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Abstract Lateral transport of organic carbon (OC) to the coastal ocean is an important component of the
global carbon cycle because rivers transport, mineralize, and bury significant amounts of OC. Glaciers drive
water and sediment export from many high-elevation and high-latitude ecosystems, yet their role in
watershed OC balances is poorly understood, particularly with regard to particulate OC, Here, we evaluate
seasonal water, sediment, and comprehensive OC budgets, including both dissolved and particulate

forms, for three watersheds in southeast Alaska that vary in glacier coverage. We show that glacier loss will
shift the dominant size fraction of rivering OC from particulate toward dissolved and potentially alter the
provenance of particulate OC. Glacier coverage also controls whether OC export is source (C stock) or
transport (runoff) limited at the watershed scale. These findings provide insight into the future trajectory of
rivering OC export in glacierized regions.

Plain Language Summary Rivers transport large quantities of organic carbon from the land to
the ocean; however, the role that glaciers play in this process is not well understood. We measured
organic carbon leaving three watersheds in coastal Alaska that vary in their relative amount of glacier cover
to understand how glacier shrinkage will impact the amount and type of organic carbon in rivers.

We found that changes in glacier coverage will increase transport of dissolved organic carbon in rivers and
decrease transport of particulate organic carbon. Sources of particulate organic carbon in rivers may also
change as glaciers shrink. In watersheds, glaciers also appear to influence whether transport of OC in rivers
is controlled by the availability of carbon in the watershed versus the availability of water to move that
carbon. These findings provide insight into how the loss of glaciers will change the transport of organic
carbon in rivers.

1. Introduction

Rivers transport ~0.4 Pg yr—! of organic carbon (OC) to the ocean, with roughly equal contributions from
dissolved (DOC) and particulate (POC) species (Dai et al., 20012; Galy et al., 2015). The size fraction of river-
ine OC is important becanse DOC can be rapidly metabolized and returned to the atmosphere, while POC is
maore likely to be deposited in marine sediments where it can be sequestered over geologic time periods. The
impact of riverine OC transport on atmospheric CO; is influenced by the source and magnitude of lateral
DOC export and the balance between delivery of modern biogenic POC to sedimentary environments and
the oxdation of ancient petrogenic (rock-derived) POC from catchment bedrock (Hilton, 2017). Runoff from
glaciers outside of the ice sheets (henceforth referred to as glaciers) is estimated to contribute at least
1.3Tg :,rr_l to riverine OC export, predominantly as POC (Hood et al., 2015; Li et al., 2018). However, the
magnitude and size fraction of this estimate are extremely poorly constrained, largely because of a lack of
data on POC yields from glaciers.

Globally, watershed yields of POC are tightly coupled with sediment yields and dominated by biospheric
POC, which accounts for ~80% of POC export to the ocean (Galy et al., 2015). It is unclear how these findings
apply to glacierized watersheds, which are characterized by high rates of physical weathering and sediment
export (Hallet et al., 1996) but low rates of net primary productivity and small organic matter stocks (Anesio
& Laybourn-Parry, 201 2; Stibal et al., 2012). Recent studies in Greenland suggest that OC export from the ice
sheet is dominated by POC (70-90%; Bhatia et al., 2013; KEchler et al., 2017; Lawson et al., 2014); however,
the size fractionation of OC in runoff from glaciers may be more variable (Tockner et al., 2002) due to differ-
ences in glacier sediment production and catchment vegetation. Export of DOC from glaciers has been
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relatively well characterized compared to POC and appears to scale with catchment water fluxes (Hood
et al,, 2009, 2015; Li et al., 2018). Overall, the export of DOC and POC from glaciers appears to be decoupled
{(Hood et al., 2015; Kohler et al., 2017), although microbial OC production at the glacier surface may act as a
source of both DOC and POC in glacier ecosystems { Andrews et al., 2018; Musilova et al., 2017; H. I. Smith
et al, 2017).

Understanding how glaciers contribute to rivering OC export is critical because glaciers are expected to lose
29-41% of their 2006 volume by 2100 { Radi¢ et al., 2014), and global glacier ranoff is projected to decrease by
roughly 260 km* yr~' (~20%) over the same time period (Bliss et al., 2014). There are myriad pathways by
which glacier loss can influence the source and concentration of OC in proglacial rivers including shifts
in hydrology, above ground carbon stocks, and erosion rates (Moore et al., 2009). At the watershed scale,
the net balance between decreased OC export from lower sediment and water yields (Milner et al., 2017)
and increased mobilization of OC stocks associated with the expansion of vegetation in emergent terrestrial
ecosystems (Buma & Barrett, 2015) will ultimately determine the impact of glacier loss on riverine OC bud-
gets and rates of OC burial along glacierized coastal margins (Cui et al., 2016).

In this study, we quantified DOC and POC concentrations and export and used 5°C to evaluate sources of
POC from three watersheds in and adjacent to the Juneau Icefield (JIF) in the Coast Range of Alaska. The
watersheds, which span a gradient of glacier coverage from 0% to 49%, were sampled at least twice weekly
during May—October, a period that accounts for ~70-90% of annual discharge in these watersheds. Our
aim was to assess how watershed glacierization moderates the relationship between caichment yields of
water and OC and thus how glacier recession will alter: (1) the magnitude and size fractionation of OC deliv-
ered to coastal margins and (2) the source and transport processes that control lateral OC export at the catch-
ment scale.

2. Study Sites and Methods
2.1. Study Watersheds

Streamwater samples were collected 2-3 times weekly (n = 48 for all analytes except Herbert River (HR)
sediment and POC n = 44) across the full glacier melt season {May-October 2013) from three coastal water-
sheds adjacent to the JIF. The 3,800-km” JIF is experiencing high rates of ice thinning (1-5 m yr™'; Berthier
et al., 2018) at lower elevations and is expected to lose about two thirds of its volume by 2100 (Ziemen
et al., 2016). HR watershed (152 km®) has a mean slope of 18% and is dominated by the 75-km” Herbert
Glacier, which is a major outlet glacier from the JIF (Figure 51, Table 51). Cowee Creek (CC) watershed
{110 km®) has two small alpine glaciers (14 km®) in its headwaters and a mean slope of 23°. Peterson
Cresk (PC:; 24 km®) isa low-gradient forested watershed with abundant wetlands that contains seasonal
snow but no glacier ice and has a mean slope of 12°, Annual average discharge based on 6 (HR), 9 (PC),
and 11 (CC) years of data ranges from 1.3 m® 57 (1,771 mm yr~ ) in PC to 102 m® 57! (2,917 mm yr™)
in CC and 16.7 m” s~ ' (3,476 mm yr ") in HR. The three watersheds contain negligible intermittent storage
for sediment and POC within the stream network and drain directly into the 140-km-long Lynn Canal fjord.
Both HE and CC have forest (25% and 57%, respectively) and wetland (5%) cover in the proglacial portions of
the watershed (Table 51). All three watersheds have anadromous Pacific salmon runs ( Oncorhynchis spp.)
lasting from late July through early September, with spawner densities inverse to glacier coverage
(Fellman et al., 2014),

The bedrock geology of HR and CC is dominated by a foliated tonalite sill of the coast plutonic complex,
which intruded into the region during the Cretaceous period. Erosion-resistant tonalite forms the high peaks
of the JIF; however, there are substantial outcrops of older (Triassic to Paleozoic), potentially POC-bearing,
metasedimentary, and metavolcanic rock throughout the icefield complex (Wilson et al., 2015) In both HRE
and CC, there are mapped lenses of carbonaceous shale, metalimestone, phyllite, and marble above the gla-
cier termini (Wilson et al., 2015). Downstream of the glacierized areas, HR and CC are underlain by a variety
of metamorphosed sedimentary and volcanic rocks of the Taku terrane, including carbonaceous slate phyl-
lite, slate, marble, guartzite, metaturbidites, and volcanic tuff. The lower reaches are dominated by
Quaternary alluvial and glaciomarine deposits. The PC watershed contains thick (commonly 2 m) layers
of peat that is up to 10,000 years old overlying the Cretaceous-Jurassic grevwacke and slate that dominate
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the underlying bedrock geology. In lower PC, where samples were taken, the substrate is composed of raised
glaciomarine terraces with low permeability soils.

2.2. Chemical and Water Isotopic Analyses

Triplicate samples for DOC were filtered into precombusted (450°C for =5 h) amber glass vials through pre-
combusted Whatman GF/F filters (0.7 pm). Duplicate POC and sediment samples were collected in 2-L poly-
carbonate bottles. Samples were collected from a wadable, well-mixed portion of the stream channel.
Sediment and POC samples were manually depth integrated by filling the sample bottle across the depth
of the stream during collection. To investigate supraglacial POC sources, we also collected five POC samples
from cryoconite holes on the surface of Mendenhall Glacier, a major outlet glacier from the JIF located
20 km south of Herbert Glacier. Mendenhall was chosen because of its accessibility compared to glaciers
in CC and HE.

Samples for DOC analysis were stored at 4°C and measured on a Shimadzu TOC-V CSH analyzer with a high
sensitivity catalyst within 48 h of collection. The standard deviation of duplicate analyses ranged from 0.01 to
0,07 mg C/L for HR, 0.01-0.12 mg C/L for CC, and 0.01-0.28 mg C/L for PC. Samples for POC and *C-POC
were analyzed on the same filters used to measure sediment. Sediment was analyzed by filtration of a known
water volume onto precombusted Whatman GF/F filters (0.7 pum). Filters were then dried and reweighed to
calculate sediment concentration. Differences between duplicate total suspended sediment samples aver-
aged 0.4 mg/L for samples below 5 mg/L, 4.6 mg/L for samples from 10-100 mg/L, and 21.1 mg/L for sam-
ples greater than 100 mg/L.

Samples for 5" *C-DOC were analyzed on an 0.1. Analytical Model 1010 TOC analyzer interfaced to a PDZ
Europa 20-20 IRMS (Sercon Lid. ) following Spencer et al. (2009). Samples for POC concentration and river-
ine and supraglacial §'*C-POC were treated to remove carbonates by a triple sulfurous acid addition
(Connelly et al., 2015) and analyzed at the UC Davis Stable Isotope Facility using a Micro Cube elemental
analyzer (Elementar Analysensysteme GmbH, Hanau, Germany) interfaced to a PDZ Europa 20-20 IRMS
(Sercon Ltd., Cheshire, UK). POC concentrations (mg C L_l_} were determined by dividing the elemental
C mass by the volume of water that passed through the filter. Standard deviations for duplicate analyses
ranged from 6 to 691 mg/C for POC and from 0.02%; to 0.37%. for 8*C-DOC.

2.3. Hydrology

We modeled daily discharge for HR using historic US. Geological Survey discharge data from HR
(#15054200) and Mendenhall River (ME; #15052500), which is similar in size (222 km®), glacier cover
{(63%), elevation range, and aspect. The model, based on 5 years of historical daily flow in HR and MR
(1966-1971), was robust across the seasonal range of discharge (HE = 0463 MR + 56.74, P = 0.93,
n = 1,726). Discharge in CC was measured at 15-min intervals for the study period using a stilling well
equipped with a pressure transducer (Solinst Levelogger Gold model 3001). Discharge measurements
(n = 15) were made across a wide range of stage to derive the stage-discharge relationship used to calculate
streamflow at CC. Discharge in Peterson Creek was measured at a stream gage maintained by the Alaska
Department of Fish and Game.

2.4, Statistics and OC Flux Calculations

To evaluate catchment OC balances, the relationship between runoff () and OC yields (Y) was modeled
using a power function (Y = th}, where the slope coefficient (b) refers to chemostasis (b = 1), source limita-
tion (b < 1), or transport (b > 1) limitation of catchment-scale OC export (Boix Canadell et al., 2019;
Zarnetske et al, 2018). For each model, we report the coefficient of determination {.rzj and p value for the
linear fit in log space, and similar to previous studies, our models do not account for temporal autocorrela-
tion in the data (Boix Canadell et al., 2019; Vaughan et al., 2017).

One way repeated measures ANOVAs with Tukey post hoc pairwise multiple comparison tests were used on
log transformed data to evaluate differences in daily sediment and POC yields and 8'*C-POC values between
sites. All statistics were calculated using Systat software. For intersite §'°C-POC comparisons, samples col-
lected during peak salmon spawning (3 weeks, six samples) were removed from the PC data set because
spawning Pacific salmon contributed marine-derived POC to streamwater that is highly enriched in 5'°C
(approximately —20%0; Chaloner et al., 2002) compared to the background watershed POC load.
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Table 1

Mean Concentrations (With Range) of POC and DOC and Yields of Water, Sediment, POC, DOC, and OC From the Three
Study Watersheds

PC cc HR
Mean POC (mg C L™ 0.8 (0.1-2.3) 0.5(0.1-1.9) 0.7 (0.2-2.5)
Mean DOC (mg C L") 81 (3.5-14.6) 1.3(0.4-5.2) 0.8 (0.2-3.5)
Runoff (mm yr ") 1,900 3331 4774
Sediment yield (t km ™ yr™") 49 f5.1 964
POC yield (tC km™ 2 yr " ) 13 17 4.0
DOC yield (tC km "y ) 19.8 42 29
OCyield (tC km ™ v ") 211 6.0 6.9
Sediment:POC vield ratio 4 38 241

Daily DOC, POC, and sediment fluxes were calculated from the product of measured constituent concentra-
tions and daily water fluxes. Annual constituent fluxes were calculated from the product of discharge-
weighted mean concentrations and annual discharge for each watershed (Lawson et al., 2014). Daily and
annual constituent yields were calculated by normalizing fluxes to watershed area.

3. Glacier Influence on Riverine OC
3.1. OC Release From Glaciers

Mean concentrations of POC during the runoff season were similar between watersheds (0.5-08 mg C L™,
while daily concentrations ranged from 0.1 to 2.5 mg C L™ (Table 1). In heavily glacierized HR, concentra-
tions of POC were higher in the first half of the melt season and decreased by an average of 66% after
mid-August (Figure 52). There was no seasonal pattern in POC in CC, while in PC, the highest POC
concentrations occurred during salmon spawning in August and early September, likely as a result of biotur-
bation (Moore et al., 2007 ). Mean concentrations of DOC were similar to POC in HR but substantially higher
and more variable compared to POC in CC and PC (Table 1; Figure 52).

Catchment water yields increased with glacierization to =4 m yr~' in HR (Tables 1 and 52). Across the
watershed gradient, differences in OC concentrations and water yields resulted in POC vields increasing
by =3 times and DOC yields decreasing by ~7 times between forested PC and heavily glacierized HR
(Tables 1 and 52). In the glacierized catchments, the total OC yield was higher in HR because the decrease
in POC yield as glacier coverage decreased between HR and CC was larger than the increase in DOC yield
associated with the higher forest coverage in CC. Forested PC had the highest OC vield consistent with high
lewvels of DOC export from coastal temperate rainforest watersheds (Oliver et al., 2017 ) compared to glaciated
watersheds with low vegetation coverage and poorly developed soils (Hood & Scott, 2008). There are few
comprehensive OC budgets from glacierized watersheds for comparison; however, the OC yield from HR
had a similar OC size fraction ratio (DOC:POC) but was nearly an order of magnitude larger than the annual
OC yield from the glacierized Val Roseg Catchment in Switzerland (7.6 kg ha™' yr ' with 53% as POC;
Tockner et al., 2002).

Globally, small mountain rivers (<5000 km?) have the highest rates of POC delivery to the ocean (Hilton
et al., 2008) and thus provide a benchmark against which to evaluate the relative importance of glaciers
as a source of riverine POC. The POC yield from heavily glacierized HR is lower than all but two annual
POC yields from a compilation of 38 mountain rivers from tropical, temperate, and boreal/arctic ecosystem
and equates to 18% of the median POC yield (22 tC km® yr ') from these watersheds (Hilton, 2017).
However, OC yields from HR are higher than the median POC (34 tC km” yr™') and DOC
(2.3 tC km® }Ir_l_} yields from 13 coastal, mountainous watersheds in New Zealand that drain areas of tem-
perate rainforest similar to southeast Alaska (Carey et al, 2005). The HR watershed is one of tens of heavily
glacierized catchments that drain into Lynn Canal, the longest and deepest fjord in North America. The
large POC yields we document from HR support the hypothesis that glacier runoff contributes to OC burial
within glacierized fjords in coastal Alaska (Cui et al., 2018), rates of which are =100 times the global ocean
average (B. W. Smith et al.,, 2015). More generally, the fact that POC yields from HR are comparable to at
least the low end of reporied POC yields from mountain rivers highlights the importance of glaciers for
land-to-ocean transport of POC along glacierized coastal margins.
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Figure 1. Relationship between daily water yields (¥,y,,) and daily yields of

DOC (Ypoe: panel a) and POC (Ypoe: panel b). The regression lines

for DOC yields are as follows: Ypoc = 6.18 Y s - = 095, p < 0.001

(PCJf. rﬂgﬁ_ 160 Yo o, F = 0.24, p < 0.001 (CC); Ypoc = 8.76
Yot 001, p =042 {HR) The regression lines for POC yields are

as follows: Ypoe = 064 ¥, "% /% = 082, p < 0.001 (FO); Ypoe = 0.09

Yt 00, P = 0.56, p < 0001 (CC) Ypao = 0.02 Yeu 0, ©* = 0.78,

P = 0001 (HR). Data provided in Table 52

3.2, Linking Water, Sediment, and OC

Runoff is a first-order driver of DOC and POC yields at the watershed
scale (Hilton, 2017; Raymond & Saiers, 2010). Daily catchment water
yields were significantly related to DOC yields by a power law in two of
the three study watersheds (PC and CC), with the strength and slope of
the relationship inverse to watershed glacierization (Figure 1a). In the
placierized watersheds, the slope coefficients (b) for the power law rela-
tionship between daily runoff and DOC yields were <1 (Figure 1a) indi-
cating that DOC export is source limited. Glacierized watersheds in the
Alps have been shown to be in chemostasis with regard to DOC yields
{Boix Canadell et al., 2019). Our finding of source-limited DOC yields
in HR and CC reflects that DOC mobilization from englacial stores
{Hood et al., 2015; Li et al., 2018) and the solubilization of OC produced
in supraglacial and subglacial environments (Spencer et al.,, 2014) does
not increase proportionally with discharge. In the forested PC watershed,
b was =1 (Figure 1a), indicating that DOC export is transport limited
similar to a majority of forested watersheds across the contiguous
United States (Zarnetske et al.,, 2018). Across the watershed sequence,
the shift from source limitation to transport limitation with decreasing
glacier ice was reflected in annual DOC export efficiency (kg DOC per
mm runoff), which increased sharply from 104 in HR to 143 in CC and
250 in PC.

Daily water yields were significantly related to POC yields via power laws
in all three watersheds, although the nature of the relationship was differ-
ent than for DOC. The strength of the relationship between water and
POC yields was not related to glacierization and was lowest in the mixed
land cover CC watershed (Figure 1b). In the glacierized watersheds, the
slope coefficients (b) for the power law relationship between daily runoff
and POC yields were =1 (Figure 1b) indicating that POC export is trans-
port limited such that increases in discharge mobilize new POC sources
in these watersheds. In forested PC, bwas <1 indicating that the mobiliza-
tion of POC from autochthonous and allochthonous sources does not
keep pace with discharge.

The changes in the efficiency of POC export across the three watersheds cannot be explained by slope as in
other small mountain watersheds where erosional processes act more strongly in steeper basins
{Hilton, 2017; Hilton et al., 2012). For example, POC:water yield ratios were roughly three times higher in
HR (18" slope) compared to CC (23° slope). Instead, the catchment-level differences in POC export suggest
that the presence and extent of watershed glacier coverage plays a role in riverine POC loss through its influ-
ence on caichment sediment yields, which increased significantly with glacier coverage (Figure 2a). POC
yields also increased significantly with glacier coverage (Figure 2b), although at a much lower rate as illu-
strated by the ~11 times increase in median daily POC yield between PC and HR compared to the >750 times
increase in median daily sediment vield between PC and HR.

Daily yields of sediment and POC were significantly positively correlated in all three watersheds, as has
been shown in other mountain watersheds (Galy et al, 2015; Hilton et al., 2011), with the highest daily
sediment and POC wields occurring in heavily glacierized HR (Figure 53; Table 52). The decrease in the
strength of the sediment:POC yield relationship with increasing glacier coverage suggests that inputs of
glacier-derived sediment may impact the extent to which sediment and POC export are coupled. Several
lines of evidence suggest that glacier erosion of OC-bearing bedrock in HR and, to a lesser extent, CC
may liberate petrogenic POC and contribute to the relatively high levels of POC export seen in these
watersheds. The annual sediment:POC yield ratio (t sediment/t POC) decreased with glacier coverage
across the watershed sequence from 241 in HR to 38 in CC to 4 in PC (Table 1). In a global survey
of forested mountain rivers (Hilton, 2017), catchments where more than half of annual POC export
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Figure 2. Box plots of daily sediment (a) and POC (b) yields and daily &C-
POC (c) for the three study watersheds. Significant differences between
watersheds at p < 0.001, based on Tukey post hoc multiple comparison
tests, are marked by roman numerals. Data are provided in Table 52.

was rock-derived had a median sediment:POC yield ratio of 270 (range
166-382, n = 15), while watersheds where more the half of annual
POC export was from biogenic sources had a median sediment:POC
yield ratio of only 89 (range 8-432, n = 17). Given the presence of
POC-bearing rock in our study watersheds, the elevated sediment:
POC yield ratio in HR would be consistent with a substantial propor-
tion of petrogenic POC in streammwater, while the lower sediment:
POC ratios in more forested CC and PC are consistent with relatively
higher biogenic POC loads.

The source of riverine POC also changed across the watershed sequence as
indicated by the enrichment in the carbon isotopic composition of POC
(8"C-POC) with increasing watershed glacier coverage (Figure 2c). In
nonglacial PC, the depleted average 8°C-POC (—27.6%) and low
sediment vields are consistent with a predominance of biospheric POC
derived from recently fixed carbon in C3 plant biomass (Hilton, 2017;
Hilton et al., 2010). Interestingly, the mean 6"*C-POC value in CC was
not significantly different from PC, which suggests the transition from a
valley bottom glacier (HR) to the high-elevation alpine glaciers found in
CC effects a substantial shift in POC provenance toward biogenic sources.
In heavily glacierized HR, the average 8'3%C-POC (=25.0%c) is on the low
end of values reported for fossil POC in small mountainous rivers (—19
to —25%e; Hilton et al., 2010) and is consistent with other glacier rivers
in Alaska, which are similarly enriched in §°C-POC (Walinsky et al., 2009)
and strongly depleted in A™C-POC (Arimitsu et al, 2018). The
supraglacial POC samples we collected from nearby Mendenhall Glacier
were relatively depleted in 3'*C (mean = —27.22%,, range = —26.25% to
—28.5%c), which does not preclude supraglacial OM as a source of riverine
POC in HR. The lack of 8'*C-POC data from bedrock within our study
catchments precludes definitively linking the enriched 5“C-POC
signatures in HR and CC to glacier-derived petrogenic POC. However,
continental shelf sediments downstream of our study watersheds contain
a substantial fraction (25-50%) of old terrestrial organic matter (fraction
maodern = 0.1-0.68; Cui et al., 2016; Walinsky et al., 20049), which would
be consistent with the glacier-mediated delivery and burial of petrogenic
POC along this heavily glacierized coastal margin.

The high erosion rates associated with fast moving valley glaciers such
as HE (10-100 mm y'r_'; Hallet et al., 1996) suggest that glaciers could
function similarly to bedrock landslides by extending the “erosion
depth™ within the subglacial reach of the catchment (Hilton, 2017).
Controls on POC loss from glacier watersheds are fundamentally dif-
ferent from other small mountain watersheds where the processes of
POC mobilization and transport are coupled via fluvial hillslope
erosion. In glaciers, these processes are decoupled because meltwater
peneration is a supraglacial process, while POC production depends
largely on subglacial erosion (Hodson et al, 2008). The seasonal
development of the englacial and subglacial hydrological system links
the surface and bed thereby facilitating fluvial POC export. The
efficiency of this process changes as the drainage network evolves from
distributed to channelized and more efficiently evacuates sediment
from previously isolated areas of the bed (Kohler et al., 2017; Swift
et al., 2002). Ultimately, the link between sediment and POC export
in glacierized watersheds will depend on the spatial extent of
POC-bearing rocks exposed to glacier erosion.

HOOD ET AL.

6of9



L |
A\JU

SRk RE TG ELETH
AMD SPACT SCITHCT

Geophysical Research Letters 10.1029/2020GLOSYS04

3.3. Glacier Loss and Riverine OC Dynamics

As watershed glacierization decreases, the mechanism by which climate regulates riverine OC export shifts
from the energy balance at the glacier surface to the delivery of precipitation onto catchment hillslopes. Our
findings highlight that the flowpaths associated with glacier and hillslope runoff entrain very different OC
sources with implications for the relative balance of DOC and POC exported in streanmwater. In heavily gla-
cierized HE, the annual DOC:POC yield ratio was <1, indicating that POC was the dominant form of OC in
streamwater. The annual DOC:POC ratio increased to 2.5 in CC and to 14.6 in the forested PC catchment,
where =90% of the OC exported in streamwater was DOC. An important caveat is that the predominance
of DOC in the OC budget for Peterson Creek does not represent a future endpoint for larger glacier rivers
in coastal Alaska; however, it is indicative of the trajectory of riverine OC size fractionation associated with
glacier loss and resulting forest expansion.

From an ecosystem perspective, placier-driven shifts in OC export from coastal watersheds will impact
stocks of biolabile OC that can be incorporated into freshwater (Fellman et al, 2015) and marine
(Arimitsu et al, 2018) food webs. In the case of DOC, owr findings suggest that decreasing glacier
coverage is likely to increase riverine yields (Boix Canadell et al.,, 2019). At the same time, the loss of
glacier runoff will decrease the overall bicavailability of the riverine DOC pool (Hood et al, 2009;
Singer et al, 2012). For POC, our findings suggest that glacier shrinkage will decrease riverine yields
and potentially increase the proportion of POC derived from biogenic versus petrogenic sources (Cui
et al., 20160

Changes in glacier coverage may also indirectly impact catchment OC export through the production
and mobilization of suspended sediment The high sediment yields observed in glacier-dominated
catchments (200-200,000 t km ™~ yr™%; Hallet et al, 1996) may play a role in preventing the oxidation
of riverine POC because increased sedimentation is positively associated with OC burial and preserva-
tion in depositional environments (Canfield, 1994; Galy et al, 2015). In the case of HR and other heav-
ily glacierized watersheds in the Alaska Coast Mountains, glacier-mediated production and export of
clastic sediments have the potential to limit oxidation and enhance burial of both fossil and biogenic
POC in receiving fjords. The burial of biogenic POC, which is derived from net primary production,
represents a net sequestration of atmospheric C, while the oxidation of petrogenic POC represents a
net source of C to the atmosphere. The impact of glacierderived sediment on biogenic POC burial
should peak at an intermediate level of catchment glacier coverage because it is dependent on the bal-
ance between the export of sediment produced by subglacial erosion, which decreases with glacier
shrinkage (Koppes et al,, 2015), and biogenic POC inputs from proglacial landscapes, which increase
with glacier loss.

In coming decades, climate-driven shifts in runoff and erosion from glacierized watersheds are projected to
be substantial (e.g., Bliss et al., 2014; Milner et al., 2017). Our findings indicate that changes in water and
sediment yields associated with glacier loss have important implications for watershed OC budgets. We sug-
gest that climate warming may result in greater changes in the magnitude and size fractionation of riverine
OC in glacier watersheds compared to mountain watersheds that do not contain glaciers. The impact of gla-
cier loss on riverine OC budgets will ultimately depend on the temporal synchronicity between changes in
glacier runoff resulting from ice loss and shifts in land cover and catchment erosion rates, both of which
are strongly impacted by the extent of glacier coverage within a watershed. Improving our understanding
of how OC is generated and released in glacierized watersheds will allow us to better estimate how future
shifts in riverine OC losses from glacierized watersheds will influence coastal marine OC budgets and the
atmospheric CO, reservoir,
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