyOM within aquatic ecosystems. Further, exported
pyOM from burned catchments is known to have costly short-
and long-term impacts on downstream drinking water treat-
ment and aquatic ecosystems.6,24 Wildre effects on water
quality can persist for years,15 and therefore represent impor-
tant nancial and functional challenges for water treatment.10

Concurrent to increases in re activity, North American
beaver (Castor canadensis) populations have steadily increased
since their near eradication in the northern U.S. in the early
1900s.25 These “ecosystem engineers” build dams and create
channels which inuence hydrologic and biogeochemical
processes with relevance to downstream water quality.26,27 The
structure of beaver dams and associated physical features are
Fig. 1 Sampling locations along Middle Fork of Big Creek within the Ry
forest along a tributary of McAnulty Creek.

Environ. Sci.: Processes Impacts
known to inuence post-re stream channel and oodplain
geomorphology,32 but their impact on microbial communities
and biogeochemical processes remains poorly studied.30 Beaver
dams and the oodplain complexity they create trap particulate
carbon (C) and nutrients and create reduced zones that are
depleted in dissolved oxygen,27 where microbes must rely on
alternate electron acceptors for respiration (e.g., NO3

�, Fe3+).28

Tied to these biogeochemical changes, beaver ponds inuence
the availability of nutrients, solubility of metals, and quality of C
in surface waters and sediments,25,29,30 likely affecting C and N
dynamics.31,32 In contrast to free-owing stream reaches that
favor aerobic respiration, the reducing conditions within beaver
ponds favor anaerobic metabolisms. Microbes are known to
metabolize pyOM in well-oxygenated soils,33,34 but the potential
for microbial processing of pyOM under saturated beaver pond
anoxic conditions is less well understood. With beaver pop-
ulations reaching approximately 30 million in North America35

and over 1 million in Eurasia,36 understanding the inuence of
beaver ponds on pyOM processing is critical to predict C and N
cycling in impacted areas.

Nitrogen is a limiting reactant for microbial and plant
productivity,37,38 and its lability and bioavailability are sensitive to
both heating and postre ecosystem characteristics.39,40 Although
dissolved nitrogen can remain elevated in streams for years
following re,41–43 little is known about the biotic (e.g., nitrica-
tion, dissimilatory nitrate reduction to ammonium) or abiotic
(e.g., sorption, aggregation) processes that regulate soil N cycling
and release to surface water.44 Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) coupled with elec-
trospray ionization analysis shows that combustion during
wildre creates thermodynamically recalcitrant organic matter
that resists microbial degradation and alters C and N cycling.45–47

FT-ICR MS permits direct measurement of DON and has shown
that the N contained in pyOM is incorporated into refractory,
heterocyclic aromatic compounds.44,46,48,49 However, molecular
an Fire near the Colorado–Wyoming border and unburned subalpine

This journal is © The Royal Society of Chemistry 2022
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transformations which may occur to nitrogenated pyOM in
anoxic conditions are not not-well known, despite the implica-
tions they may have for N cycling.50,51

This work investigates potential post-re changes to surface
water C and N chemistry and sediment microbiome composition
and function within beaver ponds. Work was conducted in
a subalpine forest watershed within the Medicine Bow-Routt
National Forest, Wyoming, USA, that burned during the 2018
Ryan Fire. We collected surface water and sediment samples
along a series of beaver ponds within a severely burned portion of
the watershed (Fig. 1). We expected to nd higher N concentra-
tions and DOM with higher aromaticity and larger molecular
sizes in the beaver ponds compared to free-owing stream rea-
ches. We hypothesized that changes in surface water molecular
speciation would inuence microbial communities in beaver
pond sediments. Finally, we examined whether microbially
mediated biogeochemical processes inuence C and N compo-
sition or export from re-affected beaver ponds.
2. Methods
2.1 Site description, sample collection and processing

Surface water was collected at six locations along a burned
stream affected by the 2018 Ryan Fire (Middle Fork of Big Creek)
starting above a series of four beaver ponds and from an adja-
cent unburned tributary of McAnulty Creek (Fig. 1). Three
neighboring ponds were combined and analyzed as a complex,
whereas Pond 4 was 3.5 km downstream and was analyzed
separately. Surface grab samples (one per sampling location)
were collected monthly starting near peak runoff throughout
the summer (mid-June through October) one and two years
postre. Stream water samples were collected from the thalweg
of the stream and pond samples were collected near the outlet
at the sediment–water interface.

Because water chemistry and the environmental microbiome
are intimately connected, we used DNA-based methods to
characterize the beaver pond microbiome within our sampling
sites and adjacent wetlands outside of the Ryan Fire (Fig. S1†).
Based on year 1 observations, we sampled bulk surcial sedi-
ments and associated pore water from Beaver Ponds 1, 2, and 4,
along with 4 other beaver ponds in adjacent watersheds in the
fall of 2020, for a total of seven samples. We additionally
attempted to collect only porewater samples from the ponds,
but the sediment in the ponds was very ne and all attempts to
use porewater “sippers” resulted in them clogging without
yielding sufficient sample for analysis. Therefore, surcial
sediment and pore water samples (approximately 5 cm depth)
were collected from the sediment–water interface using an
ethanol-sterilized plastic cup and stored in a cooler for trans-
port. One sediment sample was collected per sampling location.
b=a ¼ betaðexcitation : 31

alphaðexcitation : 310 nm; emissio

This journal is © The Royal Society of Chemistry 2022
2.2 Carbon, nitrogen, and UV-Vis uorescence

Water samples analyzed for DOC, DTN, and UV-Vis uorescence
spectroscopy were collected in pre-combusted (heated for 3
hours at 500 �C) glass amber bottles and ltered through 0.7 mm
pore-size glass ber lters (Millipore Corp, Burlington, MA)
within 24 hours of collection. Samples for anion and cation
analyses were collected in opaque high-density polyethylene
(HDPE) plastic bottles aer triple washing with de-ionized water
(EC < 1.0 mS cm�1).

DOC and DTN measurements were performed via high-
temperature combustion catalytic oxidation on a Shimadzu
TOC-VCPN total organic C/N analyzer with 2 M HCl addition
before analysis to remove mineral C (Shimadzu Corporation,
Columbia, MD). Inorganic nutrient concentrations were deter-
mined by ion chromatography via electrical conductivity
detection, using an AS19A Anion-Exchange column for anions
and a CS12A Cation-Exchange column for cations (Dionex Corp,
Sunnyvale, CA, APHA, 1998a). Detection limits for NO3

� and
NH4

+ were 10 mg L�1. DON is estimated as the difference
between DTN and the sum of dissolved inorganic N forms
(NO3

�N + NH4
+–N).

Optical parameters, such as uorescence index (FI), and
freshness index (b/a) approximate DOM characteristics, (e.g.,
aromaticity, degree of microbial processing) to measure shis
in DOM composition.50 Although these parameters only reect
the uorophores in the sample, they can be used to determine
variations in DOM source and biogeochemical processes.51,52 FI
is widely applied in stream water and wildre studies, as it
appears to be particularly sensitive for wildre-impacted DOM
due to increases in oxidized functional groups (increased by
�0.13 in re-impacted sediment leachates).53 Samples were
analyzed using a Horiba Scientic Aqualog (Horiba-Jobin Yvon
Scientic Edison, New Jersey, US) with excitation and emission
wavelengths from 200–800 nm at 3 nm intervals and scan times
of 2 seconds. Filtered samples were diluted to 5 mg C L�1 prior
to analysis to reduce inner-lter effects and normalize their
concentrations. A sealed cuvette of deionized water was used as
a blank and analyzed between every ten samples to correct for
instrument dri. The samples were corrected for inner-lter
effects and Rayleigh scatter was masked using rst and
second grating orders aer spectral analysis. Finally, each
spectrum was normalized by the area of the deionized water
Raman scattering peak, as determined by the blank.54 From
this, uorescence index (FI, eqn (1)),50 and freshness index were
calculated (b/a, eqn (2)).55

FI ¼ excitation : 370 nm; emission
470 nm

520 nm
(1)
0 nm; emission 380 nmÞ
n max intensity between 420� 435 nmÞ (2)

Environ. Sci.: Processes Impacts
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2.3 Fourier transform ion cyclotron resonance mass
spectrometry

2.3.1 Sample preparation. Compositional analysis of the
water samples was conducted using 21 tesla FT-ICR MS, used to
further explore the differences in DOM composition which
cannot be determined by concentration alone. The 21T FT-ICR
mass spectrometer achieves high resolving power (m/Dm50% ¼
3 000 000 at m/z 200), sub-ppm mass accuracy (20–80 ppb), and
high dynamic ranges that allows the assignment of tens of
thousands of species per mass spectrum.56–58 To extend
compositional coverage, we applied both positive-ion (+ESI) and
negative-ion electrospray ionization (�ESI) to selectively ionize
basic/acidic polar species through protonation/
deprotonation.46,59

Water samples collected in June 2019 were extracted for FT-
ICR MS analysis, with each beaver pond in the beaver complex
analyzed separately to evaluate the effect of different retention
times on chemical composition. Samples for FT-ICR MS anal-
ysis were collected in pre-combusted (heated for 6 hours at 400
�C) glass amber bottles, ltered through 0.2 mm polyether
sulfone lters and stored at 4 �C to minimize microbial activity.
Prior to FT-ICR MS analysis, samples were prepared via solid
phase extraction according to Dittmar et al., 2008.60 Briey,
500 mL of each sample was acidied to pH 2 using trace metal-
grade HCl (Sigma-Aldrich Chemical Co.). Agilent Bond Elut PPL
cartridges (3 mL, 200 mg) were prepared by rinsing rst with
15 mL methanol followed by 15 mL pH 2 water. PPL cartridges
are a common SPE sorbent, as they are selective for polar
compounds that are prevalent in OM.61 PPL selectivity and high
extraction efficiency (approximately 40–65% DOC recovery)
made them an appropriate sorbent for this analysis.62 Each
water sample was passed through a PPL cartridge that was
subsequently rinsed with 15 mL pH 2 water to remove salts.
Finally, each sample was eluted with 2 mL HPLC grade meth-
anol (Sigma-Aldrich Chemical Co., St. Louis, MO). SPE extracts
were ran without further dilution prior to analysis by negative
and positive ion electrospray ionization (ESI).46

2.3.2 Instrumentation: ESI source. The sample solution
was infused via a micro electrospray source63 (50 mm i.d. fused
silica emitter) at 500 nL min�1 by a syringe pump. Typical
conditions for negative ion formation were: emitter voltage,
�2.7–3.2 kV; S-lens RF (45%) and heated metal capillary
temperature 350 �C. Positive-ion ESI spray conditions were
opposite in polarity.

2.3.3 Instrumentation: 21 T FT-ICR MS. SPE extracts were
analyzed with a custom-built hybrid linear ion trap FT-ICRmass
spectrometer equipped with a 21 T superconducting solenoid
magnet.58,64 Ions were initially accumulated in an external
multipole ion guide (1–5 ms) and released m/z-dependently by
decrease of an auxiliary radio frequency potential between the
multipole rods and the end-cap electrode.65 Ions were excited to
m/z dependent radius to maximize the dynamic range and
number of observed mass spectral peaks (32–64%),65 and exci-
tation and detection were performed on the same pair of elec-
trodes.66 The dynamically harmonized ICR cell in the 21 T FT-
ICR is operated with 6 V trapping potential.65,67 Time-domain
Environ. Sci.: Processes Impacts
transients of 3.1 seconds were acquired with the Predator data
station that handled excitation and detection only, initiated by
a TTL trigger from the commercial Thermo data station, with
100 time-domain acquisitions conditionally-coadded for all
experiments.68 Mass spectra were phase-corrected69 and inter-
nally calibrated with 10–15 highly abundant homologous series
that span the entire molecular weight distribution based on the
“walking” calibration method.70 Mass spectral peaks with signal
magnitude greater than six-times the baseline root-mean-
square noise level at m/z 500 were exported to a peak list.
Experimentally measured masses were converted from the
International Union of Pure and Applied Chemistry (IUPAC)
mass scale to the Kendrick mass scale71 for rapid identication
of homologous series for each heteroatom class (i.e., species
with the same CcHhNnOoSs content, differing only by degree of
alkylation).72 For each elemental composition, CcHhNnOoSs,
heteroatom class, double bond equivalents (DBE ¼ number of
rings plus double bonds to C, DBE ¼ C � h/2 + n/2 + 1)73 and C
number, c, were tabulated for subsequent generation of
heteroatom class relative abundance distributions and graph-
ical relative-abundance weighted images and van Krevelen
diagrams. Molecular formula assignments and data visualiza-
tion were performed with PetroOrg© soware.74 Molecular
formula assignments with an error >0.25 parts per million were
discarded, and only chemical classes with a combined relative
abundance of $0.15% of the total were considered. All FT-ICR
MS spectra are publicly available through the Open Science
Framework (https://osf.io/t4eqx/) (https://doi.org/10.17605/
OSF.IO/T4EQX).

2.3.4 Molecular formula calculations. Assigned elemental
compositions from neutral species were used to calculate O/C
and C/N ratios, modied aromaticity index (AImod; eqn (3)),75,76

and nominal oxidation state of carbon (NOSC; eqn (4)).77 Van
Krevelen diagrams were also constructed from the FT-ICR MS
results, in which the elemental ratio of O/C is plotted on the x-
axis and the H/C ratio is plotted on the y-axis to visualize the
spread of the assigned formulas and major compositional
shis.78

AImod ¼
1þ C� 1

2
O� S� 1

2
ðNþ PþHÞ

C� 1

2
O�N� S� P

(3)

NOSC ¼ 4� 4CþH� 2O� 3N� 2S

C
(4)

C ¼ carbon, H ¼ hydrogen, O ¼ oxygen, N ¼ nitrogen, S ¼
sulfur, P ¼ phosphorus.
2.4 Microbial analyses

2.4.1 DNA extraction and 16S rRNA gene sequencing. To
extract pore uids and corresponding microbial communities,
sediment-pore water slurries were centrifuged at 7000 rpm for
10 minutes and the supernatant was then pulled off and
ltered through a 0.22 mm lter. DNA was extracted from the
lters using the Zymobiomics Quick-DNA Fecal Soil Microbe
This journal is © The Royal Society of Chemistry 2022
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Kits (Zymo Research, Ca, USA). For community composition
analysis, 16S rRNA genes in the extracted DNA were amplied
and sequenced at Argonne National Laboratory (primer set
515F/806R). Raw sequencing data was processed using the
QIIME2 pipeline (QIIME2-2019.10), reads were clustered into
amplicon sequence variant (ASV) classications at 99% simi-
larities, and taxonomy was assigned using the QIIME2 scikit-
learn classier trained on the SILVA79 (release 132) data-
base.80 All 16S rRNA gene sequencing data is available at NCBI
and can be accessed under accession number PRJNA792827.
Mean species diversity of each sample (alpha diversity) was
calculated based on species abundance and evenness using
Shannon's diversity index (H), Pielou's evenness (J), and
species richness (R vegan package).

2.4.2 Metagenomic sequencing and binning. A subset of
seven beaver pond sediment samples were selected for meta-
genomic sequencing to analyze metabolic functional potential
within these sediments. Three of these samples were recovered
from BP1, 2, and 4, while four other samples were collected
from additional beaver wetlands outside the Ryan Fire burn scar
(Fig. S1†). Libraries were prepared using the Tecan Ovation
Ultralow System V2 and were sequenced on the NovaSEQ6000
platform on a S4 ow cell at Genomics Shared Resource, Colo-
rado Cancer Center, Denver, CO, USA. Sequencing adapters
were removed from reads using Bbduk (https://jgi.doe.gov/data-
and-tools/bbtools/bb-tools-user-guide/bbduk-guide/), and
Sickle (v1.33)81 was used to trim reads. FastQC (v0.11.2) was
used before and aer trimming reads to ensure high-quality
reads were used for downstream processing. Trimmed meta-
genomic reads are available on NCBI and can be accessed under
accession number PRJNA792827. Reads were assembled into
contiguous sequences (contigs) using MEGAHIT (v1.2.9)82 with
a minimum kmer of 27, maximum kmer of 127, and step of 10
bp. Assembled contigs greater than 2500 bp were binned using
Metabat with default parameters (v2.12.1).83 We additionally
used co-assembly techniques to maximize the number of bins
from this dataset. The nal metagenome-assembled genomes
(MAGs) were assessed for completion and contamination using
checkM v1.1.2 (ref. 84) and taxonomy was assigned using GTDB-
Tk v1.3.0.85 The nal MAG dataset was combined and der-
eplicated using dRep v3.0.0 (ref. 86) to create the complete non-
redundant database. MAG relative abundance across each
sample was calculated using coverM genome v0.6.0 (https://
github.com/wwood/CoverM). All quality metrics and taxonomy
for the 33 medium- and high-quality MAGs discussed here are
included in the ESI† (ESI Data 1) and are deposited on Zenodo
(https://doi.org/10.5281/zenodo.5806541). MAGs were
annotated using DRAM v1.2.87 To identify multiheme c-type
cytochromes (MHCs), we used the Geneious Prime (version
2020.0.3) ‘Search for motifs’ tool to identify protein sequences
with at least 3 CXXCH motifs. To remove MHCs not involved
with metal reduction, we used the DRAM annotations to remove
any sequences annotated as a function likely unassociated with
metals. We then analyzed these sequences using PSORTb
(v3.0.2)88 to remove any proteins that were predicted to remain
within the cytoplasm.
This journal is © The Royal Society of Chemistry 2022
2.5 Iron analyses

Water samples for ICP-MS were ltered through ashless What-
man paper lters (GE Healthcare) and acidied to 2% HNO3

prior to analysis. Elemental concentrations of iron (Fe) were
measured via a NexION 250D mass spectrometer (PerkinElmer,
Waltham, MA) connected to a PFA-ST nebulizer (Elemental
Scientic, Omaha, Nebraska) and Peltier controlled (PC3x,
Elemental Scientic) quartz cyclonic spray chamber (Elemental
Scientic) set at 4 �C. Samples were introduced using a prep-
FAST SC-2 autosampler (Elemental Scientic). The nebulizer
gas ow was optimized for maximum Indium signal intensity
(58380 counts per second, 0.82 L min�1). To minimize inter-
ferences, these measurements were made in dynamic reaction
cell mode using ammonia as the reactive gas. Iron concentra-
tions reported represent the sum of the detected concentrations
of 54Fe and 56Fe. The detection limits for 54Fe and 56Fe were 7.24
and 6.46 ppb, respectively.

2.6 Statistical analyses

DOC, DTN, %DON, and C : N were evaluated for statistical
signicance using Student's t-test. All burned samples were
compared to the unburned sample for these analyses. First, an F
test was performed to assess the equality of variances between
samples. If Fcalculated (eqn (5) and (6)) is greater than F Critical
one-tail (determined by degrees of freedom), the difference in
variability between measurements is signicant, and the vari-
ances are unequal; a lower Fcalculated indicates equal variances.89

The results of the F test were used to inform the appropriate t-test
(Two-Sample Assuming Equal or Unequal Variances) to deter-
mine if the difference in sample means was signicant. If t Stat
(eqn (7) and (8)) is less than t critical two-tail (determined by
degrees of freedom at 95% condence interval), the difference is
not signicant; a higher t Stat indicates a signicant difference.89

A signicance level of 0.05 was used for statistical signicance in
all analyses, and all results are reported in Table S2.†

Fcalculated ¼ s1
2

s22
(5)

where s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

�
xi � xavg

�2
n� 1

vuut
(6)

t ¼
��x1avg � x2avg

��
spooled

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1n2

n1 þ n2

r
(7)

where spooled ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s1

2ðn1 � 1Þ þ s2
2ðn2 � 1Þ

n2 þ n2 � 2

s
(8)

3. Results and discussion
3.1 DOC and DTN increase within beaver ponds

DOC concentrations in the surface grab samples throughout the
re-impacted stream varied on both spatial (Fig. 2a) and
temporal scales (Fig. S2†). Average DOC concentrations were
Environ. Sci.: Processes Impacts
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Fig. 2 Dissolved organic carbon (DOC; a) and dissolved total nitrogen (DTN; b) concentrations along a stream impacted by the 2018 Ryan fire
and an adjacent unburned stream (Fig. 1). The lower and upper hinges of the boxplots represent the 25th and 75th percentile and themiddle line is
the median. The upper whisker extends to the median plus 1.5� interquartile range and the lower whisker extends to the median minus 1.5�
interquartile range and are comprised of the data from five months of sampling one-year post-fire. Outliers are identified by open circles, and
asterisks identify statistical significance.
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highest in June 2019 (6.42 ppm, one year aer re, immediately
following snow melt) and decreased from June to October
(averaging 6.42 ppm to 3.60 ppm, respectively). Such seasonal
changes to DOC concentrations have been documented in other
high-elevation ecosystems90 as well as in re-impacted
streams.15 While DTN averages also varied throughout the
summer, the highest average was reported in August 2019 (0.33
ppm) and the lowest in October (0.21 ppm). Seasonal variations
in N export agree with changes observed following the 2012
Hayman Fire in Colorado, in which DTN export varied by
month.15

There was no difference in DOC concentrations between the
unburned stream and the burned stream above the beaver
ponds (Fig. 2a). DOC roughly doubled and increased steadily as
water passed through the sequence of beaver ponds; however,
this difference was not signicant (Table S2†). Average DTN
exhibited a similar trend; the unburned and upstream sites
were roughly the same concentrations, and the concentrations
in beaver ponds were nearly twice those of the sites preceding
them (Table S1†). In contrast with DOC, DTN increases within
the ponds were statistically signicant (Table S2†). Importantly,
the beaver ponds typically contained higher concentrations of
DOC and DTN than the site upstream of them (Fig. 2b), in
agreement with previous studies conducted on beaver ponds
which have shown that these features inuence organic C
storage by trapping large quantities of sediment and organic
material,91,92 therefore affecting C and N dynamics within those
sites.31 Further evidence of a shi in C and N dynamics is
provided by the C : N ratio, which was 32 in the unburned
stream and uctuated between 16–20 in the burned stream
(Table S1†). While these differences are not signicant (Table
S2†), they do represent a shi below the commonly accepted
Environ. Sci.: Processes Impacts
threshold in whichmicrobes are no longer N limited (C : N ratio
of 24).93

DON constitutes a large percentage of DTN in unburned free-
owing rivers (62–99%).44 Soil and stream nitrate commonly
increase following re due to decrease of plant uptake, leaching
losses and increased nitrication.94,95 Stream nitrate and DTN
were both elevated in watersheds affected by extensive, severe
wildre in ponderosa pine forests in Colorado, but increases in
nitrate caused the fraction of DTN comprised by DON to decline
from 35% in unburned catchments to 6% in burned catch-
ments.15 Both nitrate and DTN roughly doubled within the Ryan
re, which indicates minimal wildre effect on the proportion
of DTN comprised by DON. Nitrate decreased by about 40%
downstream of the Beaver Complex, consistent with denitri-
cation in the anoxic beaver pond soils (Fig. S3†). The nitrate
decline resulted in substantial increases in %DON within the
ponds, constituting 60% of DTN in the Beaver Complex and
75% of DTN in BP4 (Table S1†). Although increases in ammo-
nium (NH4

+) concentrations in rivers following res have been
reported, they were primarily attributed to stormwater events,42

which were not included in this study. NH4
+ concentrations

reported here showed no appreciable changes on a spatial or
temporal scale, remaining very low across the entire sampling
gradient, oen below 0.01 ppm (Fig. S4†). While only DTN
differed signicantly (Table S2†) the observed pattern demon-
strates N enrichment within the beaver ponds relative to
unburned and upstream sites (Table S1†). Local changes in
DOC and DTN trends through the stream and beaver pondsmay
indicate that the inux of pyDOM, among other watershed-
derived inputs, into anoxic waters may be less favorable for
microbial respiration,96 leading to localized increases in%DON.
This journal is © The Royal Society of Chemistry 2022
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3.2 Nitrogen-containing compounds are enriched within
beaver ponds

The elemental class distribution of the surface grab samples for
both ionization modes is listed in Fig. 3 (formula counts) and
Table 1 (% relative abundances). Within the �ESI spectra, there
is an overall decrease in the %CHO and increase in %CHNO
between the burned and unburned stream (Table 1), although
the CHO fraction still constitutes most formulas assigned (6922
to 9065 formulas and represents 82.2–89.7% of the spectrum).
The smallest number of CHO formulas and lowest %CHO were
assigned for Beaver Pond 1 (BP1), accompanied by an increase
in %CHNO at the site, consistent with the observed increase in
DTN in that pond (Fig. 2). The other beaver ponds (BP2, BP3,
BP4) also display fewer CHO formulas than the non-beaver
pond sites (Unburned, Upstream, Downstream). CHNO vari-
ability through the stream resulted in the lowest number of
formulas assigned for BP2 (Fig. 3). Importantly, this site also
has lower DTN concentrations and a lower %DON than the
other beaver ponds (Table S1†). Contrary to other wetland
studies, calculated O/C ratios do not appear to be substantially
affected by the presence of beaver ponds. Within the sites
analyzed here, assigned O/C ratios varied by 0.03 throughout
the entire stream (Table S3†), a magnitude of change smaller
than that observed in Florida wetlands, where O/C increased by
�0.2.45 Thus, the observed changes in O/C ratios at the Ryan
Fire site are likely not large enough to fundamentally alter the
ability of the microbial community to process the pyDOM
inputs. To further investigate this, we calculated the nominal
oxidative state of carbon (NOSC), which describes a molecule's
lability through its direct relationship to the Gibbs free energy
(DG�) of the reduction half-reaction between organic matter
(electron donor) and a terminal electron acceptor (e.g., O2,
NO3

�, Fe3+, SO2
2�) (eqn (S1)†).77 NOSC values showed little

variation between sampling locations and remained above the
thermodynamic limits for standard state (NOSC < �0.6) and
suldic reduction (NOSC < �0.3)96 (Table S3†), indicating that
Fig. 3 Elemental composition assignments derived from � ESI FT-ICR M
include the assigned formula counts for each heteroatom class assigned.
¼ hydrogen, N ¼ nitrogen, O ¼ oxygen, S ¼ sulfur.

This journal is © The Royal Society of Chemistry 2022
thermodynamic limitations associated with oxygen and sulfate
reduction (representing the highest and lowest energy yields,
respectively) do not apply with respect to NOSC in these
samples. Therefore, compositional changes identied through
FT-ICR MS are likely not a limiting factor for microbial respi-
ration. However, it is important to note that this value can only
be used to predict whether respiration is thermodynamically
favorable, and not whether a microbial community is actively
transcribing the genes necessary for the breakdown of these
compounds.

Complementary +ESI data also displays class element vari-
ability throughout the stream (Table 1). The site with the least
CHO formulas assigned was Upstream, while the site with the
lowest %CHO (66.4%) was Downstream. %CHO steadily
declined through each of the successive ponds (BP1, BP2, BP3).
This was accompanied by changes in the CHNO fraction, which
increased from 3069 formulas Upstream to 8336 in BP 3 (Fig. 3),
accompanied by substantial increases in %CHNO. In general,
both positive and negative ESI displayed an increase in the
number of nitrogenated formulas assigned within the beaver
ponds, in conjunction with the increased %DON within those
sites (Table S1†). Here, we report more N-containing
compounds (Table 1), lower C/N ratios, and higher average N
per formula assigned within the beaver ponds compared to the
free-owing sites (Table S4†), evidence for a shi in DOM pro-
cessing. Previous studies have observed that heterocyclic N-
compounds and aromatic N structures are formed and
enriched during the heating of soil OM and plant biomass97–100

that may describe the CHNO species we detected within the
beaver ponds.

We compared the tens of thousands of individual elemental
compositions identied by FT-ICR MS with van Krevelen
diagrams to visualize major shis in the molecular composition
and biological precursor.56,78,101 For each plot, the mass spec-
trum was compared to the unburned control, and we subtracted
all common formulas between the two spectra. We further
rened our analysis to only those formulas that contained N,
S at 21 T mass spectra for the Ryan Fire PPL water extracts. Bar charts
�ESI bar chart on the left and +ESI bar chart on the right. C¼ carbon, H

Environ. Sci.: Processes Impacts
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Table 1 FT-ICR MS data collected via electrospray ionization in negative and positive mode for the Ryan Fire water PPL extracts. % abundance
data for �ESI reported on top, +ESI results on the bottom

ESI
negative
mode Unburned Up-stream

Beaver
Pond 1

Beaver
Pond 2

Beaver
Pond 3

Down-
stream

Beaver
Pond 4

CHO 89.7 84.8 82.2 84.6 84.7 84.2 86
CHNO 6.41 10.3 11.7 10.3 9.5 11.3 9.55
CHOS 3.74 4.69 5.75 4.95 5.68 4.09 4.39

ESI
positive
mode Unburned Up-stream

Beaver
Pond 1

Beaver
Pond 2

Beaver
Pond 3

Down-
stream

Beaver
Pond 4

CHO 84.6 78.8 75.7 70.6 68.9 66.4 70.9
CHNO 14.8 9.72 17.5 29.4 30.5 14.2 26.9
CHOS 0.385 11.1 6.61 0 0.612 18.7 2.09
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using only the +ESI data as this method has been demonstrated
to increase the compositional coverage of CHNO species
compared to �ESI.46 We present van Krevelen diagrams that
display only these unique nitrogenated species (Fig. 4), which
show that CHNO type and quantity differs as the water travels
through the stream. Upstream (Fig. 4a), the unique CHNO is
centered in the mid-aromatic region. Through the beaver
complex, unique CHNO increases in number and expands
within the van Krevelen diagram space, rst in the aromatic
Fig. 4 van Krevelen diagrams plotting the H/C and O/C ratios of the N-co
stream and beaver pond PPL extracts of the unburned control (green) a
labeled alphabetically through the stream (a–f). Darker blue denotes be
formulas unique to each sample are plotted. Formulas plotted below the
while those plotting above the line that intercepts at 1.5 are more alipha

Environ. Sci.: Processes Impacts
region in BP1 (Fig. 4b), and later covering both the aromatic and
aliphatic regions of the van Krevelen diagram (Fig. 4b–d and f).
This expansion mirrors the observed increase in DTN and %
DON (Table S1†) and indicates that there is regional preserva-
tion of CHNO compounds within these ponds, likely due to
lower oxygen levels which in turn promote anaerobic metabo-
lism within the microbial community. Indeed, microbial anal-
yses indicate a diversity of putative anaerobic metabolisms
within these locations (Fig. 6). Downstream of BP3 the unique
ntaining fraction (i.e., CHNO) obtained via +ESI FT-ICR MS of Ryan Fire
nd burned sampling site (blue, see plot title for specific site). Sites are
aver ponds. Formulas in common are subtracted out, so that only the
line that intercepts at H/C 1.2 are generally more aromatic in nature,

tic.75

This journal is © The Royal Society of Chemistry 2022
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CHNO rapidly decreases (Fig. 4e) before increasing again in BP4
(Fig. 4f), further indicating that CHNO type and quantity is
heavily reliant on its environment and its preservation is indeed
highly localized.

3.3 FI and b/a are inuenced by re and wetland presence

FI is commonly used to infer the source of OM (i.e., microbial or
terrestrial), where FI ¼ 1.8 indicates microbially-derived DOM
and FI ¼ 1.2 indicates terrestrially-derived.102 While this does
not directly measure re inputs, shis in FI may represent
important differences in microbial processing requirements.
We observed an increase in FI values in the surface grab
samples through the burned portion of the stream (Fig. S5†)
which indicates that re-inuenced DOM more closely resem-
bles microbially-derived DOM, in agreement with previous
studies,53 and is consistent with decreased molecular weight
(MW) during the combustion of DOM.103 This is supported by
FT-ICR MS data which indicated that beaver ponds had lower
average MW than free-owing streams (Table S4†). While our FI
values for the beaver ponds fall within previously reported
ranges for wetlands (approx. 1.3–1.5),91 there was no appreciable
difference between the beaver ponds and the Upstream or
Downstream sampling location.

Additionally, b/a is used to infer the proportion of recently
produced DOM, in which the beta peak represents recently
produced (likely microbial) DOM and the alpha peak represents
older, more decomposed DOM.104 b/a follows a similar trend to
FI, increasing with burn activity and remaining elevated
throughout the beaver ponds (Fig. S6†). Increases in b/a have
been reported following re105 and within wetlands,91 attributed
to more simple structures with lower molecular weight and
lower dissolved oxygen, respectively.

3.4 Microbial communities drive diverse anaerobic
metabolisms in beaver ponds

Fire can have indirect effects on wetland microbes through
broad changes in biogeochemistry (e.g., C, N availability). A
combination of marker gene (16S rRNA gene) andmetagenomic
sequencing was used to investigate how the observed changes
in aqueous chemistry impacted the microbiomes associated
with the beaver pond sediments. 16S rRNA gene sequencing of
sediment samples showed that the microbial communities
within BP1, 2, and 4 were dominated by the phylum Proteo-
bacteria (average relative abundance of �35%; Fig. 5a). Within
the Proteobacteria, the class Deltaproteobacteria, which is
widely known for anaerobic metabolisms106,107 and frequently
identied as one of the most common taxa in wetlands,108 was
the most prevalent throughout the complexes (�20% average
relative abundance). Notable orders within the Deltaproteo-
bacteria included Desulforomonadales, Syntrophobacterales,
and Desulfobacterales (average relative abundances of 4.4%,
6.5%, and 2%, respectively; Fig. 5b), which include known
sulfate reducers and are therefore well-suited for low-oxygen
environments, such as beaver ponds.109

The microbial communities observed within the Ryan Fire
beaver ponds were consistent across additional beaver ponds
This journal is © The Royal Society of Chemistry 2022
burned by the Beaver Creek Fire (2016).These nearby wetlands
were also dominated by Deltaproteobacteria (�15% average
relative abundance) and Desulforomonadales, Syntropho-
bacterales, and Desulfobacterales orders (4.4%, 3.2% and 1.5%
respectively) (Fig. 5), indicating that fresh pyDOM input did not
signicantly impact the dominant phyla within the beaver
ponds. However, the more recently burned (Ryan Fire) beaver
pond sediment microbiome was more compositionally diverse
than nearby burned soils which were also affected by the same
re and reported elsewhere.34 Average species richness (number
of unique microbial taxa in a sample) within the beaver
complexes was approximately double that in nearby burned
soils (995 and 503 total species, respectively),34 likely explained
by a combination of factors including signicant reductions in
soil microbial diversity driven by wildre events110,111 and
increased DOC and DON complexity within the ponds driven by
possible pyDOM inputs.110,111

From the metagenomic sequencing of the seven sediment
samples, including BP1, 2, and 4, we reconstructed 33 medium
and high-quality (>50% complete, <10% contaminated)112

metagenome-assembled genomes (MAGs), representing the
majority of the dominant community members in the corre-
sponding 16S rRNA gene dataset. The MAGs encompassed 12
different phyla, including 14 MAGs from the Desulfobacterota,
7 from the Proteobacteria, and 3 from the Acidobacteria. We
linked Deltaproteobacteria amplicon sequence variants (ASVs)
with two Desulfobacterota MAGs (with BLAST matches between
16S rRNA gene ASVs and MAG contigs containing 16S rRNA
genes of >95% identity over at least 150 bp). We infer that due to
known taxonomic inconsistencies between the SILVA and
GTDB-TK databases, MAGs classied as Desulfobacterota are
taxonomically equivalent to the Deltaproteobacteria ASVs. The
Desulfobacterota taxa was dominant in the MAG dataset,
accounting for 14 of the 33 MAGs and �35% of the relative
abundance across the three main samples.

Highlighting the distinct chemical conditions found within
beaver ponds, we identied a range of putative microbial
metabolisms that, in contrast, are generally not observed in re-
impacted soils.34 We inferred a fermentative lifestyle for several
MAGs (i.e., A_BP_metabat.1, All_co_assemble_metabat.86) that
encoded a diverse suite of carbohydrate-active enzymes
(CAZymes) (Fig. S7†), but which lacked a complete TCA cycle
and electron transport chain components (e.g., NADH dehy-
drogenase, cytochrome C oxidase) (Fig. 6a). Furthermore, these
MAGs likely yield fermentation waste products (e.g., short-chain
fatty acids) that can be utilized as both C and electron sources
by many of the other MAGs (e.g., Desulfobacterota) that perform
respiratory metabolisms (Fig. 6d). Indeed, the 14 Desulfo-
bacterota MAGs encoded widespread genomic potential for
anaerobic respiratory metabolisms, including metal reduction
(i.e., Fe3+, Mn4+), which could drive increased aqueous Fe
concentrations in the beaver complexes (Fig. S8†), and poten-
tially cause the observed increases in DOC and DON in the
beaver ponds (Fig. 2) and increased number of formulas
assigned in the +ESI spectra (Fig. 4) through the dissolution of
DOM-metal complexes.113 This functionality was inferred from
the presence of genes encoding multi-heme c-type cytochromes
Environ. Sci.: Processes Impacts
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Fig. 5 (a) Bacterial community composition (from 16S rRNA gene sequencing) showing bacterial phyla from beaver pond sediment samples
affected by the Ryan fire (2018; BP1, 2, 4) and Beaver Creek fire (2016) (BVR1_DOWN, BVR2_UP, SFKBIG_UP, SFKBIG_DOWN) shown with the
relative abundance of dominant bacterial phyla. Community composition is generally consistent across sample sites. (b) The relative abundance
of orders within the dominant bacterial phyla, Proteobacteria, across samples. For both a and b, all phyla and orders with average relative
abundance <0.005 (0.5%) added to ‘Other’.
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(MHCs), which are used to transfer electrons to extracellular
electron acceptors.114 Of the 33 recovered MAGs, 29 encoded
MHCs, including all 14 of the Desulfobacterota MAGs (Fig. 6c).
Eleven of these 14 MAGs had MHCs that could be localized to
the periplasm or extracellular space (average of 31 cytochromes
per MAG; Fig. 6c), with an average of �7 CXXCH motifs per
cytochrome (range of 3–16), which is similar to iron reducing
microorganisms in other systems.107 Another prevalent anaer-
obic metabolism is sulfate reduction, identied here through
the presence of reductive dsrAB genes. Fourteen MAGs –

including 10 Desulfobacterota MAGs – encoded these enzymes,
further revealing the capacity for diverse metabolisms within
the beaver ponds (Fig. 5c). Importantly, our calculated NOSC
values indicate that the DOM in the beaver ponds is not ener-
getically constrained from reduction by these alternate electron
acceptors (Table S3†)96 and is a suitable substrate for the wide
range of metabolisms identied in the ponds.
Environ. Sci.: Processes Impacts
Although there is clear evidence for accumulation of unique
aromatic compounds within the beaver ponds (Fig. 4), none of the
MAGs in this study encoded the enzymatic machinery for anaer-
obic degradation of aromatic C, which is oen formed during soil
heating. For example, the enzyme benzylsuccinate synthase
(EC:4.1.99.11) that catalyzes fumarate addition as the rst step of
anaerobic toluene catabolism was absent from all the recon-
structed MAGs.115 Only one MAG (B_BP_metabat.7; phyla Chlor-
oexota) encoded a benzylsuccinate CoA-transferase subunit
(EC:2.8.3.15), which catalyzes the next step of the degradation
reaction. Therefore, we infer that the anaerobic degradation of
aromatic compounds is likely not a widespreadmetabolism in the
beaver pond microbiome. Because pyDOM is rich in aromatic
structures,116 these results could explain why these molecules
appear to be enriched in the low-oxygen beaver ponds (Fig. 4).

Conversely, there is evidence for the potential utilization of
other, likely more labile, compounds generated indirectly
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Broad overview of the (a) completeness or (b–d) presence/absence of functions of interest in the 33 MAGs (listed on the left). Panels
overview (a) central metabolism pathways, (b) inorganic N metabolisms, (c) alternate electron acceptors, and (d) SCFA and alcohol conversions.
In (d), the compound that the enzyme acts upon is in parentheses. Figure adapted from DRAM product.87
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following wildre through microbial degradation of necromass-
derived C via the utilization of peptidases; all 33 of the MAGs
encoded peptidases, with an average of �116 per genome.
Peptidases in the families S33 and C26 were among the most
encoded (298 and 219 encoded genes, respectively), similar to
other freshwater studies (Wilkins, unpublished data). Pepti-
dases within the S33 family release the N-terminal residue from
a peptide, and C26 peptides cleave gamma-linked glutamate
bonds. Another top represented family is the M23B family,
which contains endopeptidases which lyse bacterial cell wall
peptidoglycans. Previous studies have discussed the potential
lysing of heat-sensitive cells during re, which may lead to the
release of microbially-derived C aer wildre.117,118 The encod-
ing of peptidases within our MAG database adds to the
This journal is © The Royal Society of Chemistry 2022
hypothesis that post-re taxa may use this necromass-derived C,
which is more labile than aromatic C, following wildre. From
these observations, we infer that the beaver pondmicrobiome is
likely degrading necromass derived from heat-sensitive micro-
bial or invertebrate soil fauna from the surrounding burned
watershed,119 rather than relying on pyDOM or limited vegeta-
tion inputs as the primary source of C. Although this has been
shown in soils,34 it has yet to be shown in wetlands within burn
scars. These observations also further explain the enrichment of
aromatic DOM in the beaver ponds, which is oen associated
with pyDOM.

The microbial taxa discussed here (e.g., Desulfobacterota)
are not typically found in free-owing freshwater systems120,121

or re-impacted soils,122 demonstrating that microbiomes
Environ. Sci.: Processes Impacts
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within beaver pond sediments have the potential to perform
unique biogeochemical reactions within the watershed, thus
enhancing the ability of these features to act as ecosystem
control points. The functional potential of the dominant
community members in these burned beaver complex systems
may contribute to Fe mobilization through the stream (Fig. S8†)
and highly reducing metabolisms might also facilitate the local
sequestration of DOC and DON seen through the complex
(Fig. 4). Thus, the implications of potential microbially-
mediated heavy metal transformations are a key area for
future research in re-impacted wetlands. While we recognize
the relatively small number of samples in our analysis, this
study emphasizes the importance of beaver ponds on the
biogeochemical processing of burned areas and represents an
important step towards understanding how pyDOM is cycled in
low-oxygen wetland environments.

4. Conclusions

Water chemistry and microbiology indeed change as water
ows through a re-impacted region, due to the combined
inuence of re-impacted organic matter and the presence of
beaver ponds along the stream channel. These burned beaver
ponds had higher DOC, DTN, and nitrate compared to an
upstream reach or an adjacent unburned stream. There was
a pattern of increased DOC and DTN within the ponds
compared to free-owing streams, and nitrate appeared to
decline as water moved through the sequence of beaver ponds.
There were more N-containing formulas detected in the ponds
and lower C : N ratios, which would be consistent with
increased DTN retention. Additionally, surface water in the
beaver ponds had lower C : N ratios and higher aromaticity than
burned stream water. Impoundment within beaver ponds may
enhance post-re sediment and C and N storage compared to
free-owing streams, which may minimize the downstream
formation of carcinogenic disinfection by-products during
chlorination at water treatment plants.100,123 Microbial analyses
indicated that the input of fresh pyDOM did not signicantly
impact the dominant phyla in the beaver ponds. Rather than
using aromatic pyDOM as the primary source of C for respira-
tion, microbes in these sites likely degrade biomass and other
more labile sources of organic C. The preservation of pyDOM
appeared to be localized within the ponds themselves as
changes in elemental composition and unique formulas were
limited to the ponds and not observed downstream; therefore,
re-impacted beaver ponds appear to function as biogeo-
chemical “hotspots” due to their unique biogeochemistry.
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96 V. Noël, M. M. Tfaily, S. Fendorf, S. E. Bone, K. Boye,
K. H. Williams and J. R. Bargar, Thermodynamically
Controlled Preservation of Organic Carbon in
Floodplains, Nat. Geosci., 2017, 10(6), 415–419, DOI:
10.1038/ngeo2940.

97 J. M. de La Rosa, A. Z. Miller and H. Knicker, Soil-Borne
Fungi Challenge the Concept of Long-Term Biochemical
Recalcitrance of Pyrochar, Sci. Rep., 2018, 8(1), 1–9, DOI:
10.1038/s41598-018-21257-5.

98 S. R. Faria, J. M. de la Rosa, H. Knicker, J. A. González-Pérez
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