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invertebrate biomass C across the main run-off sea-
son in a predominantly rain-fed watershed in South-
east Alaska. Streamwater concentrations were used 
to model daily watershed C export from May through 
October. Concentration and modeled yield data indi-
cated that DOC was the primary form of riverine C 
export (8708 kg C/km2), except during low flow peri-
ods when alkalinity (3125 kg C/km2) was the domi-
nant form of C export. Relative to DOC and alkalin-
ity, export of particulate organic C (POC: 992 kg C/
km2; CPOC: 313 kg C/km2) and invertebrates (40 kg 
C/km2) was small, but these forms of organic matter 
could disproportionately impact downstream food 
webs because of their higher quality, assessed via C 
to nitrogen ratios. These seasonal and flow driven 
changes to C form and export likely provide subsi-
dies to downstream and nearshore ecosystems such 
that predicted shifts in regional hydroclimate could 
substantially impact C transfer and incorporation into 
aquatic food webs.

Keywords  Riverine carbon export · 
Biogeochemistry · Hydrology · Organic matter 
stoichiometry

Introduction

The conveyance of carbon (C) from watersheds to the 
ocean is an essential component of global C cycling 
(Cole et al. 2007) and is currently estimated at 0.9 Pg 

Abstract  Riverine export of carbon (C) is an impor-
tant part of the global C cycle; however, most riverine 
C budgets focus on individual forms of C and fail to 
comprehensively measure both organic and inorganic 
C species in concert. To address this knowledge gap, 
we conducted high frequency sampling of multi-
ple C forms, including dissolved organic C (DOC), 
inorganic carbon (as alkalinity), particulate organic 
C (POC), coarse particulate organic C (CPOC), and 
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C/yr (Drake et  al. 2018). The dominant forms of C 
exported laterally from watersheds are typically dis-
solved organic C (DOC) and inorganic C (Drake et al. 
2018; Chaplot and Mutema 2021). However, the form 
of riverine C export (e.g., dissolved vs. particulate, 
organic vs. inorganic) can vary substantially by region 
and can determine the role and fate of C in recipient 
aquatic ecosystems (e.g., pH and buffering, energy 
source, sedimentation; Kandasamy and Nath 2016; 
Tank et  al. 2018). Despite the importance of river-
ine C to the terrestrial ecosystem C balance, many 
watershed-scale export studies have only focused on 
one or two forms of C, typically dissolved and par-
ticulate organic C (DOC or POC), leaving other 
forms of C unquantified (e.g., de Wit et al. 2015) and 
thus, underestimate total watershed C export. Given 
this gap, better accounting of a full suite of C forms 
would provide a more complete picture of the riverine 
C budget of forested watersheds (e.g., Butman et al. 
2016).

In many coastal regions, watersheds contribute 
substantial amounts of carbon to marine ecosys-
tems (Ward et  al. 2017; Qui et  al. 2023). The form 
and magnitude of these carbon fluxes can determine 
their fate in marine ecosystems. Fluxes of inorganic 
C, for instance, can react with water and bicarbonate 
to alter the buffering capacity of coastal waters (Hauri 
et  al. 2020). Watershed export of dissolved organic 
matter is a reduced source of C, providing energy 
for heterotrophic microbial communities (le Fouest 
et al. 2013; Woodland et al. 2015). Particulate forms 
of organic C and drifting stream invertebrates may 
enter the food web at a higher trophic level, providing 
energy for benthic consumers (Attrill et al. 2009), fil-
ter feeders (Antonio et al. 2010), zooplankton (Harf-
mann et al. 2019) and would likely be consumed by 
higher consumers, such as nearshore fishes (Whitney 
et al. 2018). Different forms of organic C could also 
undergo processes like photochemical breakdown 
(Maavara et al. 2021), flocculation (Khoo et al. 2022), 
or add to the pool of stable oceanic C (Medeiros et al. 
2016) based on their structure. Thus, effects of ter-
restrial subsidies on stream and nearshore ecosystems 
are likely influenced by the quality, magnitude, and 
timing of C fluxes (Bauer et al. 2013). However, few 
studies have simultaneously examined all these fac-
tors in the same watershed limiting our understand-
ing of watershed-scale C budgets and the interactive 
effects that differing forms of C may have on the 

ecological and biogeochemical processes of recipient 
aquatic ecosystems (Fig. 1).

Utilization of organic C in recipient ecosys-
tems will also depend on the “quality” or lability 
of exported organic matter (OM) (Marcarelli et  al. 
2011). Different forms of OM (e.g., dissolved organic 
matter, particulate organic matter, and coarse particu-
late organic matter; DOM, POM, and CPOM) may 
have different fates based on their quality (Hessen 
et  al. 2013) and the physicochemical properties of 
the recipient environment (Ward et  al. 2016). Qual-
ity is often described in terms of bulk carbon to nitro-
gen ratio (C:N), with a lower C:N indicating higher 
quality and vice versa. For instance, watershed DOC 
has been shown to have relatively high C:N relative 
to particulate organic matter and aquatic organisms 
(Islam et  al. 2019; Dunkle 2022 ). In turn, water-
shed fluxes of higher quality OM could have impacts 
on recipient ecosystems disproportionate to their 
availability.

Here, we quantify the magnitude, composition, 
quality, and timing of riverine C export from a tem-
perate forested watershed in coastal Southeast Alaska 
to determine how the relative contribution of differ-
ent forms of C changes seasonally. The prevalence of 
small, steep undeveloped coastal watersheds paired 
with abundant precipitation and C dense forests 
makes Southeast Alaska an ideal location to study 
biogeochemical linkages between the land and ocean 
(Edwards et al. 2021). High frequency sample collec-
tion from May through October allowed us to model 
daily and seasonal yields of four different forms of 
organic C (DOC, POC, coarse particulate organic C, 
and drifting aquatic invertebrates) and inorganic car-
bon (alkalinity). Furthermore, we compared C:N of 
the different forms of OM exported from the study 
watershed. To our knowledge, watershed export of 
these five different forms of C have not been simulta-
neously compared in a single study.

Based on previous work in the region (Stack-
poole et  al. 2017; Hood et  al. 2020; Fellman et  al. 
2021), we expected that DOC would be the pri-
mary C export during our study period, except 
during high flow events when abundant POC and 
invertebrates can be transported to surface water 
via saturation-excess overland flow and floodplain 
inundation (Dhillon and Inamdar 2014; Power and 
Rainey 2000). Little work has been done to quantify 
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exports of alkalinity, although we expected dis-
solved inorganic C (DIC) to contribute relatively 
more to total C concentrations during baseflow 
because of increased groundwater contributions to 
stream discharge (Cole et  al. 2007; Dinsmore and 
Billett 2008). Further, we expected that the quality 
or bulk C:N for each pool of OM will decrease as 
a function of increasing concentration where ratios 
of DOC to dissolved organic N (DON) would be the 
highest (lowest quality) followed by POC:PON and 
CPOC:CPON (highest quality). If so, this pattern 
would create a temporal gradient of OM bioreactiv-
ity where periods of high OC export would be asso-
ciated with lower quality OM (DOC) and periods of 
low OC export with higher quality OM (CPOM and 
invertebrates).

Methods

Site description

The study watershed was upper Kaxdigoowu Héen 
(also known as Montana Creek), located near Juneau, 
Alaska, USA (Fig.  2). Juneau has a mean annual 
temperature and precipitation of 5.6  °C and 170 
cm, respectively at the Juneau International Airport 
(NOAA Climate Normals 1991–2020). Kaxdigoowu 
Héen is typical of the region in that it is small and 
steep, with an area of 9.5 km2 with an average relief 
of 18º (Edwards et  al. 2021). Our study site was 
approximately 8 km (straight line distance) from point 
to point and approximately 9.3 km in stream length 
from its tidally influenced outlet in the Mendenhall 
River. Kaxdigoowu Héen has no glacial coverage, 

Fig. 1   Conceptual figure outlining potential terrestrial and 
freshwater sources and nearshore fates for the different forms 
of C exported from watersheds in Southeast Alaska. Sources 

and fates of carbon are drawn from multiple studies as cited 
and the size of arrow does not indicate any relative value
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but seasonally accumulates snowpack in the upper 
reaches of the watershed. Landcover is dominated 
by Sitka spruce (Picea sitchensis) and western hem-
lock (Tsuga heterophylla) forest (85% landcover) and 
by organic carbon-rich peatlands (7% landcover). 
However, the watershed also contains alpine tundra, 
with exposed bedrock, poorly developed soils, and 
sparse vegetation dominated by alders (Alnus spp.). 
The watershed supports anadromous runs of Pacific 
salmon (Oncorhynchus spp.) that spawn throughout 
the summer and early autumn.

Field methods

We collected streamwater (n = 65) and drift samples 
(consisting of CPOC and drifting macroinvertebrates) 

(n  =  73) at least once per week during periods of 
baseflow and up to twice per day for 1–3  days dur-
ing high flow events from late April through Octo-
ber 2021. High flows were defined as a doubling or 
more in discharge from baseflow to peak flow. This 
sampling period was selected because >70% of the 
total annual runoff from the watershed occurs dur-
ing this period (Fellman et  al. 2014b). Streamwater 
grab samples were analyzed for DOC and total dis-
solved nitrogen (TDN), nitrate (NO3

−–N), and ammo-
nium (NH4

+–N). Samples were field-filtered through 
a pre-combusted (450  °C for 4 h) 0.7 µm Whatman 
glass fiber filter (GF/F) into pre-combusted glass 
vials for DOC/TDN and into acid-washed high den-
sity polyethylene bottles for inorganic N. Unfiltered 
streamwater samples for alkalinity (collected with 

Fig. 2   Map of Kaxdigoowu Héen watershed with the sampling location indicated by the yellow star and the National Weather Ser-
vice stream gauge indicated by the green star
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no headspace), total suspended solids (TSS), and 
stable water isotopes (δ18O) were also collected and 
processed within 24  h of collection. One snow and 
two rainfall samples were collected for δ18O analysis 
to capture the range in endmember values for water 
sources contributing to streamflow (Rietti-Shati et al. 
2000; Fellman et al. 2014a). These reference samples 
were collected opportunistically, with rain collected 
using a funnel with a table tennis ball in the funnel to 
reduce evaporation, while snow was melted in a plas-
tic bag.

Stream drift samples were collected in a square 
drift net (adapted from Fellman et al. 2023; 30 × 30 
cm, 250-μm mesh) fixed just above (<5 cm) the 
stream bed with rebar that was pounded into the 
stream bed. The drift net was set in approximately 
the same well-mixed location (stream riffle during all 
sample events) within the stream during each sample 
event. Set time varied from 5 to 120 min depending 
on flow, with shorter set times under high flow condi-
tions to avoid net clogging and backflow (Muehlbauer 
et  al. 2016). Stream velocity was measured at the 
beginning and end of the set with a handheld stream 
flowmeter (Geopacks ZMFP51) and was used to cal-
culate the volume of water sampled. Drift net mate-
rial was rinsed into a 250-μm sieve and stored in a 
plastic bag with 95% ethanol until processing in the 
laboratory.

Stage height was measured using a pressure 
transducer (In-Situ Level TROLL 500, Fort Collins, 
Colorado, USA) recording measurements at 15-min-
ute intervals across the study period. Discharge was 
measured 20 times throughout the season under vari-
able flow conditions with a SonTek Flowtracker (San 
Diego, California, USA) current meter. A stream-
discharge rating curve was used to calculate discharge 
at 15 min intervals for the sampling period following 
Rantz et  al. (1982) (Fig.  S1). Interruptions in stage 
height measurements occurred during 5–6 May and 
13–14 August. We estimated missing values during 
these periods based on a regression equation devel-
oped between discharge at our site and at a National 
Weather Service gauge (NWS MCAA2), approxi-
mately 6 km downstream of the study reach.

Laboratory and analytical methods

The TSS samples were vacuum filtered through a 
pre-combusted 0.7 µm GF/F filter of known mass and 

filtered water volume was recorded. Filters for TSS 
were visually inspected for larger pieces (> 250 µm) 
that would be defined as CPOC, and none were found. 
Filters were dried at 50 °C for 24 h and re-weighed, 
then frozen, acid fumigated with concentrated hydro-
chloric acid (Harris et al. 2001), and sent to the Uni-
versity of Hawaii (UH) Hilo Analytical lab to be pro-
cessed for POC and PON. Alkalinity was measured 
as CaCO3 via hydrochloric acid (0.02 N) titration to 
pH end points 4.4 and 4.7 (Method 2320, Standard 
Methods for the Examination of Water and Waste-
water 1999). Alkalinity was converted to mg C/L and 
was assumed that the majority of dissolved inorganic 
C (DIC) exported was bicarbonate (Cole et al. 2021). 
Samples for DOC/TDN were immediately acidified 
with hydrochloric acid, stored in the refrigerator, and 
analyzed within one month of collection. Concentra-
tions of DOC (as non-purgeable organic carbon) and 
TDN were analyzed by high temperature combustion 
on a Shimadzu TOC/TN-L-CSH analyzer. Samples 
for NO3

−–N and NH4
+–N were frozen at −  20  °C 

until sent to the UH Hilo Analytical Lab. Dissolved 
organic nitrogen (DON) was calculated by difference 
between TDN and the sum of NO3

−–N and NH4
+–N. 

Streamwater δ18O samples were stored with zero 
headspace at 4  °C and processed within six months 
on a Picarro L2120-i Cavity Ring Down Spectrom-
eter. Streamwater δ18O values are reported in per mil 
(‰) after normalization to Vienna standard mean 
ocean water (VSMOW).

Drift samples were stored in 95% ethanol at room 
temperature in the dark until processing. Inverte-
brates were separated from CPOM using a dissecting 
scope, identified to family level (Merritt and Cum-
mins 1984), and length was measured to the nearest 
mm. Published length–weight regressions were used 
to estimate invertebrate biomass, measured as dry 
mass, using an R-based (R ver. 4.3.1 and RStudio 
ver. 2022.02.1) freshwater macroinvertebrate analysis 
program and taxa traits for benthic, drift, and fish diet 
samples developed by Aquatic Biology Associates 
(Weissman and Weissman 2022). This program also 
categorized invertebrates as either freshwater or ter-
restrial. Invertebrate dry mass was converted to mass 
(mg C/L) based on locally derived %C relationships 
(Dunkle 2022), and when not locally available, %C 
data at the lowest taxonomic level found from litera-
ture review (Evans-White et al. 2005; Sullivan et al. 
2014).
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The CPOM from the drift samples was dried at 
50  °C until a constant weight, ashed at 450  °C for 
a minimum of 4.5  h, re-wet, dried, and weighed. A 
subset of samples was ashed multiple times to ensure 
that temperature and durations of ashing were ade-
quate. The remaining ash weight was subtracted from 
the initial dry mass to calculate ash-free dry mass 
(AFDM) in grams. This weight was then divided 
by the volume of water passed through the drift net 
for each sample, resulting in CPOC concentrations 
(mg/L). The OM from six drift samples (one per 
month of sampling) were sorted into categories of 
moss, woody debris, deciduous leaves, conifer nee-
dles, and amorphous debris and were reported as 
CPOC concentrations as described above.

Biogeochemical load modeling

We calculated the mean, range, and coefficient of 
variation (CV; mean divided by the standard devia-
tion) for each form of C. Streamwater C exports 
were calculated using concentration and flow data 
collected across the approximately six-month study 
period. Daily loads were modeled for five main forms 
of C: DOC, alkalinity, POC (> 0.7 and < 250  µm), 
CPOC (> 250 µm), and C from drifting invertebrates 
(> 250  µm). The package LoadEstimator (LoadEst; 
Runkel et  al. 2004) in R was used to estimate daily 
loads (kg/day). LoadEst selects the best-fit top model 
from nine models of the daily flow and concentration 
data based on Akaike’s Information Criterion (AIC). 
Estimates of daily, monthly, and seasonal loads based 
on observed discharge data and associated stand-
ard errors (SE) for these measurements are derived 
from the LoadEst top model. Area-weighted water-
shed yields were calculated by normalizing C load by 
watershed area.

Carbon to nitrogen ratios

Molar ratios of C to N were calculated as the 
measured DOC:DON and POC:PON. The C:N of 
CPOM as calculated using literature derived val-
ues (McGroddy et al. 2004; Peterson and Matthews 
2009; Romashkin et  al. 2018; Dunkel 2022;). Val-
ues of CPOC-C:N were based on the six CPOC 
samples that were separated into categories by 
percent AFDM of the total sample. The C:N were 
found for each of those categories to yield a bulk 

C:N of the whole sample. We calculated the mean, 
range, and CV for C:N for DOC:DON, POC:PON, 
and CPOC:CPON. In R, the Tukey HSD test 
was applied to determine statistical differences 
in mean values between C:N ratios of dissolved 
(DOC:DON), particulate (POC:PON), and coarse 
particulate (CPOC:CPON) species.

Results

Watershed hydrology

Precipitation at the Juneau International Airport 
(NOAA USW00025309), approximately 10  km 
from our study watershed, was 108.84  cm dur-
ing our sampling period, which accounted for 56% 
of total annual precipitation for 2021. The driest 
month was July (6.48  cm) and wettest month was 
September (25.27  cm). Variations in precipitation 
combined with the seasonal accumulation of snow 
and subsequent melt resulted in high variability in 
streamflow over the study period. Daily average 
streamflow ranged from 0.15 m3/s on August 3rd 
to 8.63 m3/s on August 13th (Fig.  3). The lowest 
flows of the study period occurred between June 
and August and were interspersed with rain-fed 
discharge peaks. Higher flows from mid-August 
onward were driven by large rain events. By the end 
of October, streamflow became less responsive to 
precipitation, due to cooler temperatures and snow 
accumulation at high elevation.

Streamwater δ18O values averaged 
−  13.34‰ over the study period but were vari-
able (range = −  14.71‰ to −  11.12‰, CV = 0.06; 
Fig. 3). Our snowmelt and mean rainfall δ18O sam-
ples were −  15.37‰ and −  9.61‰, respectfully, 
which bracketed the observed streamwater values. 
These precipitation values were consistent with pre-
vious samples collected in the Juneau area (Fellman 
et  al. 2014a). Streamwater δ18O values were the 
most depleted in April/June reflecting the influence 
of snowmelt on discharge. However, values became 
more variable and similar to rainfall sample during 
the July dry period. In August and September, δ18O 
values became more depleted and similar to the sea-
sonal rainfall signature (Fellman et al. 2014a) in the 
area (Fig. 3).
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Constituent C concentrations

Dissolved organic C was typically the domi-
nant form of streamwater C, except during sum-
mer low flow periods (particularly July) when 

alkalinity concentrations were elevated relative to 
DOC (Fig.  4a–b). Based on the coefficient of varia-
tion (CV) across the sampling period, concentrations 
of alkalinity were the least variable, while POC was 
the most variable of all the C forms, particularly in 

Fig. 3   Time series of mean 
daily discharge (m3/s; solid 
line) and stream water δ18O 
(‰) values (blue dots) from 
Kaxdigoowu Héen during 
the sampling season

Fig. 4   Concentrations (mg C/L) of a DOC, b alkalinity (Alk), 
c POC, d CPOC, and e drifting invertebrate biomass C 
(Inverts) by month in Kaxdigoowu Héen. Note that the y-axis 
scale is the same for the top three panels but different for the 

bottom two. Boxes represent the inter-quartile range (IQR) 
with the median in bold, whiskers extend to a maximum of 1.5 
times the IQR. Outliers are marked by points
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August (Fig. 4c). Concentrations of CPOC were low-
est and least variable in July (Fig.  4d). Invertebrate 
drift C concentrations were the lowest of all five C 
forms in every month (Fig. 4e).

Constituent C yields

Constituent yields were generally largest during 
higher flows, which occurred primarily in the spring 
snowmelt months of May and June, or in the wet sea-
son months (mid-August through October; Fig. 5). In 
contrast, daily yields for all constituents were gener-
ally lowest in July and early August when streamflow 
was at its lowest (Fig.  5). Given this relationship, 
yields for all constituents usually had a U-shaped sea-
sonal pattern, with mid-summer minima in July and 
higher yields associated with spring snowmelt and 
the fall rainy season (Fig. S2).

Compared to yields in July through September, 
yields of DOC were less responsive to streamflow 
during the spring snowmelt runoff in April and May, 
and the largest yields of DOC occurred during high 
flows in mid-August and September (Fig.  5b). The 

highest alkalinity yields occurred during spring high 
flows and during the large storm in early August; 
however, during the low flows in July yields of alka-
linity exceeded those of DOC (Fig. 5). Daily yields of 
POC, CPOC, and drifting invertebrates had the lowest 
yields during periods of low flow (generally summer) 
and highest yields associated with high flow events 
during spring and fall (Fig. 5d–f). Total watershed C 
export for the study period was 13,180 kg/km2 for all 
forms of C (Table  S1). Total C yields were highest 
in August (3085 kg/km2) and lowest in July (608 kg/
km2).

Dissolved organic C was the largest compo-
nent of total C flux (66%) in every month except 
July (Fig.  6). In July, alkalinity was the largest por-
tion (53%) of total C export followed by POC and 
CPOC, both of which accounted for their highest 
proportion of the monthly C flux (~20% together) in 
August. Drifting invertebrates consistently made up 
the smallest portion of total C export and typically 
comprised less than 1% of monthly C export. Inver-
tebrate biomass C consisted primarily of aquatic 
taxa (Ephemeroptera, Diptera, Aquatic non-insects, 

Fig. 5   a Discharge in Kaxdigoowu Héen and modeled daily 
yields for b DOC, c alkalinity  (Alk), d POC, e CPOC, and f 
invertebrate biomass C (Inverts). For model outputs the dotted 
line represents mean daily discharge in m3/s for all plots other 

than (a) and the solid-colored line represents daily modeled 
yields for (b–c). Note the y-axis scale on the left-hand side is 
different among each panel
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Trichoptera, and Plecoptera), with lower concentra-
tions of terrestrial taxa (primarily Coleoptera, Hyme-
noptera, Nematocera, Gastropoda and Collembolla; 
Table S2). Aquatic invertebrates were the largest por-
tion of invertebrate drift C throughout study period, 
although the percent contribution decreased over the 
study period. In contrast, the contribution of terres-
trial invertebrates to drift C increased across the study 
period, from 2% in May to 24% in October. This trend 
is due to an overall decrease in aquatic invertebrate C 
into autumn and an increase in terrestrial invertebrate 
biomass contributing to drifting biomass C (Fig. S3).

Molar ratio of C to N in dissolved and particulate 
OM

Molar ratios of DOC to DON were, on average, 
the highest of any OM form and varied widely 
(CV = 0.31) across the study period, ranging from 20 

to 133 (mean = 78; Fig. 7). Molar ratios of POC to 
PON were the lowest of any OM form, ranging from 
10 to 15 (mean = 14, CV = 0.16) while CPOC:CPON 
ranged from 52 to 58 (mean=56; CV=0.04). Ratios 
of these three pools differed significantly from 
one another in aggregate (DOC:DON~POC:PON, 
p  <  0.001; DOC:DON~CPOC:CPON, p  =  0.001; 
CPOC:CPON~POC:PON, p < 0.001).

Discussion

Quantifying high resolution yields for multiple forms 
of C is critical for evaluating the role of watershed C 
export in the C budget of terrestrial ecosystems (But-
man et al. 2016) and important for our understanding 
of C delivery to nearshore environments (Gao et  al. 
2023). Consistent with our hypothesis, we found that 
DOC was the dominant form of watershed C export, 

Fig. 6   Percent contribution of each form of C to total export 
from Kaxdigoowu Héen for each month and for the sampling 
season. Error bars represent ± standard error for each estimate. 

Alk corresponds to alkalinity and Inverts corresponds to drift-
ing invertebrate biomass
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except during extended summer dry periods (July) 
when alkalinity yields exceeded DOC. In contrast to 
our expectations, we did not find that the concentra-
tions of particulate forms of carbon (POC, CPOC, 
or invertebrates) ever exceeded DOC, even during 
months that experienced higher flows. Even though 
these particulate forms of C comprised a proportion-
ally small amount of total C export, as we hypoth-
esized, they had lower C:N that could render them 
more bioavailable to stream or estuarine communi-
ties (Hopkinson et al. 1998). These findings portend 
the potential importance of seasonally dynamic and 
diverse C exports both from the perspective of accu-
rate watershed carbon budgets (Ward et  al. 2017; 
Qiu et  al. 2023) as well as understanding C subsi-
dies to downstream and nearshore ecosystems (sensu 
Atwood et al. 2012; McMahon et al. 2021).

Concentrations of carbon forms

Our finding of a strong seasonal pattern in streamwa-
ter DOC concentrations was likely linked to evolving 
watershed controls on DOC production and trans-
port across the terrestrial-aquatic interface. In April 
and May, the depleted δ18O values (relative to the 
rest of the study period) and low streamwater DOC 
concentrations (Figs.  3, 4) were likely attributed to 

the spring snowmelt period where cool temperatures 
limit soil C mineralization and prolonged soil satu-
ration and subsequent dilution of soil pools of DOC 
leads to minimal transport to surface waters. Stud-
ies show seasonal fluctuations in water table levels 
(and increased aeration) and warm soil temperatures 
can stimulate DOC production (Hribljan et al. 2014; 
D’Amore et  al. 2015) via enhanced soil organic C 
mineralization (Clark et  al. 2009). Our finding that 
the greatest DOC yields occurred during high flow 
events (supported by streamwater δ18O values becom-
ing more similar to rainfall, Fig. 3) following the July 
and August low flow periods supports the notion 
the transport of DOC from soils into surface waters 
is reliant on watershed hydrologic connectivity (e.g. 
Kiewiet et al. 2020), as rain events may mobilize dif-
ferent pools of DOC that might not be hydrologically 
connected to the stream network during drier peri-
ods (Wen et al. 2020). That said, other studies show 
that water table draw-down and associated elevated 
aeration in the soil profile  enhances consumption of 
DOC by soil microbial communities and ultimately 
can exhaust labile pools of OM that are available for 
transport to surface waters (Pastor et al. 2003; Clark 
et  al. 2009). Overall, these findings highlight both 
the sensitivity of DOC production and transport to 
changing hydroclimatic conditions and the need to 

Fig. 7   Molar carbon to 
nitrogen ratio (C:N) for 
three pools of organic mat-
ter in Kaxdigoowu Héen: 
DOC:DON, POC:PON, and 
CPOC:CPON. Boxes repre-
sent the inter-quartile range 
(IQR) with the median in 
bold, whiskers extend to a 
maximum of 1.5 times the 
IQR
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elucidate interacting controls on DOC dynamics to 
fully understand the impacts of a changing climate on 
watershed C export.

Alkalinity responded differently to changing sea-
son and flow conditions relative to DOC, with higher 
concentrations observed during lower mid-summer 
flows when δ18O values indicated a predominance of 
groundwater flow paths contributing to streamflow 
(Figs. 3, 4). Other studies in the subarctic have found 
similar patterns where DIC dominated streamwa-
ter C export in summer low flow conditions (Jantze 
et al. 2015; Koch et al. 2021). This suggests that DIC, 
likely from geogenic sources (Duvert et  al. 2018), 
originates mainly from groundwater and/or deep soil 
horizons which primarily sustain streamflow during 
drier periods (Dinsmore and Billett 2008).

Particulate forms of organic C are often mobilized 
during high flow events that disturb stream beds, 
cause overland flow and bank erosion (Dhillon and 
Inamdar 2014; Johnson et al. 2018), and flush terres-
trial invertebrates into the stream (Wipfli and Mus-
selwhite 2004). These more episodic process may 
contribute to the high variability in streamwater POC, 
CPOC, and invertebrate concentrations compared to 
dissolved constituents (Fig.  4). Flow paths for dis-
solved and particulate organic C typically differ from 
one another, with DOC and alkalinity entering the 
stream through soil and groundwater paths that can 
originate from numerous locations within the water-
shed, whereas particulate fluxes are generally sourced 
closer to the stream from soil surface water runoff, 
riparian vegetation, and the stream channel itself 
(Lloret et al. 2013; Ward et al. 2017). This difference 
in sourcing and flow path likely contributes to the sea-
sonal and/or flow driven variability in the observed 
streamwater C concentrations. Although we collected 
hourly concentration data for DOC and alkalinity for 
the study site where we analyze seasonal patterns in 
concentration-discharge relationships (Delbecq et  al. 
in prep), addressing the specific mechanisms of C 
source and transport through the watershed is out of 
the scope of this study.

Total carbon yields

The seasonal variability in C concentration and flux 
was mirrored over shorter time scales by the presence 
and absence of rainfall events that enhance terrestrial-
aquatic connectivity. These types of connections 

define the Pacific Coastal Temperate Rainforest of 
Southeast Alaska, particularly during the summer 
months when dry stretches are often interspersed 
with rain events. The largest form of C export from 
the study stream was DOC, which corroborates other 
studies in high-latitude watersheds (Fig. 6; Table S1; 
Koch et al. 2021) and other temperate forested water-
sheds (Hood et al. 2020; Pérez-Rodríguez and Biester 
2022). The coastal temperate rainforest in Southeast 
Alaska is known to have organic C-rich watersheds 
with the majority of C export originating from small 
(< 20 km2), forested watersheds similar to Kaxdi-
goowu Héen (Edwards et  al. 2021). This contrasts 
to global riverine C export trends, where DIC often 
dominates lateral C export (Stackpoole et  al. 2017; 
Chaplot and Mutema 2021). Although both DOC 
and alkalinity export decrease during low flows, alka-
linity has higher concentrations at low flows, thus 
increasing its export relative to DOC (Figs. 4–5). This 
interplay between two major forms of C export may 
be impacted by interannual variability in flow condi-
tions, such that alkalinity could represent the largest 
pool of C export from the watershed during multiple 
months during dry years. In total, particulate forms 
of C (POC, CPOC, and invertebrates) averaged 10% 
of total C export and about 14% of total organic C 
export (Table  S1). The proportion of DOC to POC 
flux has been shown to be approximately equal on the 
global scale (Li et al. 2017) but can vary significantly 
by region (Kandasamy and Nath 2016). Thus, exclud-
ing particulate and drifting biomass C forms from the 
riverine C budget could result in a systematic under-
estimation of total watershed C export.

Drifting invertebrates can contribute substantially 
to fish diets. Thus, the seasonal shift in invertebrate 
drift concentration and composition may impact food 
availability to fish (Kawaguchi et  al. 2003; Eberle 
and Stanford 2010). Aquatic invertebrates dominated 
drifting biomass throughout the study period, but ter-
restrial invertebrates played an increasingly important 
role in the late summer and fall (Fig. S3; similar to 
Fellman et al. 2023). This is consistent with fish for-
aging studies conducted in the basin, which similarly 
report increased consumption of terrestrial relative 
to aquatic invertebrates by juvenile salmonids during 
late summer and fall compared to spring (Fitzgerald 
et  al. 2023). Within different taxa, a combination of 
discharge, species life history, and behavior can all 
play a role in observed drift dynamics (Naman et al. 
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2016). Based on these results, terrestrial invertebrate 
drift appears to be an important food resource for 
stream fishes in the late summer and autumn  in the 
study stream. Notably, this could be beneficial to fish 
growth and condition prior to winter, when foraging 
and growth opportunities have been shown to be lim-
ited (Bellmore et al. 2022).

Organic matter quality

Terrestrial-derived OM is a strong driver of aquatic 
microbial production (Berggren and del Giorgio 
2015), and large quantities of bioreactive OM are 
delivered from watersheds to coastal ecosystems 
like those in Southeast Alaska (St. Pierre et al. 2020; 
Edwards et al. 2021). While the timing and quantity 
of resource yields may influence the fate of C, so does 
the quality of those yields. The C:N of OM yields 
is likely to shift as watershed sources of streamwa-
ter OM vary through time (e.g., wetlands, soils, and 
throughfall; Behnke et al. 2022). Variable watershed 
hydrologic connectivity and water flow paths change 
how connected or disconnected different terrestrial 
sources of OM are to streamwater (Tank et al. 2018). 
Thus, the interaction between watershed hydrologic 
connectivity and variability in DOM quality associ-
ated with shifting precursor material could create 
ecosystem controls points (Bernhardt et  al. 2017) or 
patches of differential processing rates of DOM along 
soil-stream continuum, resulting in highly variable 
C:N of streamwater OM. Further, our findings sug-
gest that the highest processing rates of OM along the 
soil-stream network would be associated with forms 
of OM that exist in the lowest concentrations (e.g. 
drifting invertebrates), since biogeochemical process-
ing rates are not always associated with the highest 
elemental concentrations (e.g. Fellman et  al. 2009). 
These results support previous research in European 
rivers showing that OM bioreactivity is lower during 
years with high total OC export (Berggren and Al-
Kharusi 2020).

Based on our C:N in the OM pools, streamwater 
exports of POM and drifting invertebrates may have 
a disproportionate impact on downstream food webs 
in small, forested watersheds. While we did not meas-
ure invertebrate C:N ratios, data from other studies 
in Southeast Alaska suggests that invertebrate C:N 
typically ranges between 5 and 7 (Dunkle 2022). The 
yields of POC, CPOC, and invertebrates were lower 

than DOC yields, but their corresponding OM pools 
had lower and less variable C to N ratios, potentially 
making them a higher quality subsidy to aquatic com-
munities (Figs.  5, 6). This corroborates research in 
the Sacramento-San Joaquin River Delta that found 
POC has a higher percentage of C that is bioavailable 
compared to DOC (Sobczak et  al. 2002). The lower 
variability in CPOM and POM-C:N could stem from 
the lack of source variability, as well as proximate 
sourcing from the riparian zone or within the stream 
(Qiao et al. 2020) relative to DOC, which may enter 
the stream after traveling through a variety of phys-
icochemical environments and undergoing varying 
levels of processing along the soil-stream continuum. 
Lower POM exports could also reflect elevated in-
stream processing rates of this higher quality material 
(i.e., measured exports reflect material that commu-
nities preferentially are less able to process). Future 
studies should examine the combined downstream 
ecosystem effects of relatively small and high-quality 
OM fluxes (CPOM, POM) combined with larger and 
lower-quality OM (DOM) fluxes (e.g., Marcarelli 
et al. 2011) to determine whether the absolute amount 
of bioreactive OM or the percentage of OM is a more 
important driver of stream C cycling.

Conclusions

The links between watershed hydrology and C bio-
geochemistry are important to understand in the 
context of a changing climate. Predicted changes in 
climate in the region such as increasing precipita-
tion, shifts in the length and severity of dry peri-
ods, and intensity and frequency of rain events 
(Lader et al. 2020) will impact streamflow (Sergeant 
et  al. 2020) and the delivery of C to the ocean. 
Differing forms of C, might be more impacted by 
these changes depending on how they are mobi-
lized under different flow conditions and cycled 
or retained along the flow network. For instance, 
POC and CPOC concentrations varied widely over 
the study period while alkalinity had the lowest 
CV (Table  S1), suggesting particulate rather than 
dissolved forms of C might be more responsive 
to changes in hydroclimate. Additionally, condi-
tions that precede dry periods or storm events 
might impact the flux of these different constitu-
ents (Kiewiet et  al. 2020; Tiwari et  al. 2022), all 
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of which will be altered under new climate condi-
tions. Changes in hydroclimate might also impact 
the watershed level controls that influence these 
yields, like changes to terrestrial productivity 
(Schwalm et al. 2011; Ma et al. 2015), the timing of 
spring snowmelt (Sergeant et  al. 2020), or returns 
of spawning Pacific salmon (Warkentin et al. 2022). 
Given the projected change in regional hydrocli-
matic patterns, it is crucial to better understand the 
dynamics of C export and the fate of these exports 
in both fluvial and nearshore ecosystems. Overall, 
particulate forms of organic C and drifting inverte-
brates accounted for a proportionally small amount 
of total streamwater C export, although these forms 
of OM had a lower C:N that could render them more 
likely to be incorporated into aquatic food webs. 
From an ecological context, our findings highlight 
the importance of quantifying multiple forms of lat-
eral C export and reactivity. However, quantifying 
particulate forms of C maybe less important within 
the context of the annual watershed total C budget. 
Together, our study underscores the need for a 
more nuanced understanding of watershed-scale 
C cycling by considering the reactivity, form, and 
magnitude of lateral C export in concert.
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