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Abstract Stream water carbon concentrations can be highly dynamic on the time scales of both
individual storm events and seasonal hydroclimatic shifts. We collected stream water daily over a 6‐day
storm from three headwater subcatchments of varying landcover (poor fen, forested wetland, and upland
forest) and the catchment outlet to evaluate how precipitation events impact the concentration and
speciation of carbon (organic vs. inorganic) as well as the composition of dissolved organic matter (DOM)
exported laterally from coastal temperate rainforest catchments. Dissolved and particulate organic carbon
concentrations increased during the storm at all sites, while dissolved inorganic carbon concentrations
were diluted during peak flows. These results highlight the importance of quantifying all forms of lateral
carbon export when evaluating the role of storms in catchment‐scale carbon cycling. Isotopic hydrograph
separation using stream water δ18O showed that percent new water was significantly related to carbon
concentration and form providing a clear link between stream water sources (i.e., recent event water) and
soil carbon source areas that become connected to surface water during storms. Furthermore, ultrahigh‐
resolutionmass spectrometry showed that streamwater DOM exported from the upland forest contained the
greatest molecular diversity of the three landscape types and had the largest changes in composition over the
storm suggesting that the wetland‐dominated subcatchments were less compositionally diverse with
regard to soil DOM pools active during the storm. Overall, this study provides insight into hydro‐
biogeochemical drivers that control lateral carbon export from forested catchments
in a region where an increasing fraction of precipitation is falling as rain.

Plain Language Summary Streams transport large amounts of terrestrially derived carbon to the
ocean, especially during large rainstorms. We collected water samples daily over a 6‐day storm from
small drainage areas of varying landcover to see how the concentration and type of carbon changed over the
course of a storm. Our results show that the amount and type of carbon in the stream changed
dramatically during the storm and originated from different areas of the landscape. The flow of water
through the soil also changed during the storm and was related to the type and amount of carbon entering
the stream. Storm events not only impact carbon entering the stream but also may impact its transfer to
coastal marine ecosystems. Climate in the study region is projected to become warmer and wetter in coming
decades. These shifts in climate could lead to more carbon export during storms, especially during
winter because of more precipitation falling as rain rather than snow.

1. Introduction

Riverine transport of carbon (C), as dissolved inorganic (DIC), dissolved organic C (DOC), and particulate
organic C (POC), is increasingly recognized as contributing to the global C cycle (Battin et al., 2009; Cole
et al., 2007; Drake et al., 2017; Tranvik et al., 2009). As a result, the quantification of C movement across the
land‐water interface, which is estimated at >5.0 Pg yr−1 globally (Butman et al., 2018; Drake et al., 2017), and
how the speciation of this flux varies across ecosystem types are essential topics of study within the aquatic
and Earth sciences (Csank et al., 2019; Tomco et al., 2019). Previous studies in small forested catchments
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show that rainfall‐runoff processes are key drivers of the lateral export of terrestrial C to surface waters
(Boyer et al., 1997; Hinton et al., 1997; Raymond & Saiers, 2010; Vaughan et al., 2019), with the bulk of
annual catchment DOC export typically occurring during high flow events (Raymond et al., 2016;
Wiegner et al., 2009; Wilson et al., 2013). However, we still lack a fundamental understanding of how multi-
ple forms of C (including DOC, POC, and DIC) simultaneously vary during high flow events (Tank
et al., 2018), which is critical to understanding the role of storm‐driven lateral C export in the overall catch-
ment C cycle.

Event‐driven shifts in lateral C export are often coupled with changes in dissolved organic matter (DOM)
chemical composition (Fellman et al., 2009; Hood et al., 2006) and biolability (Wiegner et al., 2009;
Wilson et al., 2013) because DOM source pools mobilized during high flows differ from those that are hydro-
logically linked to surface water during baseflow. The use of Fourier‐transform ion cyclotron resonance
mass spectrometry (FT‐ICRMS) to characterize streamwater DOMhas flourished in the last decade because
it yields a precise molecular fingerprint of the DOM pool that includes information on elemental ratios and
compound classes (Spencer et al., 2015; Stubbins et al., 2014; Wagner et al., 2019). High‐resolution sampling
of streams draining forested watersheds recently illustrated that FT‐ICR MS can trace molecular‐level hys-
teresis patterns in the DOM pool during stormflows (Wagner et al., 2019), information that can help eluci-
date the potential fate of pulsed DOM delivery to downstream ecosystems, including nearshore marine
environments.

At the catchment scale, evaluating the relationship between stream water C export and discharge across
a range of hydrological conditions can elucidate whether lateral C export and speciation is controlled by
C production in the terrestrial ecosystem or by hydrologic connectivity between C source pools and sur-
face waters (Moatar et al., 2017; Pellerin et al., 2012; Vaughan et al., 2019; Zarnetske et al., 2018). For
example, an increase in DOC concentration during stormflows suggests that extensive soil source pools
of DOC exist, but a lack of watershed hydrologic connectivity limits the transport of this DOC across the
terrestrial‐aquatic interface. Thus, combining C concentration and speciation data with catchment hydro-
logic tracers that provide information about streamflow generation, such as stable isotopes of water
(δ18O and δ2H; Benettin et al., 2015; Kirchner, 2016; Stockinger et al., 2016; Tomco et al., 2019), allows
for a more nuanced understanding of how different forms of C are transported laterally to surface
waters.

The Pacific coastal temperate rainforest (PCTR) contains some of the densest C stocks in the world (>500Mg
C ha−1; McNicol et al., 2019) and extremely high rates of specific discharge (1.5–6 m yr−1; Neal et al., 2010).
However, there have been few catchment‐scale studies of C speciation and export from this biome (Argerich
et al., 2016), particularly in comparison to other northern high‐latitude biomes such as boreal forests and
permafrost‐dominated Arctic watersheds (Holmes et al., 2012; Laudon et al., 2004; Raymond et al., 2007;
Striegl et al., 2007). Here, we combine measurements of stream water δ18O and FT‐ICR MS analyses of
DOMwith concentrations of DOC, DIC, and POC to evaluate how stormflows drive the form of C and mole-
cular fingerprint of DOM exported laterally from a forested catchment in the PCTR. We hypothesized that
recent event water, as determined from isotopic hydrograph separation of stream water δ18O, varied with
the concentration and form of C and molecular properties of DOM exported during the storm. Stream water
was collected at least daily over a 6‐day storm from three of the most common landcover types in the region
(poor fen, forested wetland, and upland forest; D'Amore et al., 2015) and the catchment outlet stream. This
design allowed us to examine how the biogeochemical signature at the catchment outlet is controlled by
inputs of DOM from streams draining the three landcover types at various points of the storm hydrograph.

2. Methods
2.1. Site Description

Stream water was collected from three tributary streams draining subcatchments and at outlet of the Fish
Creek catchment near Juneau, AK, in the northern region of the PCTR (Figure 1). The Juneau area has a
moderate maritime climate (i.e., cool summers and mild winters) with abundant precipitation (2,000 mm
at sea level) that generally falls during large frontal storms that form in the northern Pacific Ocean andmove
eastward into southeast Alaska and western Canada (D'Amore et al., 2015). The Fish Creek catchment (area
of 36 km2 and mean elevation of 487 m) contains intrusive volcanic and sedimentary rock in the Stephens
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Passage volcanic subsection (D'Amore et al., 2015). The catchment is a mix of physiographic features
including productive temperate rainforest, wetlands, and high elevation alpine areas that contain snow
through much of the summer.

The three subcatchments we sampled are characterized by distinct landcover types that vary across a soil
drainage gradient common to the PCTR. The poor fen is typical of the poorly drained slope bog wetland type
(National Wetlands Working Group [NWWG], 1988) with acidic soils (pH 4), peat accumulations >2 m
deep, and vegetation consisting of Sphagnummosses (Sphagnum spp.), ericaceous shrubs, sedges, and shore
pine (Pinus contorta var. contorta) (Fellman et al., 2008). The forested wetland is typical of the raised peat-
land swamp (NWWG, 1988), with acidic soils (pH 4.0) and 0.50‐ to 0.75‐m‐deep peat overlaying glacial till
(Fellman et al., 2008). Forested wetland vegetation consists of Sphagnum mosses (Sphagnum spp.), skunk
cabbage (Lysichiton americanum), and blueberry (Vaccinium spp.) with an overstory of mainly western hem-
lock (Tsuga heterophylla) and Sitka spruce (Picea sitchensis). Although the forested wetland and poor fen
formed on the same deposit, the sites maintain different hydrologic regimes where soil hydraulic conductiv-
ity is greater in the forested wetland but soil saturation is sufficient to support anoxic conditions (D'Amore
et al., 2010). Soils in the upland forest are Spodosols (Typic Humicryod) that are acidic (pH 4.0), moderately
deep, and moderately well drained, due to the steep slopes (Fellman et al., 2008). Upland forest vegetation
consists of blueberry (Vaccinium spp.) with an overstory of mainly western hemlock and Sitka spruce.

2.2. Stream Water Collection and Analyses

Surface water grab samples were collected at least daily (samples were collected twice on 9 August) over the
course of a 6‐day storm event in August 2018 from the three subcatchments and the Fish Creek outlet.
Higher‐resolution sampling (collecting stream water multiple times over multiple days) was not feasible
for this study due to remote site access. Water temperature, specific conductivity, and pH were measured
using a hand‐held YSI (Professional Plus) unit. Stream water for DOC (collected in duplicate) and FT‐ICR
MS analysis was field filtered through precombusted (>4 hr at 450°C) Whatman GF/F filters (0.7‐μm pore
size). Samples for DOCwere stored in precombusted (>4 hr at 550°C) amber glass vials and refrigerated until
analyzed within 48 hr of collection while DOM for FT‐ICR MS measurement was stored in acid‐washed

Figure 1. Map of the study catchment and sampling locations near Juneau, Alaska.
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polycarbonate (PC) bottles and frozen until solid‐phase extraction. Concentrations of DOC were determined
via nonpurgeable organic C analysis on a Shimadzu TOC‐LC/TN analyzer. Analytical precision (mean stan-
dard deviation for reanalysis of identical samples) for DOC was 0.1 mg C L−1 for samples less than 10 and
0.3 mg C L−1 for samples greater than 20 mg C L−1. Samples were acidified and sparged to remove inorganic
C followed by high‐temperature combustion and analysis on the TOC analyzer (Stubbins & Dittmar, 2012).

Samples for POC were collected in 2‐L PC bottles by collecting a water sample across the depth of the stream
channel. Upon returning to laboratory, a known volume of water (between 1 and 2 L) was filtered through a
precombusted (>4 hr at 450°C)Whatman GF/F filter followed by drying at 40°C and reweighing to calculate
a sediment concentration. Filters were acidified to remove carbonates by a repeated sulfurous acid addition
(Connelly et al., 2015) and packed in tin capsules for C analysis on a LECOCHN analyzer. Concentrations of
POC (mg L−1) were determined by dividing the elemental C concentration by the known volume of water
that passed through the filter.

Concentrations and speciation of DIC were determined by measurements of dissolved CO2 and alkalinity.
Triplicate samples of dissolved CO2 were collected in 60‐ml syringes using a headspace equilibration where
the headspace was initially purged with helium followed by shaking for 1 min. Collected gas was injected
into pre‐evacuated 20‐ml vials followed by analysis the same day on a LI‐COR (LI‐7000 CO2/H2O) infrared
gas analyzer. Concentrations of CO2 (mg C L−1) were determined using standard calculations that included
air and water temperature (measured with a hand‐held YSI), elevation, and atmospheric pressure (Worrall
et al., 2005), which were obtained from aNationalWeather Service weather station (Juneau airport) near the
mouth of Fish Creek. Unfiltered stream water samples were measured for alkalinity as CaCO3 (mg L−1) in
the laboratory by titration to two pH end points (pH 4.7 and 4.4) using 0.02‐N hydrochloric acid. Carbonate
alkalinity was converted to bicarbonate (HCO3

−) concentration, which was used to calculate total DIC inmg
C L−1 (HCO3

− + CO2).

Water isotope samples were collected in glass bottles with zero headspace and stored at room temperature
until analysis on a Picarro L2120‐i analyzer (analytical precision of 0.05‰). Isotope values for δ18O are
reported in per mil (‰) after normalization to Vienna standard mean ocean water (VSMOW). Discharge
in Fish Creek was measured at 15‐min intervals using a stilling well that contained a pressure transducer
(In‐Situ Level TROLL). Discharge measurements (n ¼ 20) using a SonTek FlowTracker ADV were com-
pleted across a wide range of flow conditions over the summer of 2018, and the stage‐discharge relationship
was used to calculate streamflow. Additionally, stilling wells were used to record stage in the three subcatch-
ment outlet streams using pressure transducers (Hobomodel U20) that measured water height every 30 min.
We were not able to quantify discharge in the three subcatchments due to an insufficient number of flow
measurements needed to build stage‐discharge relationships at each site.

2.3. Fourier‐Transform Ion Cyclotron Resonance Mass Spectrometry

Samples for FT‐ICR MS analysis were solid‐phase extracted onto reversed phase Bond Elut Priority
PolLutant (PPL) columns (100 mg; Agilent) following Dittmar et al. (2008). Acidified (pH 2) samples were
passed through precleaned PPL columns with volumes adjusted to a target concentration of 40 μg C ml−1

in methanol (JT Baker HPLC grade) elutes. Extracted samples were stored at −20°C until analysis on a
21‐T FT‐ICR MS at the National High Magnetic Field Laboratory (Tallahassee, Florida; Hendrickson
et al., 2015; Smith et al., 2018) with direct infusion negative electrospray ionization. Each mass spectrum
consisted of 100 coadded time domain acquisitions.

Molecular formulae were assigned to peaks with >6σ root‐mean‐square baseline noise (Koch et al., 2007;
Stubbins et al., 2010) with PetroOrg ©™ software (Corilo, Yuri. PetroOrg, Florida State University, 2015).
Allowed formulae had elemental bounds of C1–45H1–92N0–4O1–25S0–2 and a mass accuracy ≤300 ppb. The
modified aromaticity index (AImod) was calculated to assess the degree of unsaturation based on molecular
formula (Koch & Dittmar, 2006, 2016). Compound classes were defined using AImod and elemental ratios as
follows: polyphenolics (0.5 AImod ≤ 0.66); condensed or polycyclic aromatic (AImod > 0.66); highly unsatu-
rated and phenolic (HUP) (AImod ≤ 0.5, H/C 1.5, O/C ≤ 0.9); aliphatic (1.5 ≤ H/C ≤ 2.0, O/C ≤ 0.9, and
N¼ 0); and sugar‐like (O/C > 0.9). Though precise molecular formulae can be assigned to FT‐ICRMS peaks,
each peak may represent multiple isomers, and exact compound structure cannot be determined. Relative
abundances of each formula were determined by normalizing individual peak magnitudes to the sum of
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all assigned peaks in each sample, and all reported percentages refer to percent relative abundances unless
otherwise noted. The contribution of each compound class was found as the sum of the relative abundances
in each compound class divided by the summed abundance of all assigned formulae in each sample
expressed as a percent. Similar calculations were used to determine the relative abundance of compounds
containing different elements (e.g., CHO).

2.4. Data Analysis

The hysteresis index (HI) was used in Fish Creek, the only site with discharge, to measure the width of the
hysteresis loop (i.e., difference in concentration on the rising compared to falling limb of the hydrograph) at
the midpoint discharge of the event for concentrations of C and DOM molecular compound class relative
abundances (Lawler et al., 2006). The HI was calculated according to Lawler et al. (2006) as

Qmid ¼ k Qmax − Qminð Þ þ Qmin (1)

where Qmid is the midpoint discharge for the storm, Qmax is the peak flow of the storm, Qmin is the starting
flow of the storm, and k (set here at 0.5) is the midpoint discharge on the rising limb of the storm hydro-
graph. The HI is then determined for clockwise hysteresis as

HI ¼ CRL=CFLð Þ − 1 (2)

or for counterclockwise as

HI ¼ −1= CRL=CFLð Þð Þ þ 1 (3)

where CRL and CFL are the C concentrations on the rising limb and falling limb of the storm, respectively.

A two‐component isotopic hydrograph separation (Klaus & McDonnell, 2013; Shanley et al., 2002; J. B.
Shanley et al., 2015) was applied to all stream sites. A three‐component separation method was not possible
because there was no sufficient data, such as soil water isotopic values. The new and old components of the
storm hydrograph were calculated at the time of sampling using the δ18O value of rainfall during the storm
for new water and the pre‐event stream water in each stream for old water as follows:

Fp ¼ Ct − Ceð Þ= Cp − Ce
� �

(4)

where Fp is the fraction of pre‐event water, Ct is the δ
18O value of streamflow, Cp is the δ

18O value of pre‐
event water, and Ce is the δ18O value of event water (rainfall). We assumed that the isotopic signature of
rainfall (new water) did not vary in space and time over the storm and that the pre‐event water (old water)
was similar to soil water throughout the catchment (Klaus & McDonnell, 2013). The uncertainty in new
water over the storm hydrograph was 6.0%, calculated according to the methods of Genereux (1998).

To assess how C concentration and form as well as DOM composition changed over the storm and across
sites, we performed a principal component analysis (PCA) of samples taken across the storm hydrograph
in R Core Team using the factoextra package (Kassambara &Mundt, 2017). All C species concentration data,
δ18O values, and FT‐ICR MS compound class and elemental composition information were included in the
PCA. Linear regression was used to assess the relationship between C concentration and stream δ18O for all
sites together. Regression analyses were performed in SPSS software. When necessary, C concentration data
were log transformed to meet the basic assumptions of regression analyses.

3. Results
3.1. Catchment Hydrology and Stable Water Isotopes

During the 6‐day period of sampling, approximately 6.2 cm of rain fell in the Fish Creek catchment. This
rainfall resulted in a moderate increase in stage height in the poor fen and upland forest but nearly fourfold
increase in the forested wetland (Figures 2a–2c). Discharge in Fish Creek increased from a prestorm low of
0.3 m3 s−1 to nearly 11.0 m3 s−1 during peak flow, which is more than 5× the mean daily discharge
(2.1 m3 s−1) for Fish Creek for the period of May through October (Supporting Information Figure S1).
Two precipitation samples collected from the Fish Creek catchment during the storm had a mean δ18O
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value of−8.7‰ (Figure 2). In the three tributary streams, δ18O values increased with flow and became more
similar to rainfall, reflecting an increased contribution of recent event water to streamflow (Figures 2a–2c;
Supporting Information Table S1). Isotopic hydrograph separation showed that the highest contribution
of new water occurred during peak flow in all tributaries, with new water contributing to as much as
43% of streamflow in the poor fen, but less so in the forested wetland (26%) and upland forest (14%)
(Figures 2a–2c). New water generally contributed more to streamflow on the descending limb of the
storm hydrograph compared to the ascending limb in all three tributaries. In the Fish Creek mainstem,
δ18O values showed a counterclockwise hysteresis indicating that water entering the stream later in the
storm was more enriched and similar to rainfall compared to water early in the storm (Figure 3a). New
water contributed to 5–37% of streamflow in Fish Creek during the storm, with the highest contribution
of new water occurring during peak flow (Supporting Information Figure S1).

3.2. Hydrologically Driven Shifts in Stream Water C Concentrations and Form

Prestorm DOC concentrations in tributary streams were 1.1 to 18.7 mg C L−1 with the highest concentra-
tions in the poor fen (Figures 2d–2f; Supporting Information Table S1). Concentrations of DOC increased
by 2.4–7.0 mg C L−1 in the tributary streams during the storm, which resulted in a proportional DOC
increase of more than 300% in the upland forest but less than 100% in the two wetland sites. Stream water
DOC concentrations in the poor fen remained above 20 mg C L−1 and close to their peak value of 21.1 mg
C L−1 even as flow receded. In the Fish Creek mainstem, DOC showed a counterclockwise hysteresis
(HI ¼ −0.78) with lower concentrations on the ascending limb of the storm hydrograph relative to the des-
cending limb suggesting that the hydrologic connection with DOC‐rich wetland waters continued to
increase after the stormflow peak (Figure 3b). For all sites together, DOC concentrations were positively
related to percent new water across the storm hydrograph (r2 ¼ 0.40, p 0.001, Figure 4a).

Stream water POC concentrations in all three tributaries were much lower (0.5 to 1.4 mg C L−1) and varied
less with flow relative to DOC, except in the poor fen where concentrations more than doubled during the
storm (Figures 2d–2f ). As a result, ratios of DOC to POC in the poor fen decreased with increasing storm dis-
charge, and the coefficient of variation (CV) was greater for POC (0.59) than DOC (0.06) over the storm. In
the forested wetland and upland forest, DOC:POC increased with flow during the storm. Concentrations of
POC in Fish Creek showed a mild clockwise hysteresis (HI¼ 0.15), although concentrations were quite vari-
able on the falling limb relative to the ascending limb of the storm hydrograph (Figure 3c). Similar to the

Figure 2. Relationship between (a–c) stage, stream water δ18O values (right y axis), and percent new water (right offset y axis) and (d–f) concentrations of DOC,
DIC, and POC for the poor fen (a, d), forested wetland (b, e), and upland forest (c, f ) over the storm (stream water was collected twice on 9 August). The average
δ18O value (−8.7‰) for two rainfall samples collected throughout the storm is shown in panels (a)–(c) as a short dashed line.
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upland forest subcatchment stream, DOC in Fish Creek (CV¼ 0.59) had a greater CV than POC (CV¼ 0.40).
For all sites together, percent new water was not related to POC concentration (r2 ¼ 0.02, p ¼ 0.476,
Figure 4b) but was positively related to DOC:POC (r2 ¼ 0.19, p 0.042, Figure 4c) over the storm.

Concentrations of DIC in the three tributaries varied widely over the storm hydrograph and across sites aver-
aging 7.5 mg C L−1 in the poor fen (CV ¼ 1.16), 2.3 mg C L−1 in the forested wetland (CV ¼ 0.49), and
15.1 mg C L−1 (CV ¼ 0.18) in the upland forest (Figures 2d–2f). Dissolved CO2 dominated the DIC pool
in the poor fen and forested wetland but contributed proportionally less in the upland forest and Fish
Creek mainstem (Supporting Information Table S1). All three tributaries showed a decrease in DIC concen-
trations on the ascending limb of the storm hydrograph indicating that DIC concentrations were diluted
with increasing discharge (Figures 2d–2f ). The largest change in stream water DIC was observed in the poor
fen, where concentrations decreased from a prestorm high of 20 mg C L−1 to less than 2.0 mg C L−1 during
peak flow. The observed patterns in C concentrations during the storm resulted in a general increase in
DOC:DIC coincident with the enrichment in δ18O and increased stage height in all tributary streams (data
not shown). In Fish Creek, concentrations of DIC showed a strong clockwise hysteresis (HI¼ 0.32) with con-
centrations less than 4mg C L−1 on the falling limb of the storm hydrograph (Figure 3d). The contribution of
new water was positively related to DIC concentrations (r2¼ 0.52, p< 0.001, Figure 4d) and ratios of DOC to
DIC (r2 ¼ 0.55, p < 0.001, Figure 4e) for all sites together.

3.3. Hydrologically Driven Shifts in DOM Molecular Composition

Stream water DOM draining the upland forest had the most assigned molecular formulae (7,751–8,720) of
the streams, although the number of molecular formulae decreased over the storm and becamemore similar
to the wetland streams (Figure 5a). In contrast, the number of assigned formulae in the two wetland streams
varied minimally throughout the storm and ranged from 6,436 to 7,385. The percent relative abundance of
sugar‐like formulae generally tracked stage height in all tributaries, increasing slightly to peak levels of 0.8%
and 1.0% in the poor fen and forested wetland, respectively, before decreasing as flow subsided (Figure 5b;

Figure 3. Concentration versus discharge plots in the Fish Creek mainstem for (a) δ18O, (b) DOC, (c) POC, and (d) DIC
over the course of the storm.
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Supporting Information Table S2). Similarly, percent relative abundance of aliphatic formulae modestly
increased with flow in the upland forest (from 1.0% to 1.9%) and poor fen (1.1% to 1.5%), although
aliphatic formulae varied minimally (0.6% to 0.7%) over the storm in the forested wetland (Figure 5c;
Supporting Information Table S2).

Figure 5. Time series of (a) number of molecular formulae, (b) percent relative abundance of sugar‐like, (c) percent relative abundance of aliphatics, (d) percent
relative abundance of highly unsaturated and phenolics (HUPs), (e) percent relative abundance of polyphenolics, and (f ) percent relative abundance of
condensed aromatics for the poor fen, forested wetland, and upland forest over the storm (stream water was collected twice on 9 August).

Figure 4. Relationship between percent new water and (a) DOC concentration, (b) log transformed POC concentration, (c) log transformed DOC:DIC, (d) log
transformed DIC concentration, and (e) log transformed DOC:DIC for all sites together.
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HUPs contributed themost to DOM in the three tributaries accounting for 70% to 84% of molecular formulae
(Figure 5d; Supporting Information Table S2). The remaining molecular formulae were dominated by poly-
phenolics (12% to 22%) and condensed aromatics (3% to 7%). In the upland forest, percent polyphenolics
increased with storm discharge and became more similar to the wetland streams, which varied minimally
during the storm (Figure 5e; Supporting Information Table S2). Similarly, percent condensed aromatics
increased with peak discharge in the upland forest but decreased in the wetland streams before returning
to near prestorm levels on the falling limb of the storm hydrograph (Figure 5f; Supporting Information
Table S2). The upland forest showed the greatest variation in DOM molecular composition across all sites,
with the percent relative abundance of sugar‐like (CV of 0.28) and aliphatic formulae (CV of 0.40) varying
the most among all DOM compound classes over the storm hydrograph. However, the CV for all compound
classes was generally less than 0.20 across all sites showing modest variation with changes in streamflow.

The weighted average of AImod (indicating the contribution of aromatic functional groups in DOM; Koch &
Dittmar, 2006, 2016) was highest in the wetland streams and varied less with flow relative to the
upland forest, where AImod increased from 0.359 prestorm to 0.379 during peak stormflow (Supporting
Information Table S3). The upland forest stream and Fish Creek had the highest relative abundance of het-
eroatom‐containing compounds (CHON mean of 13.1% and 10.3%, respectively, and CHOS/CHONS mean
of 8.8% and 4.5%, respectively). The heteroatom contribution to DOM composition in the upland forest
and Fish Creek decreased (percent decrease ranged from 60% to 340%) from prestorm conditions through
the high flow period, while a severalfold increase in DOM heteroatom content was observed in the poor
fen and forested wetland during the storm (Supporting Information Table S3).

In the Fish Creek mainstem, number of molecular formulae showed a strong clockwise hysteresis over the
storm hydrograph (HI ¼ 0.13; Figure 6a). The percent relative abundance of sugar‐like (HI ¼ 0.09), alipha-
tics (HI ¼ 0.06), and HUPs (HI ¼ 0.02) similarly showed a clockwise hysteresis in Fish Creek (Figures 6b–
6d). In contrast, percent relative abundance polyphenolics (HI ¼ −0.03) and condensed aromatics
(HI ¼ −0.05) showed a counterclockwise hysteresis in Fish Creek (Figures 6e and 6f). For all sites together,
newwater was significantly related to number of molecular formula (r2¼ 0.42, p< 0.001; Figure 7a), and the
percent relative abundance of sugar‐like (r2 ¼ 0.33, p ¼ 0.004; Figure 7b), HUPs (r2 ¼ 0.33, p ¼ 0.003;

Figure 6. Concentration versus discharge plots in the Fish Creek mainstem for (a) number of molecular formulae, (b) percent relative abundance of sugar‐like, (c)
percent relative abundance of aliphatics, (d) percent relative abundance of polyphenolics, (e) percent relative abundance of condensed aromatics, and
(f ) percent relative abundance of highly unsaturated and phenolics (HUPs) over the storm.
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Figure 7c), and condensed aromatics (r2 ¼ 0.34, p ¼ 0.003; Figure 7d), but not to the relative abundance of
polyphenolics (r2 ¼ 0.29, p ¼ 0.006; Figure 7e) and aliphatic formulae (r2 ¼ 0.01, p ¼ 0.895; Figure 7f ).

Prestorm, peak discharge, and poststorm samples (8/6/18, 8/9/18 a.m., and 8/11/18) were examined to assess
uniquemolecular formulae present in only one of the three hydrographic sampling events and in at least two
samples from that event to ensure that analysis focused on nonlocalized storm processes (e.g., Spencer
et al., 2019; Table 1). Number of molecular formulae identified as unique diminished from prestorm (99)
to peak (78) to poststorm (15). The percent relative abundance of aliphatic and sugar‐like formulae increased
from prestorm to peak storm flow (from 1.01% to 6.41% and 0% to 15.38%, respectively), while neither
appeared in the poststorm unique signature. Condensed aromatics, polyphenolics, and HUPs all decreased
in relative abundance in the unique formulae between prestorm and peak storm flow, but condensed aro-
matics and polyphenolics increased as flow receded (Table 1).

Figure 7. Relationship between percent new water and (a) the number of molecular formula, (b) percent relative abundance of sugar‐like, (c) percent relative
abundance of highly unsaturated and phenolics (HUPs), (d) percent relative abundance of condensed aromatics, (e) percent relative abundance of
polyphenolics, and (f ) percent relative abundance of aliphatics for all sites together.

Table 1
FT‐ICR MS Compound Class Distribution (Number and Percent Relative Abundance) for the Hydrographically Unique
Formulae (Present in at Least Two Samples From Each Sampling Event) for the Prestorm, Peak Flow, and Poststorm
Sample Dates

Compositional region Prestorm (8/6/2018) Prestorm (8/9/2018 a.m.) Poststorm (8/11/2018)

Number of formulae 99 78 15
Condensed aromatics # (%) 9 (9.09) 1 (1.28) 1 (6.67)
Polyphenolics # (%) 17 (17.17) 12 (15.38) 7 (46.67)
HUPs # (%) 72 (72.73) 48 (61.54) 7 (46.67)
Aliphatics # (%) 1 (1.01) 5 (6.41) —

Sugar‐like # (%) — 12 (15.38) —

Note. No formulae from a class present in compositional region indicated by (—).
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A PCA of C concentration and DOM composition showed differences in water entering the stream from dif-
ferent landscape types and at different time points during the storm (Figure 8). The first PCA axis explained
66% of the variance in C and DOM biogeochemistry over the course of the storm, while Axis 2 explained 11%
of the variance over the storm (Figure 8). Axis 1 separated the two wetland sites from the upland forest and
Fish Creek, reflecting greater DOC concentrations, percent polyphenolics, and condensed aromatics and the
enrichment of δ18O in stream water. Furthermore, the upland forest stream had the greatest percent relative
abundance of CHON, CHOS, and CHONS containing molecular formulae, HUPs formulae, and HCO3

−,
while Fish Creek fell between the wetland sites and upland forest along Axis 1.

Early in the storm, high CO2 concentrations in the poor fen created separation from the forested wetland
along Axis 2. However, following peak flow, the two wetland sites became more similar to each other in
terms of DOC concentration, δ18O values, and percent sugar‐like, condensed aromatics, and polyphenolics
(Figure 8). During the ascending limb, the upland forest and Fish Creek separated from the other sites on
Axis 1 due to high HCO3

− concentrations and heteroatom‐rich, HUPs‐rich molecular formulae, while later
in the storm Fish Creek grouped more closely with the wetland streams. Fish Creek showed the largest
spread along Axis 1 consistent with diverse organic matter inputs from the three landscape types during
the storm.

4. Discussion
4.1. Hydrologic Controls on C Speciation and Export

Our findings support the extensive body of work showing that rainfall events strongly impact the concentra-
tion and form of C exported from forested and wetland catchments (Hornberger et al., 1994; Leach
et al., 2016; Peter et al., 2014; Salimon et al., 2013). In this study, percent new water was significantly

Figure 8. The first two factor axes of a PCA of C concentration and speciation and DOM composition for prestorm/
ascending limb of the storm hydrograph (n ¼ 2 sample points; triangles), high flow period (n ¼ 3; circles), and
descending storm hydrograph (n ¼ 2; squares) for all sites. HUPs stands for highly unsaturated and phenolic molecular
formulae.
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related to concentrations of DOC and DIC for all sites together, providing a clear link between contributing
sources of stream water (i.e., recent rain water) and C concentrations and form. This recent event water
likely entered the tributary streams through shallow subsurface flow paths and/or via saturation‐excess
overland flow (mainly in wetland sites) given that previous research from the PCTR (D'Amore et al., 2015;
Emili & Price, 2006) and other forested regions (Boyer et al., 1997; Hinton et al., 1997; Peralta‐Tapia
et al., 2015; vanMeerveld et al., 2015) shows that streamflow is generated rapidly when soil water table levels
are elevated into hydrologically conductive soil surface horizons. These explicit linkages between water and
terrestrial C sources provide one of the few examples in northern forested watersheds where tight catch-
ment‐scale coupling between the water and C cycles has been observed (Tomco et al., 2019).

It is well recognized that soil hydrologic flow paths control C delivery to surface waters (Duvert et al., 2018;
Hinton et al., 1997; Senar et al., 2018; Worrall et al., 2002). During storms when the water table is elevated
into the soil surface horizons, the dominant flow paths for water moving into the stream switch from predo-
minantly deeper flow paths to mainly upper soil horizons resulting in the flushing of abundant DOC
(Raymond et al., 2016; Senar et al., 2018) and POC (Goni et al., 2013) to surface waters. In the PCTR, this
results in high DOC yields, particularly from wetlands during the late summer and fall wet season
(D'Amore et al., 2015; Fellman et al., 2009; Oliver et al., 2017) when frontal storms moving off the Gulf of
Alaska (GOA) deliver large amounts of rainfall to southeast Alaska. In our study subcatchments, hydrologic
connectivity between terrestrial C source pools and streamwater appears to limit the delivery of DOC to sur-
face water rather than C supply because concentrations increased with discharge. This transport limitation is
consistent with many forested watersheds in the United States, which show a similar response in DOC con-
centrations during rainfall events (Zarnetske et al., 2018). Furthermore, the DOC concentrations observed
here and in a previous study of high flow events in the region (Fellman et al., 2009) were not diluted with
increasing flow. These results are counter to previous studies of northern wetlands showing dilution of
stream water DOC during high flow events such as spring snowmelt (Ågren et al., 2007; Eimers et al., 2007;
Fraser et al., 2001; Laudon et al., 2011) and midsummer stormflows (Worrall et al., 2008). It is possible that
some sort of cumulative threshold for rainfall (which this storm did not reach), repeated rainfall events that
dilute soil DOC pools, or elevated prestorm DOC concentrations are necessary for DOC dilution to occur in
wetland streams in the PCTR.

Stream water POC concentrations increased with flow in all sites (especially in the poor fen), although POC
still contributed very little to the bulk pool of stream water C during the storm. These results support pre-
vious studies of northern peatlands that show that POC export is generally quite low except when bare peat
surfaces are exposed (Dawson et al., 2004; Evans et al., 2016). The poor fen had a considerably larger CV for
POC than DOC and likely indicates different mechanisms involved in POC generation and delivery to sur-
face water compared to DOC. In temperate forested streams, stormflow sampling showed that POC is trans-
ported to surface water mainly through surface runoff while DOC is mobilized through the leaching of soil
surface horizons and saturation overland flow (Dhillon & Inamdar, 2014). Thus, the small spike in POC in
the poor fen could be from the flushing of plant material from the soil surface to the stream via surface runoff
during the storm.

Stream water DIC concentrations exhibited maxima during prestorm baseflow conditions, supporting pre-
vious research showing that elevated DIC concentrations typically occur during periods of low streamflow
when soil water tables are depressed and hydrologic flow paths are predominantly located in deeper soil hor-
izons (Dinsmore & Billett, 2008; Leach et al., 2016; Peter et al., 2014). Although the continuous production of
DIC from soil respiration (both autotrophic and heterotrophic) can lead to a buildup of CO2 in soil waters
that is slowly delivered to surface water (Campeau et al., 2019; Johnson et al., 2008; Winterdahl et al.,
2016), DIC concentrations were diluted in the tributary streams (especially in the poor fen) during peak
flows indicating that DIC production (mostly through CO2 generation) in the soil profile did not keep pace
with increasing discharge. Storm and high discharge events have similarly been shown to dilute stream DIC
concentrations in forested (Peter et al., 2014), peatland (Dinsmore & Billett, 2008), and large Arctic catch-
ments (Drake et al., 2018), although stream pCO2 concentrations have also been shown to increase during
the rainy season in tropical catchments (Salimon et al., 2013). It was not until later in the storm when deeper
flow paths likely became an increasingly important contributor to streamflow that a subtle increase in DIC
concentration was observed. In some forested catchments, it can take up to 6 days for DIC concentration to
recover to near prestorm levels (Peter et al., 2014). Overall, our findings suggest that during the storm, DIC
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delivery to streamwater was source rather than transport limited, with DIC concentrations controlled by the
balance between the production and transport of DIC to surface water across the storm hydrograph.

Lateral C loss is commonly excluded from terrestrial ecosystem‐scale C balance studies because it is gener-
ally thought to be a minor component of net ecosystem production (Abril & Borges, 2019; McGuire et al.,
2000; Trumbore, 2006). However, considerable overestimation of terrestrial C uptake could occur by not
accounting for the dissolution of soil respiration and subsequent export as DIC to surface waters (Abril &
Borges, 2019; Butman et al., 2016). Our finding that DIC concentrations were especially high in the poor
fen early in the storm suggests that lateral DIC could be an important contributor to the C balance of wetland
and forested ecosystems in the region. Future research quantifying relative DIC losses via lateral versus
vertical (soil respiration) pathways would elucidate the proportion of soil respiration that was transported
laterally as dissolved C in PCTR watersheds.

4.2. Landscape Controls on C Export

Although the limited collection of daily samples prevented robust linkages between C export and contribut-
ing hydrologic flow paths, our findings provide a framework for evaluating linked hydro‐biogeochemical
processes that control C production and transport across the terrestrial‐aquatic interface. For instance, per-
cent new water was significantly related to DOM molecular compound classes in all sites, supporting the
notion that recent event water entering the stream through shallow subsurface flow paths entrains abundant
DOM enriched in plant‐derived molecular compound classes (O'Donnell et al., 2016; C. S. Shanley et al.,
2015; Spencer et al., 2015). Much of this DOM enriched in polyphenolics and condensed aromatics likely ori-
ginated from tight hydrologic connectivity between the Fish Creek mainstem and cryptic wetlands inter-
spersed within the catchment (Creed et al., 2003) and/or the poor fen and forested wetland landcover
located within the catchment (Figure 8). In contrast, isotopic hydrograph separation showed that water
entering the stream early in the storm was likely from pre‐event water draining upland forest landcover
in the catchment that was delivering comparatively older water with high molecular diversity (Figure 7a).

The molecular properties of DOM in the stream draining the upland forest converged on those of the wet-
land sites during the storm (except for percent aliphatic and sugar‐like formulae). These findings are consis-
tent with other temperate and tropical forested and agricultural watersheds showing elevated export of
aromatic molecular formulae (e.g., condensed aromatics and polyphenolics, and as indicated by AImod) dur-
ing high flow events (Eckard et al., 2017; Spencer et al., 2019; Wagner et al., 2019). The upland forest had the
greatest CV for DOC and POC suggesting that organic forms of C varymore in uplands during storms than in
the wetland streams, which in turn showed the greatest variation in DIC over the storm. Thus, higher
organic C export per volume of water was observed in the upland forest compared to the poor fen and
forested wetland. Similarly, the DOM exported from the upland forest had the greatest molecular diversity,
heteroatom content (N and S), and CV for DOMmolecular compound classes of the landcover types suggest-
ing that the wetland sites were less compositionally diverse with regard to soil DOM export over the storm.

Percent relative abundance of aliphatic and sugar‐like formulae generally increased with flow in all sites,
implying tight connectivity between recently leached soil surface C pools and stream water (Fellman et al.,
2009). This recently leached DOM that was rapidly flushed to surface water by recent event water represents
a potential energetic subsidy to downstream and coastalmarine ecosystems because thesemoieties are highly
biolabile to stream microbial communities (Berggren et al., 2010; Spencer et al., 2015; Textor et al., 2018).
Further, the increase in unique energy‐rich formulae (aliphatics and sugar‐like) during high discharge
(Table 1) shows how storm events can shunt biolabile compounds downstream (Raymond et al., 2016) that
otherwise would be consumed by microbial communities in soils or headwater reaches. Thus, the impact
of terrestrial DOM subsidies on downstream and nearshore metabolic processes may be at its peak during
or shortly after stormflows.

Catchment landscape heterogeneity is one of the main mechanisms controlling stream C biogeochemistry
because landcover impacts the molecular composition (Mosher et al., 2015; Seifert et al., 2016; Spencer
et al., 2019) as well as the magnitude and partitioning of C exported across the terrestrial‐aquatic interface
(Ågren et al., 2014; Goni et al., 2013; Perdrial et al., 2014). In our study, stream water DOC:DIC generally
decreased along the hydric soil gradient (poor fen‐forested wetland‐upland forest) during peak flows result-
ing in DOC comprising a decreasing fraction of lateral C concentrations from the more highly drained
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upland forest soils during the storm. Furthermore, the abundance of heteroatom‐containing DOM in Fish
Creek likely reflects multiple catchment sources of DOM draining into the mainstem during the storm.
The fact that the DOM molecular properties in Fish Creek reflected all three landcover types to varying
extents and at various points of the storm hydrograph supports the notion that the DOM composition of indi-
vidual landscape types (wetlands, forest) becomes less distinct along the fluvial network (Laudon et al., 2011;
Spencer et al., 2015; Tiwari et al., 2014). Although processing and removal (either through sorption or emis-
sion to the atmosphere) of C andDOMoccur along fluvial networks (Creed et al., 2015; Hotchkiss et al., 2015;
Spencer et al., 2015) and limit interpretation, we suggest that stream water DOM molecular properties at
catchment outlets are controlled in part by the interactive effects of water routing through soils and the
diversity of DOM source pools in distinct landcover types, such as wetlands (Coble et al., 2019; Wilson &
Xenopoulos, 2009).

4.3. Climate Controls on C Export

Lateral C export during high flow events has also been shown to vary with season, with higher C export per
volume of water expected to occur during summer months, particularly after extended dry periods (Inamdar
et al., 2011; Vaughan et al., 2019; Worrall et al., 2008). The fact that we sampled only a single event storm
limits our interpretation to the summer season and frommaking detailed comparisons on concentration‐dis-
charge relationships with other studies. Further work is needed to intensively sample storms under different
temperature (summer vs. winter) and hydrologic regimes (saturated vs. unsaturated antecedent soil moist-
ure conditions) to determine how seasonal changes in climate impact the magnitude and partitioning of lat-
eral C export as well as how DOMmolecular compound classes routinely respond to a range of storms over
the year. This information could provide a more nuanced understanding of how climate‐driven hydrologic
regime shifts will impact episodic and annual lateral C export in the region.

Climate in the PCTR is projected to become warmer and wetter in coming decades (C. S. Shanley et al., 2015;
Wang et al., 2012), with a variety of impacts on hydrological fluxes. These projections imply that coastal eco-
systems in the region will be subject to larger storm events with more precipitation falling as rain rather than
snow (Barnett et al., 2005), leading to greater winter discharge, reduced spring snowmelt, and more pro-
nounced summer drying (C. S. Shanley et al., 2015). Our findings suggest that future changes in rainfall
intensity will increase the frequency of high flow events that export a large fraction of young streamflow (dri-
ven by rain during the event). This change in hydrology will likely shift the ratio between DOC and DIC such
that DOC comprises a larger proportion of annual lateral C loss (relative to DIC) from forested catchments in
the region. Shifts in precipitation falling as rain rather than snow could also result in a greater frequency of
rain‐on‐snow events (Musselman et al., 2018) and an increased fraction of annual lateral C export occurring
during winter stormflows, which are poorly understood in high‐latitude forested catchments. All of these
expected changes in hydrologic forcing likely have notable and largely unquantified implications for stream
C export from PCTR ecosystems.

5. Conclusions

Our findings highlight the importance of quantifying all forms of lateral C export in catchment‐scale C stu-
dies. The results from the isotopic hydrograph separation demonstrate that DOM compound classes may
behave independently of each other, suggesting a strong source control on stream water DOM composition.
This study provides a framework for quantifying lateral C export from forested catchments in the context of a
changing hydrologic regime and, in particular, contributes to our understanding of whether C export and
speciation is limited by C production in the terrestrial ecosystem or by a lack of hydrologic connectivity
(i.e., flow paths) between C source pools and surface waters. Furthermore, our findings suggest that integrat-
ing measurements of all C forms with hydrologic flow path information, which laterally connect and route
terrestrial C to fluvial systems, could improve terrestrial ecosystem C budgets that typically focus more on
atmospheric emission of CO2 rather than high‐resolution quantification of lateral C fluxes.

Data Availability Statement

Data archiving through DataONE “Environmental Data Initiative” are underway. All data included in this
manuscript are available online (at http://www.doi.org/10.5063/F19885C1).
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