4.4 Results
4.4.1 Bulk DOC and DBC concentrations

Measurements of DOC and DBC for all locations during the sampling period are
outlined in Table 4.1. Seasonal DOC concentrations were generally comparable among
all sites between March and August (Fig. 4.2a). Dissolved OC was lowest on the April 20
sampling date across all sites (1.80 + 0.027 ppm) when the river was at base flow
conditions. The DOC concentrations increased during spring snow melt and peaked on
May 14 at all sampling sites (8.23 £+ 0.31 ppm), approximately 1 month prior to peak
water discharge. As discharge increased through early summer, DOC concentrations

decreased and returned to near-base flow concentrations by late June (Fig. 4.2a).

Figure 4.2 Seasonal distribution of water discharge rates and bulk DOC (a) and DBC (b)
concentrations for burned (PSF grey squares; PNF black triangles) and unburned (PBR
open circles) sites along the Poudre River transect
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Although DOC and DBC concentrations were overall strongly correlated
throughout the sampling period (R? = 0.83, p < 0.01), variations in the seasonal
distribution of bulk DBC were detected among the sites (Fig. 4.2b). Dissolved BC
concentrations were lowest under base flow conditions, averaging 0.067 + 0.021 ppm
across each of the three sampling locations on April 20. However, slight differences in
DBC export between the burned and unburned sites became apparent as discharge rates
increased with spring melt. PNF exhibited the highest DBC concentration in early May
(0.34 ppm). Dissolved BC at this fire-affected location subsequently decreased with
increasing water discharge, but concentrations continued to remain elevated compared to
PBR and PSF during the summer months (Fig. 4.2b). Despite being moderately
influenced by the High Park Fire, seasonal DBC concentrations at PSF were generally
similar to that of PBR throughout the sampling period. DBC at PBR and PSF peaked on
June 1 (0.34 and 0.34 ppm, respectively), approximately 1 month after DBC

concentrations peaked at PNF (Fig. 4.2b).

4.4.2 Bulk TSSand PBC concentrations

The TSS and PBC concentrations determined for PBR and PNF are also described
in Table 4.1. Analysis of the particulate data focused on the two sites that represented
burned (PNF) and unburned (PBR) end-members. Particulate samples were not available
for April 20, therefore TSS and PBC were not determined. The TSS measured at PBR
was variable (10.3 £ 9.2 ppm), but remained at concentrations significantly lower than

those determined for PNF throughout the season (Fig. 4.3a, p < 0.05). A bimodal
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distribution for TSS at PNF was clearly evident and concentrations ranged from 13.3 ppm

during base flow to 528 ppm during spring melt and 337 ppm in late summer (Fig. 4.3a).
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Figure 4.3 Seasonal distribution of water discharge rates and bulk TSS (a) and PBC (b)
concentrations for fire-affected site PNF (black triangles) and unburned reference site
PBR (open circles)

The seasonal distribution of TSS positively correlated with PBC at both PBR
(R>=0.79, p<0.01) and PNF (R?=0.96, p < 0.01). PBC was not determined for March
26 and May 4 collections because not enough particulate material was available to carry
out BPCA analysis. The seasonal concentrations of PBC at PBR were variable (0.009 +
0.005 ppm), but consistently remained lower than PBC concentrations measured for fire-
affected PNF (Fig. 4.3b). The bimodal distribution of PBC at PNF exhibited a similar
pattern to that of TSS, where concentrations initially peaked at 5.5 ppm during spring
melt, again at 1.0 ppm during the late summer months and dropped as low as 0.034 ppm

during peak water discharge (Fig. 4.3b). Particulate organic carbon was not determined
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for TSS since sample amounts were limited. The seasonally averaged proportion of PBC
to the dry weight of TSS (PBC:TSS) for PBR (1.1 £ 0.7 g C/kg dry weight) was
significantly less than PBC:TSS for PNF (6.6 + 3.2 g C/kg dry weight, p < 0.01, Table

4.1).

4.4.3 Quality of PBC and DBC based on BPCA composition

Seasonal averages indicated that BC particulates collected at the fire-affected PNF
site were significantly more enriched in BSCA and B6CA than those collected from PBR
(Fig. 4.4a; p <0.01). Relative BPCA percentages for PBC at PNF had seasonal averages
of 11.3+1.2,36.8 +1.1,31.7+ 1.5 and 20.2 + 1.8 % for B3CAs, B4CAs, BSCA and
B6CA, respectively. The B6CA marker was not detected in any of the PBR particulate
samples. The contribution of B3CAs, B4CAs and BSCA to PBC measured at PBR were
23.1+2.1,57.4+£53.3 and 19.5 = 4.4 %, respectively. Ratios of BPCAs were used to
describe the overall condensed aromaticity of BC. Ratios including proportions of B6CA
could not be used as this particular BPCA marker was not detected in PBC determined
for samples from PBR. Therefore, the ratio of BSCA to B4CAs (B5:B4) was chosen to
compare the quality of BC samples within this data set. The B5:B4 ratio for PBC
measured at PNF (0.85 + 0.05) was significantly greater than that of PBR (0.35 + 0.13,
p <0.001). The distribution of B5:B4 did not vary significantly during the sampling
period at PNF (p = 0.58) or PBR (p = 0.09; Fig. 4.4b).

Contrary to PBC, the seasonal mean BPCA distributions for DBC among PBR,
PSF and PNF did not significantly differ from one another (p > 0.05; Fig. 4.5a). The

average relative BPCA percentages across all sites for the entire sampling period were
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129+ 1.8,40.8 £3.7,36.2+ 2.5 and 10.1 &+ 3.1 % for B3CAs, B4CAs, B5CA and
B6CA, respectively. Despite the overall similarity in BPCA composition when taken as a
seasonal average, a clear trend in increasing B5:B4 ratio emerged when BPCA
distribution was plotted over time (Fig. 4.5b). Such a seasonal shift in B5:B4 was

common among all sites.
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Figure 4.4 Seasonally-averaged PBC BPCA distributions for PBR and PNF (a) and the
seasonal distribution of PBC quality (B5:B4) at PBR (open circles) and PNF (black
triangles) (b). Error bars represent 1 SD of the mean

In order to elucidate the drivers of this observed seasonal change in DBC quality,
a principal component analysis (PCA) was carried out. The loading plot indicated a clear
separation of BPCAs along principal component 1 (PC1) and principal component 2
(PC2) which explained 66.4 % and 28.3 % of the variance, respectively (Fig. 4.6a). When
the scores were plotted according to sampling site, no clustering was observed (Fig.

4.6b). A lack of spatial trend was expected, as the shift in BPCA composition was
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common and similar among all sampling sites. When plotted according to sampling date,

the scores followed a clear counterclockwise trend which supported the hypothesis that

BPCA distribution underwent a seasonal shift (Fig. 4.6¢). When the scores were plotted

according to high and low water discharge, where the rates were categorized as being

greater than or less than 500 ft/s, respectively, a distinct separation along PC2 became

apparent (Fig. 4.6d). Principle component 1 correlated most strongly with DBC quality

(e.g., BPCA ratio B5:B4; R> = 0.95, p < 0.01; Fig. 4.6e) and PC2 correlated with water

discharge (R? = 0.36, p < 0.01; Fig. 4.6f).
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Figure 4.6 PCA where loadings included the relative proportion of DBC BPCAs at all
sampling sites throughout the season (a). Scores were plotted by sampling site (b),
collection date (c) and water discharge where low and high flow represent rates below
and above 500 ft*/s (d). Principle component 1 (PC1) explains 66.4 % of the variance and
correlates with DBC quality (B5:B4) (e) whereas principle component 2 (PC2) explains
28.3 % of the variance and correlates with water discharge (f)
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4.4.4 BC fluxesin particulate and dissolved phase

Flux values could only be calculated for PNF, as this is the sampling site where
water discharge data was collected. Fluxes of BC in both the particulate and dissolved
phase do not remain constant throughout the year (Fig. 4.7). Dissolved BC fluxes were
lowest (0.01 Mg C/day) during early spring base flow conditions and peaked
(0.61 Mg C/day) in June with increased water discharge. Particulate BC flux values for
March 26 and May 4, for which actual data were not available, were estimated using the
strong regression between TSS and PBC (PBC=0.0098xTSS—0.1718, R* = 0.96,
p <0.001). Particulate BC fluxes remained low during base flow and peak discharge (0.3
+ 0.2 Mg C/day) but increased by an order of magnitude during spring melt and late

summer rain events (2.5 = 0.4 Mg C/day).

4.5 Discussion
4.5.1 Controlson bulk DOC and DBC export

Dissolved BC was shown to be strongly correlated with DOC in the Poudre River
throughout the sampling period (Fig. 4.2). The DBC-DOC relationship is shared among
global rivers, and suggests that DBC and DOC mobilization processes are somehow
linked in fluvial systems (Jaffé et al. 2013). During winter and early spring, the watershed
was still predominantly snow-covered and the river was fed primarily by groundwater.
Seasonal DOC and DBC concentrations were lowest under these base flow conditions.
In-stream DOC and DBC concentrations increased rapidly with the onset of spring snow
melt. As the water table rises and overland flow increases, DOC from recently-deposited

organic material is flushed from the upper soil horizons into adjacent river systems
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(Boyer et al. 1997; Lambert et al. 2011). Although there appeared to be no significant
difference in DOC between burned and unburned sites throughout the season, samples
collected on May 4 exhibited a detectable low-to-high concentration gradient from PBR
to PNF (Fig. 4.2a). This pattern was also observed with regards to DBC (Fig. 4.2b),
suggesting a “snapshot” of local hydrology may have been captured which seemed to
occur for only a brief period of time during spring snowmelt. The Poudre River sampling
sites fell along an elevation gradient, where PBR and PNF are located at the highest and
lowest elevations, respectively. It has been shown that the onset of snowmelt at lower
elevations can occur earlier in the season (Clow 2010). Early snowmelt could have
resulted in the premature flushing of surface soils at lower elevations, which could
presumably have been linked to increased riverine DOC and associated DBC at PSF and
PNF during that time period. DOC in alpine streams typically reaches peak
concentrations prior to peak water discharge and decreases with increasing snowmelt as
the soluble pool of DOC from soils is exhausted and diluted in-stream (Hornberger et al.
1994). This trend was also observed for the Poudre River, where DOC concentrations
peaked approximately 1 month prior to peak water discharge (Fig. 4.2a).

Despite being positively correlated with one another, DBC concentrations were
distributed slightly differently than that of DOC throughout the season. Compared to
DBC concentrations determined for PSF and PBR, DBC measured at PNF peaked
approximately 1 month earlier and dropped more rapidly with increasing water discharge
(Fig. 4.2b). According to Stoof et al. (2012), fire has been shown to increase streamflow
volumes resulting from vegetation removal and increased soil repellency. Poudre River

discharge rates were only obtained at the downstream burn site, PNF. Therefore, water
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discharge measured at PNF may have been greater than actual streamflow rates occurring
simultaneously at PBR or PSF due to the presence of smaller tributaries that likely
contribute to flow downstream of PSF. If the bulk of DBC inputs occurred upstream of
the fire affected area, then the perceived drop in DBC concentration between PBR and
PNF for samples collected on June 1 and June 14 (Table 4.1; Fig. 4.2b) can be attributed
to downstream dilution of DBC during peak discharge. In late summer, when discharge
drops to near-base flow rates, DBC concentrations at PNF remain elevated compared to
PBR and PSF (Fig. 4.2b). Pyrogenic C incorporated into surface soils immediately
following a wildfire has been characterized as generally being smaller in size and having
increased functionality (Czimczik et al. 2003), which suggests that a portion of freshly-
generated BC could be soluble (Preston and Schmidt 2006; Abiven et al. 2011). Small,
but detectable, inputs of DBC derived from the High Park Fire could have contributed to
the slightly increased DBC concentrations at PNF until fall and winter base flow
conditions were reached. In agreement with other studies (Smith et al. 2011; Ding et al.
2013), it appears that recent fire activity does not significantly affect peak concentrations
or total seasonal export of DOC and DBC in rivers associated with such watersheds.
While the data presented here suggests that the bulk export of DBC from downstream,
lower elevation burned areas occurs earlier in the season compared to unburned, upper
elevation sites, the overall contribution of DBC from the burned watershed seems to be
minimal. However, it is important to note that this study was performed 1 year after the
actual fire event. It is thus possible that soluble DBC from freshly generated char could

have been exported prior to sampling.
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4.5.2 DBC and PBC source material

Pyrogenic C represents a large pool of heat-altered molecules where various
methods can be employed to gain quantitative and qualitative information for charred
biomass along different regions of the combustion continuum (Masiello 2004). For
example, extracted anhydrosugars have been used to reveal possible fuel sources of
biomass burned at low temperatures (Myers-Pigg et al. 2015), whereas thermo-chemical
oxidation methods quantify more thermally refractory portions of PyC (Roth et al. 2012).
The BPCA method specifically detects polycondensed aromatic compounds and
generates molecular information that is related to the source, formation conditions and
overall quality of BC derived from high temperature combustion (Schneider et al. 2010;
Abiven et al. 2011). Black C oxidation products that yield greater proportions of BSCA
and B6CA indicate that the original aromatic structure was larger and more
polycondensed in nature (Brodowski et al. 2005; Dittmar 2008; Ziolkowski et al. 2011).
The seasonally averaged BPCA distributions determined for DBC was statistically
similar between all three sampling sites (Fig. 4.5a). Comparable BPCA compositions
between burned and unburned locations suggested that the bulk of DBC was mainly
sourced upstream, above the fire-affected area and/or from charcoal generated during
previous historical fire events in the area. The data is in agreement with reports that BC
stocks in the Poudre River watershed are higher in deeper soil horizons compared to
surface soils, and that this deeper, aged BC from historical fires, had a more condensed
aromatic structure compared to recently generated BC from the High Park Fire (Boot et
al. 2014). The absence of increased DOC and DBC at the downstream PNF site compared

to the control site (Fig. 2) further supported this hypothesis, indicating that there may
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have been minimal DOM input or removal between the burned and unburned end-
members during the sampling period studied. The water residence time between PBR and
PNF is also quite short (approximately 6 h during spring snowmelt). Therefore, there is
also little opportunity for significant in-stream geochemical processing of DOC and DBC
(e.g., sorption, dissolution, decomposition, etc.) that would considerably alter DBC
quantity and/or quality. However, the data presented here cover only a portion of the
annual hydrograph (March—August) and thus do not imply that potential differences
between the control and fire-impacted sites or between periods before and after the fire
do not exist.

The B5SCA and B6CA biomarkers contributed approximately 50 % of the BPCAs
for DBC measured at all sites (Fig. 4.5a), which suggests that large, more polycondensed
aromatic molecules are exported to the Poudre River in the dissolved phase. As BC ages
and undergoes oxidation in soils, carboxylic functionalities are introduced, increasing the
overall polarity and solubility of BC molecules (Knicker 2011). Abiven et al. (2011)
observed increased contributions of larger, condensed aromatic molecules in DBC
leached from aged and oxidized charcoal. Thus, the prevalence of BSCA and B6CA
suggested that DBC in the Poudre River was primarily derived from an older PyC source,
and received only minimal inputs from freshly-generated charcoal produced by the High
Park Fire. Although seasonally-averaged BPCA compositions indicated a shared DBC
source among the sampling sites, it was apparent that this source may have in part shifted
between peak and base flow conditions.

The ratio of BSCA to B4CAs (B5:B4) has been used previously to express the

overall degree of BC condensation (Stubbins et al. 2012). Dissolved BC experiences a
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seasonal shift from low to high B5:B4, indicating a change in DBC quality between the
spring and summer months (Fig. 4.5b). The shift in DBC quality was observed for all
sampling sites, and therefore cannot necessarily be attributed to the recent fire activity
that affected PSF and PNF. PCA was implemented to uncover the possible environmental
controls that influenced BPCA composition during the course of the sampling period
(Fig. 4.6). Dissolved BC quality correlates strongly with PC1, indicating a shift in DBC
source strengths between the spring and summer months (Fig. 4.6e). Principle component
2 was determined to be significantly correlated with water discharge rates measured at
the downstream sampling site, which suggested that seasonal hydrology played a role in
the quality of exported DBC (Fig. 4.6f). In Rocky Mountain streams, it has been
previously established that DOC composition is controlled by different flow paths of
water entering the river (Sanderman et al. 2009). During base flow, the Poudre River
received inputs from slow-moving groundwater that percolated through deep soil
horizons before entering the stream. However, during times of increased runoff, such as
spring snow melt and summer storm events, faster-moving flow paths through the upper
soil horizons linked mobile DBC and DOC in organic-rich surface layers to the river
main stem. It has been observed that aged and partially-oxidized BC can become
enriched in deeper soil layers (Knicker et al. 2008; Boot et al. 2014) and stabilized in the
mineral phase (Glaser et al. 2000; Czimczik and Masiello 2007). Although it has been
shown that, compared to fresh charcoal, aged BC leaches DBC that generates greater
proportions of BSCA and B6CA (Abiven et al. 2011), Kothawala et al. (2012) showed
that larger aromatic compounds can be largely retained in mineral-rich soils, which

suggests that smaller DBC molecules yielding lower B5:B4 ratios could have been
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preferentially released from deeper soil horizons during base flow. The relatively slow
rates of groundwater flow may have allowed for the equilibration time needed for
sorption of larger DBC molecules to deep mineral soils, resulting in the preferential
export of DBC with comparatively small molecular structures. In contrast, large runoff
events, such as storm activity or snow melt, likely resulted in quick surface flow that may
not have allowed for the sorption/desorption mechanisms of DBC that are suggested to
have occurred during base flow. A large pool of relatively fresh BC can become
concentrated in the upper organic soil horizon (Preston and Schmidt 2006). The fast
flushing of DBC in these surface soils does not likely discriminate in the export of large
and small aromatic molecules. Therefore, it is hypothesized that increased contributions
of BSCA and B6CA to the BPCA signature later in the season can be attributed to the
additional mobilization of relatively large DBC molecules from organic surface soils
(including soil pore water) during times of increased discharge (Fig. 4.5b). The export of
larger DBC structures will have likely dominated the BPCA signature until the system
returned to base flow conditions. Dissolved BC quality has been linked to hydrology in
other climatic regions, such as tropical forests (Dittmar et al. 2012) and Arctic rivers
(Guggenberger et al. 2008), suggesting that this seasonal shift in DBC source between
fresh BC incorporated into surface soils and partially aged BC enriched in deeper soil
horizons may occur on a global scale.

The presence of PBC, albeit at much lower concentrations than at the downstream
fire-impacted site, at the unburned reference site was initially thought to have been
sourced from atmospheric deposition of soot from anthropogenic sources or from

airborne charcoal generated by the High Park Fire. However, PBC from these particular
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sources are expected to have increased contributions of BSCA and B6CA (Roth et al.
2012). Enrichments in BSCA and B6CA were not observed for PBR, which exhibited a
BPCA signature that was relatively depleted in such oxidation products (Fig. 4.4a).
Recently, the photoflocculation of terrestrial organic matter has been suggested under
specific environmental conditions (i.e. high DOC, high iron content and low pH) where
photochemically-flocculated particulate organic was suggested to become enriched in
condensed aromatic functionalities (Chen et al. 2014). However, the molecular size and
degree of conjugation of these photoflocculated aromatics has yet to be characterized as
BC using the BPCA method. In addition, the lack of a direct link between DBC and PBC
in the Poudre River may suggest that the potential photo-production of condensed
aromatic components could be less important in natural fluvial settings than what has
been observed under laboratory conditions (Chen et al. 2014). Sanchez-Garcia et al.
(2013) noted a reduced contribution of B6CA for BC measured in near-shore coastal
shelf sediments when compared to BC in sediments collected from within the central
river plume. A relative depletion in B6CA suggests that diagenetic degradation processes
and associated aging may result in a less condensed PBC signature and that this material
at PBR may be relic PBC from historic events. However, the exact reasons for these

observations remain to be resolved.

4.5.3 Controls on bulk TSSand PBC export
The riverine export of TSS and PBC at PNF, both of which exhibited a clear
bimodal distribution throughout the season, was substantially larger compared to

measurements at the unburned PBR site (Fig. 4.3). Particulate BC and TSS at PBR was

99



variable, but exhibited no clear seasonal trend (Fig. 4.3). Wildfires reduce vegetation
cover and destabilize soils, which increases the susceptibility of the burned area to
surface erosion (Johansen et al. 2001; Smith et al. 2011). The initial peaks in TSS and
PBC coincided with spring snowmelt, when increasing river discharge mobilized
sediments deposited within the main stem during the previous season and overland runoff
flushed large amounts of fire-affected soils and associated charcoal into the river. Total
suspended solids and PBC concentrations quickly dropped, becoming diluted as
discharge rates increased, and exhausted the erodible pool of soils and PyC. The second
peak in TSS and PBC that occurred during mid-summer was attributed to multiple storm
events that were documented during the first 2 weeks of July (Fig. 4.3). Previous work
has shown similar trends in increased TSS mobilization during spring melt and summer
storm events in watersheds affected by recent wildfire activity (Moody and Martin 2001).
Moody and Martin (2001) suggested that pyrogenic material can be deposited in “alluvial
fans” in areas where lower-order tributaries connect to higher-order streams. Significant
deposits of charcoal were visibly evident at the shoreline of the Poudre River in the
burned section of the watershed, showing a clear size selection, changing from coarse
char particles to fine, black, particulate matter with increasing distance from the river
channel. Such a size distribution pattern agrees with the mobilization and transport of fine
PBC during increased river discharge events as this fire-derived organic matter is then
flushed into the main river during times of increased runoff, such as summer storm events
which typically occur later in the season (Moody and Martin 2001). In some studies, it
has been shown that charcoal may be transferred preferentially down a slope, further

increasing the connectivity between PBC and riverine export (Florsheim et al. 1991;
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Rumpel et al. 2006). Contrary to DBC, the export of PBC in the Poudre River was clearly
influenced by the High Park Fire, where particulate charcoal and thermally-altered soils
were physically transported along the main stem during increased spring streamflow and
periods of overland runoff.

The contribution of PBC to TSS was also significantly increased in areas where
the Poudre River drained fire-affected regions of the watershed (Table 4.1). The
proportion of PBC to dry TSS was, on average, up to six times greater in areas where the
river received pyrogenic inputs from the High Park Fire (Table 4.1), which reflects the
direct and immediate post-burn contribution of charred particulates to the Poudre River.
Despite the significantly increased contributions of PBC to TSS in fire-affected waters,
the proportion of PBC to TSS was expected to be even larger due to large amounts of
visible suspended char at the PNF site. However, it was hypothesized that perhaps only a
small percentage of TSS is organic in nature and that a considerable portion of the
visibly-detected charcoal may be slightly charred biomass, which is mildly thermally-
altered but lacking a polycondensed aromatic structure, thereby falling outside the BPCA
detection window (Masiello 2004; Alexis et al. 2010; Masiello and Louchouarn 2013).
The BPCA method detects only the polycondensed aromatic portion of fire-derived
organic matter and therefore primarily reflects PyC inputs derived from high temperature
combustion. Pairing this technique with others, such as extracted anhydrosugars for low
temperature PyC (Myers-Pigg et al. 2015), would allow for a more complete
understanding of PyC composition and mobility across larger regions of the combustion

continuum (Masiello 2004).

101



4.5.4 Decoupling of PBC and DBC export in fire-affected rivers

Flux measurements for the export of PBC and DBC were only calculated for the
PNF site, as this was the location closest to the gage station. Fluxes of PBC and DBC
varied throughout the season and appeared to operate on different timescales (Fig. 4.7).
This variation in BC export further strengthened the hypothesis that both sources and
mobilization processes for BC in the particulate and dissolved phases were decoupled in
the Poudre River watershed. Flushing events, such as spring snow melt and summer
storm activity, triggered overland flow and the physical transport of particulate PyC
within the river main stem, which significantly increased the flux of PBC to rates 16
times greater than that of DBC (Table 4.2). However, during times of peak discharge,
when seasonally high DBC concentrations are compounded by increased streamflow
rates, the export of riverine BC occurred primarily in the dissolved phase and reached
fluxes approximately 7 times that of PBC (Table 4.2), which provides additional support
for the observed link between streamflow and DBC export where the mobilization of
soluble PyC is influenced by watershed dynamics. The area under each seasonal flux
curve (Fig. 4.7), was integrated in order to estimate and directly compare the total amount
of BC exported as both PBC (148 Mg BC) and DBC (38 Mg BC). On the basis of these
approximations, the total seasonal export of PBC exceeded that of DBC by a factor of

four during the sampling period.
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Table4.2 Water discharge rates and calculated black carbon flux measurements for the
PNF sampling site

Discharge Flux PBC Flux DBC
Sampling Date (ft’/sec) (Mg-C/day) (Mg-C/day)
March 26 34 0.00* 0.01
May 4 46 0.25* 0.04
May 14 199 2.7 0.17
June 1 474 0.19 0.29
June 14 1054 0.09 0.61
June 29 1721 0.46 0.60
July 14 795 2.0 0.34
July 29 483 2.8 0.22
August 24 378 0.52 0.15

* Some values were extrapolated based on the strong regression between PBC and TSS;
PBC=0.0098xTSS—0.1718, R* = 0.96, p < 0.001
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Figure 4.7 Seasonal fluxes for DBC (black circles) and PBC (black squares) at the fire-
affected PNF sampling site. PBC flux rates for March 26 and May 4 (open squares) were
estimated using the strong regression between PBC and TSS
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The scope of this study was limited considering that data was only available for
the 2013 sampling season, thereby missing what may have been a key time for BC export
in 2012, during the immediate post-fire period. It is known that fresh char can leach a
significant amount of DBC (Abiven et al. 2011; Wagner et al. 2015), which suggests that
an initial pulse of DBC exported immediately after the High Park Fire may have been
missed. Since there was not a considerable difference in DBC between burned and
unburned locations, it was concluded that any immediate influence the fire may have had
on DBC during the first year is nearly undetectable during the following season.
However, DBC export in the Poudre River may ultimately increase as the new pool of
charcoal generated from the High Park Fire becomes incorporated into the soil and is
slowly oxidized before being released into the river, a process that could last hundreds of
years (Dittmar et al. 2012; Singh et al. 2012). Contrary to DBC, the riverine export of
PBC was significantly impacted by recent wildfire activity on what appears to be a much
shorter timescale. Fires result in increased erosion (Johansen et al. 2001; Smith et al.
2011) where the preferential translocation of BC downslope is possible (Rumpel et al.
2006). Previous work by Lane et al. (2006) indicated a tenfold increase and a threefold
increase in TSS during the first and second years following a wildfire, respectively,
which suggests that fluxes of TSS and PBC may have been more than three times greater
in 2012 than those measured during the 2013 sampling period. Despite the initially
dramatic increase in riverine PBC export following the High Park Fire, it is suggested
that PBC fluxes will be reduced each subsequent year in response to vegetation recovery
and soil re-stabilization (Lane et al. 2006) until pre-fire concentrations are reached. The

apparent decoupling between DBC and PBC in the Poudre River is supported by the
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hypothesis that dissolved and particulate organic matter in fluvial systems is likely
derived from different sources (Raymond and Bauer 2001). Although it has been
suggested that the bulk of High Park Fire BC is removed from the landscape via surface
erosion (Boot et al. 2014), the time deferred release of DBC from the deeper, aged BC
stocks, and from ageing char from this fire event may ultimately become a greater, longer

term contribution to the riverine BC pool in the Poudre River system.

4.6 Conclusions

Dissolved BC fluxes in the Poudre River watershed were not substantially
increased post-fire, which suggests that the oxidation and aging of BC to enhance its
solubility is a prerequisite to its export in the dissolved phase. However, the High Park
Fire significantly increased PBC export as freshly-generated charcoal entered the Poudre
River during spring melt and times of the year when overland flow was prominent. These
findings suggest that (1) the export processes of PBC and DBC are decoupled in systems
recently impacted by fires and (2) although it is not known if there was an initial pulse of
DBC released shortly after the fire event, the release of DBC is likely to occur over
longer timescales than PBC derived from the same burn event. During the sampling
period discussed here, the seasonal flux of PBC in the Poudre River exceeded that of
DBC four-fold. The riverine export of BC in the particulate phase appears to be a
significant, yet previously unquantified, mechanism for BC removal from watersheds
directly affected by fires.

Since the occurrence of wildfires is expected to increase in the coming decades as

a result of climate change (Krawchuk et al. 2009), fluxes of PBC via inland waters may
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also increase. However, extrapolating global fluxes of PBC from the data shown here
would be highly speculative, as PBC export appears to be strongly influenced by
geomorphology and hydrology of the specific, burnt catchment area. Nevertheless,
relationships between post-fire DBC and PBC should be further explored in order to
properly assess short- and long-term effects of wildfires on the dynamics of aquatic BC

and its contribution to the biogeochemical cycling of charcoal.
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CHAPTER V

EFFECT OF PHOTODEGRADATION ON MOLECULAR SIZE DISTRIBUTION

AND QUALITY OF DISSOLVED BLACK CARBON

(Modified from Wagner and Jaffé, 2015, Organic Geochemistry)
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5.1 Abstract

The effect of photodegradation on the molecular size distribution and composition
of dissolved black carbon (DBC) were explored using a surface water dissolved organic
matter (DOM) sample from a terrigenous-influenced, fire-impacted Everglades area
canal. The original and photodegraded DOM samples were fractionated by size
exclusion chromatography and DBC was quantified by benzenepolycarboxylic acid
analysis. Size fractionation revealed that DBC was unequally distributed along the DOM
molecular weight (MW) continuum, and was preferentially associated with high MW
(HMW) fractions. The photo-decomposition of HMW DBC generated less condensed
DBC photo-products that preferentially re-associated with, and became enriched in, low
MW(LMW) DOM size fractions. The patterns observed indicated that size of the
conjugated aromatic ring structure may drive the association of DBC compounds with
different DOM MW fractions. The HMW DBC was also more photo-labile than LMW
DBC, which suggests that that DBC associated with DOM over a range of size fractions
may not exhibit the same degree of photo-reactivity, thereby resulting in different

environmental fates for pyrogenic OM.

5.2 Introduction

Photo-reactivity of dissolved organic matter (DOM) in surface waters has a
significant impact on the composition and quantity of dissolved organic carbon (DOC)
transported through aquatic systems (Chen and Jaffé, 2014). Dissolved black carbon
(DBC), the soluble portion of pyrogenic OM, is characterized by its polycondensed

aromatic ring structure and typically generated by high temperature combustion processes
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(Schneider et al., 2010). Dissolved BC is ubiquitous in aquatic environments (Dittmar,
2008; Jaffé et al., 2013) and highly susceptible to photo-transformation (Stubbins et al.,
2010 2012). While DBC has been shown to correlate with bulk DOC on a global scale
(Jaffé et al., 2013), the exact physical and chemical drivers controlling DBC-DOC
interaction remain elusive.

Size exclusion chromatography (SEC) is a useful tool for gaining compositional
and structural information across the molecular weight (MW) continuum of DOM.
Elution conditions have been developed for the distinct separation of different size
fractions (Peuravuori and Pihlaja, 2004), while maintaining the supramolecular structural
integrity of DOM (Piccolo, 2001; Simpson et al., 2002; Romera-Castillo et al., 2014).
Generally, high MW (HMW) fractions are enriched in aromatic, carboxyl-rich, humic
substances, whereas low MW (LMW) fractions are typically enriched in smaller, more
labile compounds such as aliphatics, sugars and amino acids (Woods et al., 2010).
Condensed aromatic DOM components have been shown to co-vary with humic-type
substances (Stubbins et al., 2014). It was hypothesized that the fused ring structures
characteristic of DBC enables its interaction with humic-like DOM in HMW fractions by
way of weak intermolecular forces (Perminova et al., 1999), supporting the new
paradigm whereby DOM consists of variable-sized assemblies of smaller heterogeneous
molecules (Piccolo, 2001; Simpson et al., 2002). The photo-reactivity of DBC is similar
to that of the chromophoric DOM pool (CDOM; Stubbins et al., 2012). Previous work
has shown that CDOM can be diminished through photo-bleaching, a process that has

also been linked to reductions in apparent MW (Lou and Xie, 2006; Helms et al., 2008).
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Therefore, the light absorbance of DOM size fractions was also measured to provide
complementary support for observed DBC photodegradation processes.

There is no information on the molecular size distribution of DBC. The goal of
the present study was to establish with which MW fractions DBC is primarily associated
and how the distribution may be affected after photo-exposure. Dissolved BC is highly
photo-reactive (Stubbins et al., 2010; 2012), so it is of interest to gain insight into how it
is specifically altered within the MW continuum during this degradation process. Thus,
the effect of photo-irradiation on DBC concentration and quality across the MW
continuum of a terrestrially-derived DOM sample collected in south Florida was

investigated.

5.3 Material and Methods

Surface water (20 1) was collected from the Everglades area Hillsboro Canal
(Florida, USA) during October of 2011 and filtered through pre-combusted 0.7 um GFF
filters. Ultrafiltration (UF) does not significantly alter the MW distribution of DOM
(Peuravuori and Pihlaja, 2004). Therefore, UF (1 kDa cutoff membrane) was employed
to pre-concentrate the DOM approximately ten-fold to a final DOC concentration of 160
ppm in order to obtain mg quantities of size-fractionated DOC. A 250 ml aliquot of UF-
concentrated DOM was transferred to a pre-combusted 1 1 quartz Erlenmeyer flask fitted
with a quartz cap and placed in a Suntest XLS" solar simulator fitted with bulbs that
mimic the irradiance of natural sunlight and set to 765 /m for 72 h (sunlight dose is ca. 12
summer days in south Florida; Chen and Jaffé¢, 2014). Both the original and irradiated

DOM samples were stored at 4 °C until size fractionation.
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The DOM MW fractionation was achieved with preparative scale SEC following
methods described by Peuravuori and Pihlaja (2004). High pressure liquid
chromatography (HPLC; Thermo Scientific Surveyor Plus system) was used for
separation. Approximately 160 SEC separations were carried out for both the original
and photodegraded DOM concentrate in order to recover mg amounts of DOC per
fraction for DBC quantification. Size fractions were collected in pre-combusted glass
test tubes using an LKB Bromma 2211 Superrac fraction collector, combined into pre-
cleaned Nalgene bottles and stored at 4 °C. Absorption data were collected (250 to 800
nm) using a Varian Cary 50 Bio UV-visible spectrophotometer with a 1 cm quartz
cuvette. CDOM was calculated by converting absorbance at 254 nm to the Napierian
absorbance coefficient (a2s4/m; Hu et al., 2002).

The DOC concentration of whole DOM samples was measured using a Shimadzu
TOC-V-CSH analyzer. Size fractionated DOC could not be measured directly because of
DOC interference from residual SEC NaOAc buffer (Peuravuori and Pihlaja, 2004).
Concentration of DOC has been shown to correlate strongly with CDOM in freshwater
systems (Spencer et al., 2012). The CDOM (absorbance at 254 nm) was continually
measured during SEC and used to determine DOM size fraction cutoffs (Fig. 4.1). Thus,
SEC peak areas corresponded to the relative proportion of CDOM in each size fraction.
The concentration of DOC per fraction was estimated by multiplying the total mass of
DOC injected by the ratio of the fraction peak area to the total peak area of all fractions
with the assumption of a linear correlation between CDOM and DOC. The estimated
mass of DOC per fraction was then divided by the total fraction volume to obtain

approximate DOC concentrations for each fraction. Dissolved OM was isolated and
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desalted via solid phase extraction for DBC analysis using the method described by
Dittmar et al. (2008).

Dissolved BC was quantified using the benzene polycarboxylic acid (BPCA)
method, which detects polycondensed aromatic compounds generated primarily during
high temperature combustion processes (Schneider et al., 2010). Briefly, concentrated
HNO3 was added to dry DOM (<1 mg DOC) and oxidized for 6 h at 160 °C (Ding et al.,
2013). Post-oxidation, HNO3 was dried under N2 and the BPCA-containing residue was
re-dissolved in mobile phase for direct HPLC separation and quantification. The HPLC
elution conditions and calculation of DBC values have been previously described in
detail by Dittmar (2008). The BPCAs for each sample were measured in triplicate (CV

<5%).

F1 F2 F3F4 F5 F6 F7 F8

Relative Intensity (absorbance at 254nm)

Retention Time

Figure5.1 SEC fractionation (F1 — F8) of Everglades area DOM before (solid line) and
after (dashed line) photo-exposure. Vertical grey lines indicate size fraction cut offs.
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5.4 Resultsand Discussion

Eight distinct MW fractions (F1 — F8) were isolated for both the original and
photo-exposed DOM (Fig. 5.1). Dissolved OC, DBC and CDOM for whole water and
size fractionated DOM both before and after photo-exposure are reported in Table 5.1.
While it is known that SEC separation of DOM is not necessarily solely determined by
molecular mass (Stulik et al., 2003), previous studies have reported clear trends in MW
distribution that demonstrate a general decrease in apparent molecular size from early- to
late-eluting peaks (e.g., Peuravuori and Pihlaja, 2004). Thus, F2 — F4 and F5 — F7 are
referred to here as HMW and LMW DOM fractions, respectively. Dissolved BC was not
detectable in F1 and F8 using the BPCA method. Absorbance measurements collected
for these fractions were also low, which indicated that F1 and F8 contained very little, if
any, CDOM (Table 5.1; see also Romera-Castillo et al., 2014).

Photodegradation significantly reduced concentrations of DOC, DBC and CDOM
in whole DOM after 3 days irradiation (p < 0.05; Table 5.1). Dissolved BC was removed
preferentially vs. bulk DOC, as evidenced by the significant decrease in DBC:DOC ratio
for whole DOM (p < 0.05; Table 5.1). The proportion of CDOM removed with
photodegradation was similar to the proportional loss of DBC (Table 5.1). Therefore, a
photo-sensitivity gradient of DBC = CDOM > DOC is suggested for this Everglades area
DOM sample. A tight coupling between CDOM and DBC during photodegradation has
been suggested by Stubbins et al. (2012), so it is not surprising that size-fractionated

DBC concentration also correlated significantly with CDOM here (p < 0.05).
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Table5.1 Summary of data for whole and size-fractionated DOM before and after
photo-exposure.

DBC:DOC

Sample  Fraction axss (/m)® DBC (ppm)® DOC (ppm)° (me-C%) B5:B4¢
Before Whole 1650 37.53+£032 164.09£2.00 229+03 1.6=+0.1
Photo F1 0.9 ND 0.01 - -
F2 20.6 0.42 4.80 8.8 2.0
F3 66.1 1.74 9.10 19.1 1.8
F4 423 0.77 6.09 12.6 1.6
F5 18.1 0.29 2.60 11.2 1.3
F6 6.6 0.08 0.80 10.2 1.0
F7 2.2 0.01 0.25 4.9 0.9
F8 1.1 ND 0.01 - -
After Whole 1190 27.44+£0.14 14576+2.07 18.8+03 1.7+0.1
Photo F1 0.8 ND 0.00 - -
F2 12.2 0.13 1.58 8.2 1.7
F3 53.9 1.42 8.75 16.2 2.0
F4 43.6 1.04 6.51 16.0 1.8
F5 23.5 0.41 3.33 12.3 1.4
F6 10.0 0.11 1.05 10.7 1.0
F7 34 0.01 0.19 6.6 0.8
F8 0.9 ND 0.01 - -

aAbsorbance measured at 254 nm is expressed in Napierian absorbance coefficients;
®DBC was quantified using the BPCA method; “DOC concentrations were derived from
azs4; ‘B5:B4 is the ratio of BSCA to B4CAs

40
35

30

25
20
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F1 F2 F3 F4 F5 F6 F7 F8

Figure5.2 Relative proportion of DBC in each DOM size fraction before (black bars)
and after (gray bars) photodegradation. BPCAs were measured in triplicate (CV < 5%)

w
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Dissolved BC was preferentially associated with DOM in HMW size fractions as
evidenced by relatively high DBC:DOC ratios for F2 and F3 (Table 5.1). The decrease in
DBC concentration in these HMW fractions after photo-irradiation was coupled with an
increase in DBC concentration in LMW fractions (Table 5.1). The apparent photo-
induced shift in DBC relative abundance from HMW to LMW fractions (Fig. 5.2) could
be the result of a combination of oxidation to COz via photo-mineralization (Ward et al.,
2014) of HMW DBC or a structural photo-alteration (Stubbins et al., 2010), resulting in
DBC to form more thermodynamically stable re-associations with DOM in LMW
fractions. Bulk DOC significantly decreased when the DOM was exposed to sunlight
(Table 5.1), which indicated that a portion of DOC was lost via photo-mineralization to
COz. Although it has been shown that a small portion of DBC can also be photo-
mineralized to CO2, the majority of DBC becomes only partially oxidized, generating
photo-products (Ward et al., 2014) that may or may not be detectable with the BPCA
method (Ziolkowski et al., 2011). However, since an increase in both CDOM
concentration and DBC concentration was observed for LMW fractions after
photodegradation (Table 5.1), it is suggested that smaller aromatic photo-products were
indeed generated from the decomposition of CDOM and DBC in HMW fractions for this
particular DOM sample. Although the present study is corroborated by previous
observations where DBC is preferentially removed through photo-reactive processes vs.
bulk DOC (Stubbins et al., 2012; Ward et al., 2014), it was also discovered that DBC is
associated with HMW fractions is more photo-labile than DBC in LMW fractions (Fig.
5.2). The DBC molecules with large polycondensed aromatic rings generate more

BPCAs with 5 and 6 carboxylic groups (BSCA and B6CA) than B3CAs and B4CAs
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during oxidation (Dittmar, 2008; Ziolkowski et al., 2011). By using relative BPCA
distributions, such as the ratio of BSCA to B4CAs (B5:B4; Table 5.1), the quality of
DBC was compared among whole and size fractionated DOM samples. The ratio
generally decreased with increasing size fraction and the pattern was not found to be
considerably altered after photo-exposure (Table 5.1). The trend indicated that not only
was the DBC abundance unevenly distributed among size fractions, but also that DBC
molecules with larger ring systems continued to be associated with DOM of larger
apparent MW regardless of short term photo-reactive processes.

Despite the significant reduction in bulk DBC and an apparent shift in the
distribution of DBC from HMW to LMW fractions after 3 days irradiation, the B5:B4
ratio for whole water DBC was not significantly altered (p > 0.05; Table 5.1). After
photodegradation, > 76% of the DBC still remained in F2 to F4 (Fig. 5.2). The observed
result suggests that, even after short-term photo-exposure, the quality of whole water
DBC was still controlled mainly by the DBC associated with HMW fractions, which
exhibited consistently higher B5:B4 values than DBC in LMW fractions (Table 5.1).
Therefore, the relative proportion of BPCAs for whole water DBC did not seem to
change significantly after three days of irradiation (p > 0.05). The primary objective of
this study was to assess short-term DBC photo-reactivity along the DOM MW
continuum. Assuming DBC would continue to be preferentially removed from HMW
fractions, the BPCA composition of whole water DBC is expected to more closely
resemble that of the photo-resistant DBC pool in LMW DOM fractions after long

exposure times (e.g., weeks to months).
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The selective photo-removal of HMW DBC may generate a LMW DBC pool with
potentially increased bioavailability (Bruun et al., 2008). The microbial processing of
LMW DBC could be enhanced by the interactive priming effects of labile compounds
found in smaller DOM size fractions (Woods et al., 2010). Considering that
cometabolism effects have been observed between black carbon and labile C sources in
soil (Hamer et al., 2004), such priming could also occur for DBC. Although it has not
been described before, the mineralization of DBC may be enhanced via synergistic
photo-oxidation and biodegradation processes, much like those observed for terrigenous
DOM (Chen and Jaffé, 2014). These interactive degradation processes may reduce the

otherwise relatively long turnover rates of pyrogenic DOM.
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BC was initially considered to be a carbon sink, resistant to degradation and
mobilization in terrestrial systems. However, under favorable environmental conditions,
BC in the solid phase can easily undergo oxidation via biotic and/or abiotic processing.
The addition of oxygen-containing functionalities, such as phenolic or carboxylic acid
groups, to the polycondensed aromatic core structure of BC likely encourages the
dissolution and translocation of DBC to the aqueous phase. The soluble component of
BC is variable with regards to its molecular composition. DBC released from soils and
char was shown to be generally highly oxidized, containing multiple oxygen-containing
moieties. It was also observed that, in some cases, more than 50% of the DBC molecular
formulae identified in soil and char leachates contained nitrogen. In general, it was
observed that greater proportions of dissolved black nitrogen (DBN) were released from
soils and grass-derived charcoals, which suggested that the proportion of DBN
solubilized from charcoal and fire-impacted soils appears to be controlled by both the
organic source material and extent of BC processing in soils after thermal alteration. The
presence of DBN likely influences the reactivity and ultimate fate of the bulk DBC pool,
therefore it is necessary to further understand how this pyrogenic component of DOM is
released into and exported via aquatic systems. DBN was identified in global rivers and
could be linked to watershed land use. The contribution of DBN to the pyrogenic DOM
signature was significantly positively correlated with the proportion of agricultural area
within the catchment. The burning of protein-enriched, grassy-type biomass in farmland
areas could have resulted in riverine pyrogenic DOM composition with higher DBN
content. Additionally, the long term application of nitrogen-based fertilizers to

agricultural fields may be incorporated into the BC molecular structure during burn
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events and subsequently exported as DBN over time. Further research is needed to fully
assess how DBN content impacts the lability of the bulk DBC pool, and if this DBN is
available to heterotrophic organisms. The persistence of DBN and other
anthropogenically-derived compounds in downstream areas of large rivers may have
major implications for the reactivity and global cycling of both DBC and DOM.

The riverine export of DBC was not shown to be substantially influenced after a
recent wildfire burned considerable portions of a Colorado mountain watershed. Instead,
the removal and fluvial transport of freshly-generated BC occurred primarily in the
particulate phase (PBC), which indicates that export mechanisms for PBC and DBC are
decoupled in watersheds recently affected by wildfire. The mobilization of PBC appears
to be a significant, yet previously unstudied, mechanism for BC cycling in aquatic
systems. These observations suggest that the gradual oxidation and aging of BC in soils
may be a prerequisite to its dissolution and translocation to the dissolved phase, whereas
freshly-generated charcoal can be immediately transferred to rivers as PBC. Although a
significant portion of BC formed during a wildfire event is removed from the burned
landscape as PBC via surface erosion, the time deferred release of aged DBC from deeper
soils may ultimately become a greater, long-term contributor to in-stream BC. Future
studies should focus on PBC dynamics in surface waters in order to assess how
environmental processes, such as photodissolution or sedimentation, impact the mobility
and fate of particulate charcoal.

It is analytically challenging to study DBC because it is a heterogeneous
molecular mixture which is inherently associated with an even more complex bulk DOC

pool. However, DBC-DOC relationships can be investigated using a combination of
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analytical techniques. DBC is characterized by its fused aromatic ring structure, which
makes it highly photoreactive. Photodegradation preferentially removed DBC from an
Everglades-area surface water sample compared to bulk DOC. DBC in higher molecular
weight DOM fractions was also more photolabile than DBC in lower molecular weight
fractions. This suggests that that DBC associated with DOM over a range of size
fractions may not exhibit the same degree of photoreactivity, thereby resulting in
different environmental fates for pyrogenic DOM. For instance, microbial processing of
DBC in lower molecular weight DOM fractions could be enhanced by interactive priming
effects of labile compounds commonly associated with smaller DOM size fractions. The
mineralization of DBC may also be increased via synergistic photooxidation and
biodegradation processes, thereby reducing the relatively long turnover rates of pyrogenic

DOM.

Fire is a process that occurs across all landscapes and DBC will continue to be
released from soils and sediments into aquatic systems for years to come. Although a
global correlation between DBC and DOC exists, the composition and reactivity of DBC
is not entirely consistent among all DOM pools. Research investigating the dynamics of
DBC in aquatic systems has advanced significantly in recent years, however many
questions still remain. PBC may be a significant source of pyrogenic material to inland
waters, therefore mechanisms that control interactions between BC in both the particulate
and dissolved phase must be further assessed. Photodegradation breaks down DBC
structures into smaller, more aliphatic components that may be more biolabile than their

pyrogenic precursors. However, such sequential degradation studies have yet to be
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carried out for DBC. The benzenepolycarboxylic acid method is only capable of
detecting the most recalcitrant forms of DBC. Therefore, future research should
incorporate the measurement of more labile components of the pyrogenic carbon pool in
order to obtain an understanding of BC dynamics across a broader range of the
combustion continuum. BC is a major component of the terrestrial organic matter pool
which can be mobilized via inland waters. Addressing these research gaps will allow for
a more accurate assessment of BC residence times in the environment and constrain the

role BC plays in global carbon cycling.
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Appendix 2.1

Kendrick plots for DBN formulae detected in PNAS and PNAC. Points falling on a
horizontal line separated by a nominal mass of 44 Da indicated homologous molecular
formulae differing by the gain or loss of a CO2 group.
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Appendix 3.2

Global river basin characteristics obtained from the Watersheds of the World database compiled by [IUCN-The World Conservation
Union, the International Water Management Institute, the Ramsar Convention Bureau and the World Resources Institute
(http://multimedia.wri.org/watersheds 2003/).

River Forest (%) Grassland (%)  Wetland (%) Dryland (%)  Cropland (%) Urban (%) Basin Area (km?)
Amazon 73.4 10.2 8.3 6 14.1 0.6 6145186
Congo 44 454 9 0.2 7.2 0.2 3730881
Danube 18.2 32 1.4 13.7 66.9 10.7 795656
Ganges-Brahmaputra 9.8 25.6 18.9 353 55.6 4.8 1667459
Yangtze 6.3 28.2 3 2 47.6 3 1722193
Lena 64.7 11.4 0.6 1.5 1.7 0.4 2306743
Mekong 41.5 17.2 8.7 0.8 37.8 2.1 805604
Mississippi 22.2 28.5 20 46.7 35.8 12.6 3202185
Parana 18.1 33 10.9 0.6 433 4.2 2582704
St. Lawrence 43.5 0.1 47.2 0 16.4 14.5 1049636
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Appendix 3.3

Total number and proportion of molecular formulae assigned to each compound class for global river DOM.

Highly
Unsaturated Saturated
No. of Condensed Aliphatics Unsaturated Fatty
Assigned  Aromatics Polyphenols (AI<0.5; Aliphatics Acids Sugars Peptides
River Formulae  (AI>0.66) (0.5 <Al <0.66) H/C < 1.5) (15<H/C<2) (H/IC>2) (0/C>09) (H/C>1.5)
Amazon 4839 672 (13.9%) 1101 (22.8%) 2729 (56.4%) 312 (6.4%) 2 (0.04%)  9(0.19%) 14 (0.29%)
Congo 4406 654 (14.8%) 1026 (23.3%) 2479 (56.5%) 233 (5.3%) 0 (0%) 4 (0.09%) 10 (0.23%)
Danube 5847 611 (10.4%) 1134 (19.4%) 3503 (59.9%) 507 (8.7%) 4(0.07%) 10(0.17%) 78 (1.33%)
Ganges-Brahmaputra 3053 321 (10.5%) 628 (20.6%) 1760 (57.6%) 328 (10.7%)  4(0.13%) 1(0.03%) 11 (0.36%)
Yangtze 5457 602 (11.0%) 1062 (19.5%) 3216 (58.9%) 483 (8.9%) 8(0.15%) 4(0.07%) 82 (1.50%)
Lena 4638 554 (11.9%) 938 (20.2%) 2735 (59.0%) 371 (8.0%) 5(0.11%) 11 (0.24%) 24 (0.52%)
Mekong 5298 734 (13.9%) 1098 (20.7%) 2968 (56.0%) 431 (8.1%) 3(0.06%) 11(0.21%) 53 (1.00%)
Mississippi 5236 578 (11.0%) 1007 (19.2%) 3016 (57.6%) 568 (10.8%)  3(0.06%) 8(0.15%) 56 (1.07%)
Parana 6818 861 (12.6%) 1360 (19.9%) 3715 (54.5%)  775(11.4%)  7(0.10%) 17 (0.25%) 83 (1.22%)
St. Lawrence 5865 654 (11.2%) 1117 (19.0%) 3332 (56.8%) 668 (11.4%)  5(0.09%) 15(0.26%) 74 (1.26%)
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Appendix 3.4

Cluster analysis (squared Euclidean) of log-normalized peak intensities found to be
common among all ten global river DOM.
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Appendix 3.5

Van Krevelen diagrams of molecular formulae identified for DOM from the (a) Amazon,
(b) Congo, (c) Danube, (d) Ganges-Brahmaputra, (e) Yangtze, (f) Lena, (g) Mekong, (h)
Mississippi, (i) Parana and (j) St. Lawrence Rivers. Formula types are classified by
color: CHO (black), CHON (blue), CHOS (red), CHOP (purple) and CHONSP (green).
The CHONSP formula type represents molecular formulae that contain two different
heteroatoms (e.g., N and S, S and P or N and P).
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