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Abstract Terrestrial production and export of dissolved organic and inorganic carbon (DOC and DIC) to
streams depends on water flow and biogeochemical processes in and beneath soils. Yet, understanding of these
processes in a rapidly changing climate is limited. Using the watershed-scale reactive-transport model BioRT-
HBYV and stream data from a snow-dominated catchment in the Rockies, we show deeper groundwater flow
averaged about 20% of annual discharge, rising to ~35% in drier years. DOC and DIC production and export
peaked during snowmelt and wet years, driven more by hydrology than temperature. DOC was primarily
produced in shallow soils (1.94 + 1.45 gC/m?/year), stored via sorption, and flushed out during snowmelt. Some
DOC was recharged to and further consumed in the deeper subsurface via respiration (-0.27 + 0.02 gC/m?/
year), therefore reducing concentrations in deeper groundwater and stream DOC concentrations at low
discharge. Consequently, DOC was primarily exported from the shallow zone (1.62 + 0.96 gC/m?/year,
compared to 0.12 =+ 0.02 gC/m?/year from the deeper zone). DIC was produced in both zones but at higher rates
in shallow soils (1.34 = 1.00 gC/m?/year) than in the deep subsurface (0.36 + 0.02 gC/m?/year). Deep
respiration elevated DIC concentrations in the deep zone and stream DIC concentrations at low discharge. In
other words, deep respiration is responsible for the commonly-observed increasing DOC concentrations
(flushing) and decreasing DIC concentrations (dilution) with increasing discharge. DIC export from the shallow
zone was ~66% of annual export but can drop to ~53% in drier years. Numerical experiments suggest lower
carbon production and export in a warmer, drier future, and a higher proportion from deeper flow and respiration
processes. These results underscore the often-overlooked but growing importance of deeper processes in a
warming climate.

1. Introduction

Mountain areas cover 25% of the Earth's land surface and supply water to over 1.6 billion people globally
(Meybeck et al., 2001), including 60 million in the Rocky Mountain region (Bales et al., 2006; Pfister et al., 2017).
Headwater mountainous streams also contribute over 1/3rd of global stream CO2 degassing (Marx et al., 2017),
equivalent to ~16% of the annual global land carbon sink (Le Quéré et al., 2018; Raymond et al., 2013). Mountain
catchments are warming at comparatively higher rates than lower lying areas, inducing higher temperature, lower
discharge, and drought conditions (Overpeck & Udall, 2020; Pepin et al., 2015; Zhang et al., 2021). While these
hydrologic shifts are well recognized, their impacts on terrestrial carbon transformation and lateral export, stream
chemistry, and water quality have received limited attention (Bales et al., 2006; Li et al., 2022, 2024; van Vliet
etal., 2023). Understanding these impacts is vital for predicting the future of carbon cycling and water chemistry,
both of which are essential for preserving mountain water resources.

Terrestrial carbon fluxes have mostly been quantified by measuring vertical fluxes of COz2 to the atmosphere,
often used as the equivalent of soil respiration rates (Hashimoto et al., 2015; Kaye et al., 2005; Warner
et al., 2019). Recent studies have suggested this could underestimate terrestrial carbon export by not counting
carbon export via lateral groundwater fluxes carrying dissolved organic and inorganic carbon (DOC and DIC)
(Duvertetal.,2018; Wen et al., 2022). In addition, dissolved carbon is an important water quality indicator. DOC
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is often defined as the organic carbon fraction that passes through a 0.45 um filter and originates from sources
such as leaching, root exudates, and organic matter degradation and oxidation. DOC can form metal-DOC
complexes and enhance metal mobility. It can also form carcinogenic disinfection byproducts during water
treatment (Sadiq & Rodriguez, 2004; Zhao et al., 2007), causing water quality concerns particularly during spring
freshets at the peak of DOC concentrations (Leonard et al., 2022). DOC can be further oxidized and become CO2
or DIC along its flow path, often elevating stream COz evasion (Grandi & Bertuzzo, 2022). DIC, often the most
abundant form of dissolved carbon (Marx et al., 2017), can originate from both respiration (e.g., autotrophic root
and heterotrophic respiration) and chemical weathering (Stolze et al., 2023).

Terrestrially derived DOC and DIC concentrations are closely linked to subsurface structure, flow paths, and
processes (Duvert et al., 2018; Hotchkiss et al., 2015; Liu et al., 2022). DOC and DIC concentration-discharge (C-
Q) relationships reveal insights into flow path contribution and solute generating processes at different subsurface
depths (Botter et al., 2020). The typical C-Q pattern for dissolved carbon shows low discharge associated with the
dominant delivery of DIC-rich but DOC-poor older deep groundwater (Stewart, Shanley, et al., 2022; Torres &
Baronas, 2021), while high discharge is associated with greater contribution from DOC-rich but DIC-poor
younger shallow soil water (Boyer et al., 1997; Burns et al., 2016; Zarnetske et al., 2018; Zhi et al., 2019).

A warmer and drier climate is likely to alter dissolved carbon (Crawford et al., 2019; Zhi et al., 2020), as tem-
perature, snow cover, and water content simultaneously alter its production and export (Brooks et al., 2011;
Kerins & Li, 2023). Soil respiration rates often increase with temperature but peak at some intermediate soil
moisture (e.g., 50%—70%, (Yan et al., 2018)). During snowmelt, shallow soil water flow paths often predominate
due to higher hydraulic conductivity in saturated soils (Boyer et al., 2000; Raymond & Saiers, 2010). Wet
conditions enhance lateral export of dissolved, recharge of shallow soil water to the deeper subsurface, and can
promote respiration rates (Clow & Mast, 2010; Wen et al., 2021). Under low flow conditions, shallow soil water
wanes, deep groundwater flow becomes dominant, and vertical COz effluxes to the atmosphere increase (Sullivan
et al., 2019; Wen et al., 2020). Although high temperatures generally promote respiration, dry conditions can
inhibit these reactions. The complex relationship between climate variables and carbon responses makes the
direction and magnitude of these responses highly uncertain, challenging the quantification of riverine carbon
export and regional and global carbon cycles (Duvert et al., 2018; Kirschbaum, 2006; Reynolds et al., 2017).

Existing literature has primarily focused on respiration in shallow soils. Recent studies however have shown clear
evidence that deep carbon cycling beneath soils is important and cannot be overlooked in the global carbon budget
(Harper & Tibbett, 2013). Organic carbon in the deep subsurface (e.g., approximately >1-2 m below the surface)
is now being recognized as potentially labile (Barnes et al., 2018; Kleber & Johnson, 2010; Rumpel & Kdogel-
Knabner, 2011; Wan et al., 2018). Carbon respiration within bedrock fractures has been shown to exhibit rates
comparable to those observed in soils (Hasenmueller et al., 2017; Tune et al., 2020). Deep respiration beneath
soils have been shown to contribute to 40% of DIC production and >80% of DIC export (Stewart et al., 2024), and
>7% of DIC production and >35% of DIC export (Wen et al., 2024). These deep processes however are typically
not considered or quantified in Earth System models (Harper & Tibbett, 2013). There is generally a lack of
process-based understanding of dissolved carbon dynamics in both the shallow soils and deep subsurface, such
that it remains highly uncertain how and how much deep respiration contributes to the production and export of
dissolved carbon.

Dissolved carbon concentrations reflect the intertwined processes that are sensitive to both changing flow paths
and biogeochemical conditions. A warming climate can alter the proportion of the shallow and deep flow and
biogeochemical reaction rates, complicating our understanding on carbon production and export. These processes
and conditions however are typically studied separately within disciplinary boundaries without integration
(Brookfield et al., 2021; Grimm et al., 2003; Tank et al., 2018). In addition, stream flow and chemistry data have
been explored mostly via CQ relationship data analysis and statistical correlations instead of mechanistic ap-
proaches. Here we use a watershed-scale reactive transport model to integrate these processes and ask the
questions: 1) What are the predominant drivers of dissolved carbon (DOC and DIC) production and export in
rapidly warming, snow-dominated montane catchments? 2) How much dissolved carbon is produced and
exported via the shallow and deep subsurface at daily and annual scales? We answer these questions by using
daily to weekly stream flow and dissolved carbon data from Coal Creek, a high elevation, snow-dominated
catchment in the Rocky Mountains to constrain and explore the reactive transport model. We aim to offer an
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Figure 1. Coal Creek in Gunnison County, Colorado in (a) the western United Sates; in (b) the east of the Upper Colorado
River Basin. (¢) The 53 km? catchment spans an elevation gradient of 2,705 m at the mouth of the catchment to 3,765 m at its
ridge, leading to a 16° average slope. (d) The dominant underlying lithology types are sandstone (39%), followed by plutonic
rock (36%), and mudstone (15%).

integrated, mechanistic understanding of dissolved carbon processes and project how these dynamics may evolve
in a warming climate.

2. The Study Site

The research catchment, Coal Creek (~53 km?), is located in the traditional lands of the Nau-agha-tavu-pa (Ute)
peoples in Gunnison County, Colorado within the Upper Colorado River Basin in the Central Rocky Mountains
(38°51'51.2" N 107°02°47.3" W) (Figure 1). The catchment elevation ranges from approximately 2,700-3,700 m
with an average slope of 16°. Coal Creek is a third order stream that connects to the Slate River, which subse-
quently joins the East River. It is an experimental catchment of the U.S. Department of Energy supported East
River Watershed Function Science Focus Area (SFA) (Hubbard et al., 2018; Kakalia et al., 2021).

The mean annual minimum and maximum daily temperatures, calculated from 1981 to 2019, are —1.5 and 9.0°C,
respectively, with an overall annual average temperature around 0.9°C. The mean annual temperature (MAT) has
increased about 2°C since 1980, more than a degree greater than the average increase for the United States (Zhi
et al., 2020). The mean annual precipitation (MAP) is 850 mm with ~60% falling as snow (Jiang et al., 2023;
Thornton et al., 2021), similar to the MAP of 973 = 226 mm with 62 + 6.1% falling as snow during WY2016-
2021. The catchment is classified as warm summer and humid continental climate (Peel et al., 2007) and is
seasonally snow-covered. Snowpack starts to accumulate in November and usually peaks in April, after which
snowmelt starts.

The land-cover is dominantly evergreen forest (61%), followed by herbaceous vegetation (20%), and a small but
notable presence of deciduous forest (9%), barren land (3%), and woody wetland (3%). The catchment is underlain
primarily by Mesa Verde-sandstone (39% of catchment area), which dominates the eastern half of the catchment.
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The western half of the north facing slope is dominated by granitic (20%) and other plutonic lithology (16%). The
remainder is mostly mudstone and glacial drift. The dominant soil type is the Needleton-Scout series (49%)
(SSURGQO, 2023), which consist of deep, well drained soils that formed in stony and cobbly slope alluvium and
colluvium. Its clay content is about 26%-32% (SSURGO, 2023). The acidity of the soil horizons range from
moderate to strongly acidic (National Cooperative Soil Survey; U.S. Geological Survey, 2019).

3. Methods
3.1. Climate Data

The temperature data were from the Parameter-elevation Regressions on Independent Slopes Model (PRISM;
https://prism.oregonstate.edu/) (PRISM Climate Group, 2021). The model provides daily, spatially continuous
climate data for the contiguous United States. Area-normalized precipitation data were from the US Geological
Survey (USGS) Precipitation Runoff System (PRMS; (Markstrom et al., 2015)) based on PRISM data for rain and
Airborne Snow Observatory (ASO) data for snow distribution and snow water equivalent (SWE) (Carroll
et al., 2020, 2022; Fang et al., 2019). Snow water equivalent (SWE) data were from the US Department of
Agriculture (USDA) Snow Telemetry (SNOTEL) database (https://www.nrcs.usda.gov/wps/portal/wcc/home/)
at Crested Butte (#380), about 5 km east of Coal Creek.

The potential evapotranspiration (PET) data were from the Environmental System Science Data Infrastructure for
a Virtual Ecosystem (ESS-DIVE) (Newcomer & Rogers, 2020), (https://data.ess-dive.lbl.gov/view/doi:10.
15485/1734790). PET data were available for the calendar years 2011-2020 for the East River catchment directly
east of Coal Creek. Additional PET data for January—October 2021 were calculated using the Penman-Monteith
equation (Monteith, 1965). The meteorologic data for PET calculations were obtained from the same Weath-
erUnderground source as Newcomer and Rogers (2020) (https://www.wunderground.com/dashboard/pws/
KCOMTCRE2), using a Python data scraper (https://github.com/Karlheinzniebuhr/the-weather-scraper).

3.2. Water and Water Chemistry Data

Daily stream discharge data were from the USGS Water Data for the Nation: Web Interface for Coal Creek from 1
October 2014, to 30 September 2021 (Site ID: 09111250; https://waterdata.usgs.gov/usa/nwis). Stream discharge
was collected during ice-free periods, generally ranging from 1 April to 15 November each year. Because
discharge measurements could not be recorded at Site 09111250 during periods of ice cover, a regression equation
developed using the downstream Slate River USGS site (Site ID: 385106106571000) was used to infill data gaps
from November to April ice-covered time.

Stream chemistry has been measured for >40 solutes since 2016 (Dong et al., 2024; Zhi et al., 2019). From April
through October, stream samples were taken by an automatic water sampler (Model 3700; Teledyne ISCO, NE,
USA) at Coal-11 (Figure 1) every other day; from November through March, samples were taken by a grab-
sample once a week. Details of sampling and measurements are discussed in Text S1 in Supporting Informa-
tion S1. For this work we focus on DOC and DIC measurements.

3.3. Hydrology Model—Hydrologiska Byrins Vattenaydelnig (HBV) Model

We used the widely applied hydrology model HBV (named after Hydrologiska Byrdns Vattenavdelnig) (Berg-
strom, 1976; Seibert & Vis, 2012). The model simulates major processes including snow accumulation and
melting, soil moisture, and runoff response (including groundwater). The model used a degree day approach to
calculate snowmelt rates and partitions snowmelt and precipitation input between evapotranspiration (ET) and
discharge based on water and energy balance. It conceptualizes the catchment as two stacked upper and lower
buckets defining two subsurface zones (Figure 2), which further partitions discharge into three different flows: the
quick flow Qo that we conceptualize as surface flow (QOsr), intermediate flow Q1 that we conceptualize as flow
from the shallow soil zone (Osz), and slow flow Q- that is considered as flow from deep zones (Obz). Quick flow
occurs when the SZ storage exceeds a limit.

By doing so, the model assesses the temporal dynamics and average behavior of the entire catchment without an
explicit landscape representation. Although the model does not explicitly delineate a vadose and saturated zone,
the SZ is mostly unsaturated, except during times of high flow, and can be considered as predominately vadose,
whereas the deeper zone is more regularly saturated.
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Figure 2. BioRT-HBYV Conceptual Figure. Stream flow comes from three distinct flow paths, Quick flow (Osg, or Qp in HBV
terminology) which typically occurs above or near the ground surface, intermediate flow from the shallow zone (SZ) that
conceptually represents soil zone interflow (Qsz, or Q; in HBV terminology), and flow from the deep zone (DZ) that
represents deeper and longer flow paths (Opz, or > in HBV terminology). Users can define reaction networks for their own
purposes. In this work, BioRT-HBV simulates soil respiration (Respg;) and sorption in the SZ, and deep zone respiration

(Resppy) or the further degradation of organic carbon that occurs in slower and longer flow paths. These key reactions and
their calibrated parameters are detailed in Table 1.

The model uses time series (daily) of air temperature, precipitation, and potential evapotranspiration as input.
Model output includes time series of ET, the different Qs, and water storage in each zone. The calculated water
storage in each zone represents the “dynamic” storage, or the water storage that responds and contributes to
streamflow (Soulsby et al., 2011). The “passive” water storage that supports vegetation, solute transport, and
biogeochemical reactions typically cannot be differentiated using only hydrometeorological observations
(Kirchner, 2009), and is thus determined during reactive transport model calibration.

3.4. Reactive Transport Model—BioRT-HBV

BioRT-HBYV inherits the reactions and setup of the BioRT module in BioRT-Flux-PIHM (Zhi et al., 2022) but
uses hydrologic outputs (water storage and flow components) from HBV as input (Sadayappan et al., 2024a).
It therefore follows the conceptual structure of HBV and simulates biogeochemical reactions and solute
transport at the catchment scale. The model solves mass conservation equations for dissolved solutes,
considering solute transport, and abiotic and biogeochemical reactions. BioRT simulates kinetically controlled
reactions including chemical weathering that follows Transition State Theory (TST) rate law, and microbe-
mediated reactions that borrow dual-substrate Monod kinetics with inhibition terms (Li, 2019;
Monod, 1949) when there are dependencies on substrates and microbial abundance. The model also simulates
fast, thermodynamically controlled reactions such as ion exchange, surface complexation, and aqueous
complexation.

Below we show representative mass conservation equations using DOC as an example solute. We skipped the
equation for the surface zone (SF) as the fraction of SF is negligible (detailed later) and we assume no reactions in
SF for DOC and DIC in this work.

In Shallow Zone (SZ):

d(V w, SZCSZ DOC) — Q Cinﬁl,DOC + RSZ,DOC - Q CSZ,DOC - Q CSZ,DOC (1)
dl Infil SZ Perc

In Deep Zone (DZ):
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Table 1
Key Reactions and Calibrated Parameters *the Models Were Calibrated Separately for Years With Average DOC Concentrations and High DOC Concentrations
(Italicized Text in Parathesis)

Shallow soil zone (SZ) respiration (Respg;) Deep zone (DZ) respiration (Resppz) Sorption (Sorpgy)
Reaction 1 Reaction 2 Reaction 3
Reaction Equation OCsAs) + Roots — aDOC + bDIC OCpAs) + DOC — ¢DIC =XDOC « DOC
Stoichiometric Coefficients a=0.16 (0.16) c=13(0385) =
b=0.11 (0.20)
Rate Law r = logjo Keq KARZ AT AS.) KARZ Sy kA(l - 57 ) f(D) f(S.)
= - -3.36 (-3.26)
logiok — (mol/m?s) ~7.05 (~7.05) -12.0 (-12.0) -6.53 (~6.53)
SSA" -~ (m*/g) 0.108 (1.8E-3) 0.029 (0.048) 1.5E-4 (1.5E-4)
0 2.10 (1.10) 1.00 (1.00) 1.14 (1.14)
AS,) - n° 2.94 (2.94) 2.50 (2.21) 0.99 (0.99)
SIS = Sy 0.87 (0.87) 1.00 (1.00) 1.00 (1.00)
AZ,)-nl X S 0.003 (0.001) 0.0001 (0) 0 (0)
Lnsstive ot e () SZ: 77.4s DZ: 300.0

SSA is specific surface area, which is used to calculate the surface area with OC volume fraction and density in the model. ®The calibrated values of Q) for Rxn 1
(Respgy) for the shallow soils is around reported values of ~2 for forested catchments at similar altitude (Zeng et al., 2022). The O, for Rxn 2 (Respp;) is set at 1.00 for
the reactions at depth (no dependence on T'). The calibrated Q)¢ tr Rxn 3 (Sorpg;) is within the range of reported values (Conant et al., 2011). “The exponent for the soil
moisture dependence function reflects the effect of soil water content on reactions and typically ranges from 1.2-3.0 (Hamamoto et al., 2010). 4S,,. at which £S,,)
reaches its maximum, typically at intermediate soil moisture (e.g., 50%—70%) and the extent of dependence on soil moisture » (Yan et al., 2018). *““0” means no
dependence on water table depth.

d( Vw DZCDZ DOC) — Q CSZ,DOC + RDZ,DOC - Q CDZ,DOC (2)
dt Perc Dz

In Stream mixing:

CSTREAM,DOC( ) = Ose(®) Csk.poc(?) + Osz(#) Csz.ooc(t) + Ovz(t) Copz.poc(t) 3)

Os(t) + Qsz() + Obz(?)

Here Qi is infiltration flow from surface to shallow zone [mm/d]; Operc is percolation flow from shallow zone to
deep zone, or recharge [mm/d]; and Vy.,szipz is the water storage in SZ or DZ normalized to catchment area [mm];
Cszipzpoc is the concentration of DOC in SZ or DZ [mol/L]; Osriszipz is the flow rate from SF, SZ, or DZ
normalized to catchment area [mm/d]; and rszpzpoc is the reaction rate of DOC in SZ or DZ [mol/m?/d]. The
water from different zones (SF, SZ, and DZ) mix in streams. The proportions of different flows and their
respective chemistry determine stream concentrations. Without reactions in SF, the concentrations in SF are the
concentrations in precipitation divided by the runoff ratio (Q/P) to reflect the concentrating effect of the
evapotranspiration process. The governing equations are the same for DIC, although their reaction terms may be
different, as we detail in Table 1.

The model solves these equations and generates modeled reaction rates and concentrations (C) of dissolved
solutes in the surface, shallow, and deep subsurface zones (Csr, Csz, & Cbz) and the stream (Cstream). These
quantities reflect the average, effective response of the entire catchment. The BioRT model is calibrated against a
time series of stream carbon concentration data, as we detail in the next section.

3.5. Biogeochemical Reactions and Rate Laws

Taking a parsimonious approach, we set up reactions that are essential to reproduce the dynamics of DOC and
DIC observations, such that we can limit the number of calibration parameters. DOC and DIC are generated
primarily from biological processes in Coal Creek. In heterotrophic respiration, microbes decompose organic
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matter into DOC and CO>—contributing to DIC—as DIC is the sum of CO2(aq), CO, 2-, and HCO; -~ that speciate
rapidly in water and can quickly transform from one species to another. Exchange between dissolved and gaseous
carbon forms also occur relatively fast. During autotrophic respiration, plant roots produce CO2, adding to DIC.
Roots also produce DOC as root exudates. The relative contributions from heterotrophic and autotrophic
respiration are difficult to quantify and can change over time and space. We therefore lumped them as soil
“respiration” (Respsz, Reaction 1, Table 1) (Barba et al., 2018; Hanson et al., 2000). Resppz (Reaction 2, Table 1)
represents respiration in the DZ from sources such as translocated DOC (from SZ), petrogenic carbon
(Dean, 2019; Soulet et al., 2018), and deep root exudates (OCpz). It also lumps in the direct input of DIC from
deep root respiration, if present (Tune et al., 2020). The rates of these reactions that involve DOC in SZ and DZ
are Rsz and Rpz terms in Equations 1 and 2.

The term “OC” broadly represents organic carbon that typically consists of a variety of compounds. We do not
have data to differentiate the contribution of heterotrophic and autotrophic pathways or the relative amount of
consumption versus production such that we lumped these processes, a common practice when the goal is to
quantify the effective reaction rates (Davidson & Janssens, 2006). We do not explicitly include the respiration
of DOC to produce DIC. Rather it is considered as part of a “net” reaction where both OC and DOC can
generate DIC and DOC is an intermediate product that is not always fully oxidized to DIC. The concentration
of DOC therefore reflects the balance between reactions that produce and consume DOC, in addition to
transport. DOC can also sorb onto soil surfaces depending on the sorption affinity and available sorption sites

(“=X” in Reaction 3, in Table 1), which can be either DOC desorption from (Desorpsz) or adsorption

(Adsorpsz) to soils.

OC is assumed to be abundant such that the reactions depend on temperature (7'), soil water content (Sw), and
water table depth (Zw):

Ivio = kAf(T)f(Sw)f(Zn) (4)

Where o = biologically mediated reaction rate [mol/d]; k = kinetic reaction rate constant [mol/m?/d]; and
A = effective contact area among reactants (electron donor and acceptors) per unit volume of soil [m%L]. In the
more anoxic DZ with limited oxygen, other electron acceptors (i.e., Fe-oxides, nitrate, & sulfate) and DOC
transported to the DZ can support slower deep respiration. With slower moving water and longer residence times,
DZ respiration may decompose more humic substances that are often more abundant at depth in montane systems
(Keller, 2019; Marin-Spiotta et al., 2009).

For sorption (Reaction 3, in Table 1), =XDOC represents DOC sorbed to soil surface sites. As explained later in
the calibration section, sorption is simulated kinetically to capture the DOC dynamics:

Fsorption = kA(l - M)f(nf(Sw) (5)
Ky
The “solubility” of DOC in the aqueous phase, or Keq, represents the limit of how much DOC can be in water
before sorbing to soil surfaces. Larger Keq values indicate higher maximum DOC in water. When Cpoc > Keq,
DOC sorbs on soil surfaces, when Cboc < Keq, DOC desorbs from soil surfaces. Surface area A (m?) is the surface
area of the soil materials, calculated based on specific surface area (SSA, m?/g), volume fraction (m*/m?), and
solid density (g/cm?).

The temperature dependence function (A7) follows the extensively used Q10 form (Lloyd & Taylor, 1994):

=20

(1) = O ©)

where values of Q10 represent the relative increase in reaction rates when temperatures increase by 10°C. The soil
moisture dependence function ( f{Sw)) includes the critical soil moisture (Sw.) at which f{iSw) reaches its
maximum, typically at intermediate soil moisture (e.g., 50%—70%), and the extent of reaction rate dependence on
soil moisture (n) (Yan et al., 2018):
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[ s
S,

f(SW) = l ( w,c) ’ SW < SW’L‘ (7)

w

(og,) s Sw> S

When soil moisture is below Sw., / (Sw) increases with soil moisture; when soil moisture is above Sw.c, f (Sw)
decreases with soil moisture representing, for example, a decrease in reaction rates due to limited O2 under more
saturated conditions. The depth dependence function f (Zy) is as follows (Seibert et al., 2009; Weiler &
McDonnell, 2006):

f(Zv) = exp(-azZs™) ®

The depth dependence parameter (a) determines how fast f{Z.) changes with water table depth and the direction
parameter (n1) determines if f{Zy) will increase or decrease with water table depth. The depth dependence
function is important to represent the dependence of reaction rates on rising and falling water tables.

3.6. Model Calibration
3.6.1. Hydrology Calibration

The stream discharge time series data was split into training and testing periods for calibration. The training
period used data in water years (WY, October.1-September.30) 2017—2020 and the testing period used data in
WY 2016 and 2021. The 2014 water year was used as a spin-up period. The data splitting allowed the model to
train on two representative low flow and two high flow years. Hydrology was initially calibrated by running 5
million Monte Carlo simulations with parameters within ranges previously used for a global scale study (Beck
et al., 2016). Model performance was assessed based on three metrics: the Nash-Sutcliffe Efficiency (NSE) to
assess fit on peak flows, NSElog to assess fit on low flows, and percent bias (PBIAS) to assess overall volume. Of

the 5 million Monte Carlo simulations, 340 cases had a “great” fit for the training period (NSE > 0.75, NSE-

log > 0.75, & |[PBIAS| < 10%) and at least a “good” fit for the testing period (NSE > 0.5, NSElog > 0.5, |-
PBIAS| < 20%) (Figure S1 in Supporting Information S1; Texts S2 and S3, Figures S1-S3 in Supporting
Information S1). Hydrology cases were further tuned iteratively after considering biogeochemical reactions and
comparing with time series data of stream DOC and DIC concentrations. In other words, stream chemistry data

were additionally used to narrow down the hydrology and flow path partitioning.

3.6.2. Biogeochemistry Calibration

The reaction network was implemented by adding one reaction at a time, starting from shallow zone soil
respiration (Respsz). This approach helps evaluate the effects of individual processes on stream chemistry and
their interaction. We do not explicitly track other solutes, which necessitates more complex rate laws with un-
constrained reaction parameters. Reaction parameters and passive water storage were manually calibrated using a
priori knowledge and trial and error (Table 1). The best fit was determined by NSE and KGE for reproducing
stream DOC and DIC data.

In the respiration reactions, the relative carbon transformation to DOC and DIC is represented by the reaction
stoichiometry coefficients (a, b, and ¢; Table 1). These “effective” reaction stoichiometries represent the average
magnitude of OC transformation to DOC and DIC at the catchment scale, which depend on wide-ranging factors
including flow paths, vegetation, soil water pH, and temperature (Roth et al., 2015; Zhou et al., 2023). The rates of
the three reactions follow the reaction rate laws and sensitivities in Equations 4-8. The reaction stoichiometry and
rate parameters were calibrated (Table 1).

Even with a slim reaction network (three reactions), the complexity of reaction stoichiometry and rate laws leads
to many parameters. This is common in reactive transport modeling, as the reaction thermodynamics and kinetics
include many parameters. See for example, in Maher et al. (2006), Zhi et al. (2019), Wen et al. (2020), Xu
etal. (2022), and Stolze et al. (2023). One might expect this would lead to substantial equifinality issue with many
cases fitting data. However, our experience in calibrating reactive transport models is the opposite. When we set
up millions of BioRT runs with widely ranging parameter values, we did not have simulation cases that reproduce
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stream carbon data. BioRT almost always needs to be manually calibrated with modelers' knowledge on how flow
and reactions are expected to change solute concentrations. This may be unexpected as it is not the case for
example, in HBV calibrations, millions of simulations can lead to hundreds of cases that reproduce stream flow
data. We do not yet understand this stark difference in equifinality in hydrology and biogeochemical calibration.
We speculate this may be due to the high interdependence between solute concentrations via multiple reactions
with non-linear kinetics and thermodynamics such that only a very small parameter space can reproduce
observations.

The sorption reaction (Reaction 3, Table 1) was initially considered as an equilibrium-controlled reaction that
represents the rapid approach to sorption limits (equilibrium) and instantaneous release and sorption of DOC
without the gradually changing dynamics (Neff & Asner, 2001). Such reaction characteristics however could not
reproduce the simultaneous peaks of stream DOC and streamflow during snowmelt. A kinetically controlled
sorption was essential to generate such dynamics, likely because it represents the gradual mobilization of sorbed
DOC as snowmelt raises water table into the DOC-rich topsoil and expands to uphill slopes.

The calibration was unsuccessful in capturing the continuous 6-year time series of carbon dynamics. The notable
outliers are WY 2017 and 2018 when the peak stream DOC concentrations are more than three times higher than
those in other years. Therefore, two separate models were calibrated (Clark et al., 2011): One fit only to the years
with typical stream DOC concentrations and one fit only to those with high stream DOC concentrations. The
potential differences across different years may include, for example, soil destabilization (e.g., mining, envi-
ronmental management works, recreation) in the high DOC years that can elevate DOC concentrations in WY'17
and WY18. Stream DIC concentration data in all years were reproduced by both model calibration scenarios. Our
analysis in results focused on model results calibrated to the typical years with average DOC concentrations.

3.7. Model Uncertainty and Sensitivity Analysis

We calibrated HBV for hydrology first and then used a representative HBV case for BioRT calibration. The
acceptable HBV cases have high model performance values but span a range of hydrologic partitioning. The HBV
case chosen for BioRT calibration represented the mean discharge behavior of all acceptable runs. This case was
further fine-tuned based on chemistry calibration, as stream chemistry reflects source water composition and flow
path partitioning. To assess the possible range of BioRT output with acceptable HBV runs, three HBV runs were
selected to represent the maximum (0.41), minimum (0.06), and mean (0.19) of fraction of deeper flow ( f{Qpz),
or Opz over Q at the annual scale) from all acceptable HBV runs. When using the minimum f{QObz) case, peak
DOC and overall DIC concentrations become more diluted, due to more shallow soil water than the measured
data; when using the maximum f{QObz) case, peak DOC and overall DIC concentrations exceed the measured data
(Text S4 and Figure S4 in Supporting Information S1).

A parameter sensitivity analysis was additionally carried out for all reactions (Respsz, Resppz, and SorpSZ (Text
S5, Figure S5 and S6 in Supporting Information S1). Parameters for Respsz tend to be the most sensitive,
indicating its role as an essential “driver” compared to other reactions. Reaction rate constants and surface area are
equally important for Sorpsz, indicating overall sorption rates are key to capture DOC dynamics. The Respsz
reaction is the most important for determining sorption dynamics, indicating soil respiration drove sorption
dynamics. The soil moisture parameters are the most sensitive for Sorpsz, while deep respiration (Resppz) has
negligible influence on sorption.

3.8. Catchment-Scale Export and Production Rates
The total production rates (Rp) of DOC and DIC including both SZ and DZ can be calculated as the following.

RP,DOC Total — rSZ,Resp Xa (9)
Rp picTotal = T'szResp X D+ T'pzresp X € (10)

Here 7 is the simulated reaction rate and a, b, & c are the calibrated stoichiometric coefficients (Table 1). Rates of
solute export (Rg) were calculated as the water outfluxes times the concentrations of DOC (Cpoc) or DIC (Cbic)
in each zone (and therefore flow paths).
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Table 2
De_lv)c:iption of Cases and Climate Scenarios Used for Climate Scenario Experiments
Climate scenario Case Description Q [mm/yr] Tave [°C] Tumax [°C]
1. Sustained dry conditions 1. Dry-HighTyx repeats WY 2021, dry year with the highest annual 275 (model) 3.0 18.6
maximum temperature (Tyx) 189 (data)
2. Dry-HighT g repeats WY 2018, dry year with the highest average annual 245 (model) 4.1 18.1
temperature (Tyyg); 213 (data)
II. Sustained wet conditions 3. Wet-LowT repeats WY 2019 610 (model) 2.0 17.0
693 (data)
III. Alternating wet and dry 4. Wet-LowT/ alternates WY 2019 followed by WY 2021 610/275 (model) 2.0/3.0 17.0/18.6
conditions Dry-HighTy,x 693/189 (data)
5. Wet-LowT/ alternates WY 2019 followed by WY 2018 610/245 (model) 2.0/4.1 17.0/18.1
Dry-HighT sy 693/213 (data)

Note. Bold font in scenario I1I are for values used in Wet-lowT year represented by WY2019.

R poctotat = Csrpoc X Osk + Cszpoc X Osz + Copzpoc X Opz (11)

R pic o = Csepic X Osr + Cszpic X Osz + Cpzpic X Opz (12)

3.9. Numerical Experiments for Future Climate Scenarios

To evaluate the impacts of possible climate scenarios, the calibrated model was used to conduct numerical ex-
periments over a 10-year period (WY 2021-WY 2031). The HBV hydrologic outputs from selected years were
used as inputs for the calibrated BioRT model. We ran five cases which are categorized into three scenarios, each
has different temperature and discharge combination (Table 2). The warmest and driest years, WY 2018 and WY
2021, were chosen to represent the warmer and drier conditions forecasted for the Rocky Mountain region. While
WY 2019 was selected as a wetter and cooler year that is more representative of historical conditions.

Dry-HighTmax and Dry-HighTave are similar in their mean annual discharge but differ in respect to their
temperature profiles and timing of discharge. These timing differences allow us to assess the impacts of both
streamflow timing and magnitude changes. Dry-HighTwmax represents higher temperatures during the growing
season, but snowmelt timing remains similar to historical timing. Dry-HighTave represents higher temperatures
throughout the year and thus an earlier snowmelt timing. A more arid climate can still persist even with year-to-
year variations in hydrologic regime (Overpeck & Udall, 2020). Therefore, scenarios of alternating the wet and
cool year and the selected dry years were conducted to account for potential year-to-year variability in more arid
future climate conditions.

4. Results
4.1. Hydrology Dynamics

HBYV captured the multi-year dynamics of stream flow with a high NSE value (NSE = 0.87, Figure 3, Table S1 in
Supporting Information S1). Modeled values of average annual ET were 468 + 28 mm, compared to the average
annual value of 1544 + 212 mm for PET from model input. The average aridity index (PET/P) was 1.66 = 0.48,
indicating Coal Creek as water-limited. The annual runoff ratios varied between 0.3 and 0.5 (0.41 £ 0.08). An
annual average of 76 = 10% of the stream discharge was sourced from snowmelt. Snowmelt occurred between
April and July and peak snowmelt typically happened in June (Figure 3). As snowmelt started, the shallow soil
water flow QOsz increased and became dominant until snowmelt receded before August, at which time QOsz
decreased and Opz became dominant. This annual hydrograph dynamic occurred similarly in each water year,
although the timing, magnitude, and duration of snowpack and snowmelt varied from year to year.

The total deeper flow (Qpz) remained relatively similar across the years, yet the annual fractions of different flow
components varied from year to year (Figure 3b). Dry years (low Q) showed a higher fraction of deeper flow ( f
(Opz)) and a lower fraction of shallow flow (f{Osz)). In contrast, wet years with more snow and snowmelt
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Figure 3. Time series of stream discharge showing (a) data and model output of stream discharge and flow components (QOsr,
Osz, and QOpz) from HBV. The range of acceptable runs (gray shaded area) encompasses the variation of the measured stream
discharge data (empty black circles). (b) Total annual flow from SZ and DZ flow paths and their fractions ( {Q)) over total
annual stream flow. Total stream flow decreases at the expense of decreasing Osz while Opz remains relatively constant
across years leading to increasing f{QOp;) in drier years. (¢) Zoomed in figure for WY 2019, a higher flow year with snow
water equivalent (SWE) with streamflow composed of Osz, Osr, and Opz. Empty black circles and lines are data and model
output, respectively. (d) A range of model output from HBV cases representing the mean of all acceptable model runs, the
maximum and minimum fraction of deep discharge cases, and the fine-tuned HBV case that was used for BioRT (dashed
black line) compared to measured Q (empty black circles).

generally had lower f{QOpz) and higher f{QOsz), suggesting higher water fractions routing through SZ. Osz made up
about 73.5 £ 8.7% of annual stream flow, whereas the deeper Opz made up about 26.5 + 8.9%. The third flow
component representing quick flow/surface flow (Qsr) only contributed during peak snowmelt in the wettest
years, WY2017 and WY2019. In WY2019, QOsr contributed about 7% of annual stream flow, compared to 82%
and 11% for Osz and Obz, respectively. In all but the wettest years (WY 17 & WY 19), Osz and Opz made up
>99% of stream flow.

Flow and subsurface storage varied substantially in the SZ and had much smaller variation in the DZ (Figure S7 in
Supporting Information S1). The SZ was dominated by dynamic storage. On the other hand, the DZ had less
dynamic storage and a greater amount of passive storage. Even though DZ water storage in a natural system would
be significantly larger than the model output, we do not know the bottom of the aquifer and the model represents
the storage in the DZ that interacts with streamflow. Overall, the majority of water in the SZ contributed to stream
flow, whereas the majority of DZ water is passive and did not contribute to streamflow generation but was
important for biogeochemical reactions, as discussed later.

4.2. Temporal Dynamics of Stream Carbon

The dissolved carbon concentration data showed a seasonal cycle (Figure 4). Stream DOC concentrations peaked
and DIC concentrations toughed during highest snowmelt pulses in late spring and early summer (Figures 4a and
4c). DOC exhibited a flushing pattern with concentration increasing with flow and DIC displayed a dilution
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Figure 4. Timeseries of dissolved carbon (a) data and modeled stream DOC concentrations (bright pink points) from two
calibrated scenarios: the average DOC concentrations (in WY 2016, 2019, 2020, & 2021; NSEpoc = 0.72, KGEpo = 0.83;

dark pink solid line) and the high DOC concentration (in WY 2017 & 2018; NSEpoc = 0.51, KGEpo = 0.67; light line).
(c) DIC was calibrated and had a similar fit for all years (NSEp;c = 0.80, KGEp; = 0.80). The concentrations of (b) DOC
and (d) DIC in the stream, SZ (solid line), and DZ (dashed line) in WY2019, a representative wet year. Stream
concentrations, Cstream,poc and Cstream,pic, are a result of mixing flow from different paths, thus fall between SZ and DZ
concentrations. At low flow, Cstream,poc ® Cpzpoc and Csrreampic ® Cpzpic O stream concentrations were essentially

those in the DZ. At high flow; Cstreampoc ® Cszpoc and Cstreampic ® Csz pic, OF stream concentrations are the same as
those in the SZ.

pattern with concentration decreasing with flow. During the low flow in the fall and winter, CstrReam,poc and
Cstream,pic remained constant at about 2.4 mg/L and 7.2 mg/L, respectively. These stream concentrations
reflected the respective concentrations in the DZ of Cpzpoc and Cozpic (Figures 4b and 4d), which indicated
stream flow was dominated by DZ groundwater at low flow. During peak snowmelt and peak flow, Cstream,poc
and Cstreampic reflected Cszpoc and Cszpic respectively, which indicated the dominance of SZ water in
streamflow under wet conditions.

Interestingly, measured stream DIC concentrations peaked each year after the falling limb of the snowmelt driven
discharge. These concentrations were higher than the majority of stream DIC concentrations during low flow in
late fall and winter and were not captured by BioRT modeling output. The amount of DIC represented in this
“bump” was estimated by calculating the difference between model output and the measured data during this time
period, which yielded on average, 0.052 + 0.032 g C/m?/yr, equivalent to 2,756 kg C/yr for the entire watershed.

Stream DOC concentration typically increased steadily to peak values around 6 mg/L and decreased with
streamflow (in 2016, 2019, 2020, and 2021). In 2017 and 2018, however, DOC concentrations increased rapidly
to peak at around 18 mg/L, about three times higher than average, and dropped rapidly. The model could not be
calibrated to capture both the typical and these disparate multiyear peak DOC dynamics; therefore, two models
were calibrated (Table 1). One model was fit to the average DOC concentration. BioRT model parameters, mostly
related to reaction rate controls, were then adjusted to fit the high DOC concentrations (Table 1; italicized values).
The parameter adjustments resulted in higher reaction rates, lower sensitivity to temperature and soil moisture,
and higher capacity for DOC concentrations in aqueous phase. Model performance was satisfactory in both cases
(Figures 4a and 4c & Table S1 in Supporting Information S1), however, the NSE value was not as good in the high
DOC case, possibly due to the large variation between 4.8 and 20.4 mg/L in the relatively short snowmelt period.
Further analysis in the rest of the paper focuses on the modeling output from the typical, average DOC model case.
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Figure 5. Concentration discharge plots (a, b) and time series (c, d) of modeled (a, ¢) DOC and (b, d) DIC concentrations in
WY 2019, a representative wet year, in different reaction scenarios. Comparison of three scenarios (Respg, only: light gray

dot and solid line, Respg; ¢ py: dark gray dots and solid line, and Respg; ¢ pz + Sorpg: solid color dot and lines) indicate
Respyy; is essential for reproducing low DOC and high DIC at low flow. Sorpg; of DOC acted as a buffer mechanism and was
essential for capturing the DOC peak during snowmelt.

4.3. Key Reactions That Shape Stream Carbon Dynamics

The stream carbon dynamics were captured using only three reactions: Respsz, Resppz, and Sorpsz. Stepwise
addition of these reactions illuminated the effects of each reaction (Figure 5). Respsz was essential in setting the
baseline of Cszpoc and Csz.pic, especially during snowmelt, as indicated by the difference between the calibrated
case and the Respsz only scenario. However, Cstream,poc and Cstreampic at low streamflow times were not
captured with only Respsz. Carbonate weathering is likely not a dominant source of DIC in the DZ, as Coal Creek is
underlain by only limited calcareous shale interbeds (Gaskill et al., 1967, 1987), therefore, only Resppz was
implemented in the DZ. Resppz consumed DOC recharged from the SZ and generated DIC in the DZ, therefore
reducing DOC concentration but increasing DIC concentration in DZ. It turns out that Resppz was essential to
reproduce the low Cstream.poc and high Cstream,pic at low streamflow when most stream water comes from DZ.

Calibrated Resppz stoichiometry revealed the relative production of DIC in the DZ from newly generated DOC
from the SZ versus DZ carbon sources, such as processed and petrogenic carbon sources (variable ¢ in Table 1;
Text S7 in Supporting Information S1). The stoichiometric analysis indicated that, on average, for every mole of
DIC produced in the DZ, 77% originates from translocated DOC from SZ and 23% from deeper carbon sources.

The sorption reaction (Sorpsz) was necessary to capture peak DOC at snowmelt. Without Sorpsz, CstrEAM.DOC
increased to near peak concentration immediately at the onset of snowmelt in May, and then quickly dropped to
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Figure 6. Time series of (a) discharge and air temperature, and modeled (b) water storage, (c) sorption rates (adsorption and
desorption), and DOC and DIC (d) production (Rp) and (e) export rates (Rg) in the SZ (solid line) and DZ (dashed line). Daily
reaction rates (7) for WY 19 representing mg of organic carbon consumed or released to produce DOC and DIC via

(f) shallow zone respiration (Respsg;), (g) Sorption (Adsorpg; and Desorpg;), and (h) deep zone respiration (Respp;,) as a
function of storage and temperature. For total mg of DOC or DIC produced (f—h), multiply reaction rate (r) by the
stoichiometric coefficients for each reaction (Table 1). Respiration rates peak at maximum water storage in both SZ and DZ;
higher temperatures are associated with higher rates but to a much lesser degree compared to water storage. Desorpg;,
increased with both SZ storage and temperature. Adsorpg; rates peaked just below peak water storage and at lower storage

high Adsorpg, rates only occur at higher temperatures.

create a trough of Cstream,poc during peak discharge, and only increased to peak Cstream,poc at the tail-end of
snowmelt as stream flow receded (solid gray line in Figure 5c). Only when Sorpsz was included as a kinetic rate
form could the model capture the timing of peak Cstreampoc and the steady increase of Cstream,poc with
increasing streamflow.

4.4. Hydrology Drives Daily Carbon Production and Export Dynamics (Intra-Year)

The reaction rates showed a seasonal pattern that echoed discharge (Figure 6). Sorpsz has two annual peaks
(Figure 6¢). The first one is the desorption of DOC from soils (Desorpsz) to pore water at the start of snowmelt,
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and the second peak represents the adsorption of DOC from water back to soils (Adsorpsz) right after peak DOC
production at receding streamflow but highest temperatures. Adsorption rates were highest in wet years when
Respsz rates were high (Figure 6d). In dry years, Rp from Adsorpsz, Respsz and Desorpsz were similar in
magnitude but lower compared to wet years. Respsz rates, and thus production of DOC and DIC, peaked in early
summer when peak snowmelt maximized water storage and rapid flow in the SZ. In other words, at the start of
snowmelt, desorption of DOC from previous year contributed to the early rise of DOC, followed by major
production of DOC in the same year that sustained the rest of the DOC peak during snowmelt. Some of the
produced DOC also sorbed on soils, contributing to the early DOC release in the next year.

Further analysis showed substantial reaction rates only occurred during periods of high soil moisture, while low
soil moisture reduced Respsz rates, regardless of temperature (Figure 6f). Additionally, production of dissolved
carbon from Respsz in wet years was almost three times that of those in dry years, further emphasizing water
content as a key driver of Respsz. DZ respiration rates were about one and three orders of magnitude lower than
respiration rates in SZ. These DZ respiration rates were stable from year to year, and similarly increased during
snowmelt but by a much lesser degree.

Export unsurprisingly followed the trend of discharge. In the SZ, export peaked at peak snowmelt and in wettest
years (two times more than in dry years) with fluxes of DOC always exceeding that of DIC (Figure 6¢). In the DZ,
dissolved carbon export was consistent across the years, and similarly peaked during high flow time. The DOC
export rates in DZ however were an order of magnitude lower (Figure 6¢) than DIC export rates in the DZ due to
concentration differences.

4.5. Hydrology Drives Inter-Year Variations in Production and Export

Annual carbon production rates (Rp) correlate positively with total annual discharge, Q, and shallow zone
discharge, Osz (Figure 7a) and peaked in wettest years (WY 2017 & WY 2019). While annual production of DOC
was typically higher than that of DIC the difference diminished in dry years. Additionally, the annual production
of DIC from the SZ was typically higher than that in the DZ, reaching as high as an order of magnitude higher in
SZ in wet years (WY 17 & 19) (Table S2 in Supporting Information S1). In lower flow years (WY16, 18, 20, &
21), DZ production accounted for an average of 25 + 13.8% of the total DIC production. Annual production of
DOC and DIC from Respsz correlated negatively with 7Tmax and mirrored the relationship of O with Respsz.
Trends with annual average (7Tave) and annual minimum temperature (7miNn) were also examined (Figure S8 in
Supporting Information S1), but clear trends with production were only evident for Twvax.

The annual Desorpsz rates did not vary as much as respiration rates did between years, or with Q and temperature
(Figures 7a and 7b, Table S4 in Supporting Information S1). During wet years, DOC was primarily derived from
Respsz.poc; however, in drier years, especially when Q was less than ~375 mm/yr, Desorpsz (of DOC from
previous years) became higher and the dominant contributor of DOC in the SZ. In the DZ, respiration consumed
DOC to produce DIC, and had similar rates across years (Multi-year mean and standard deviation of total annual
Repzpic = 0.36 = 0.02 g C/m?/yr).

The multi-year mean and standard deviation of total annual export (Rg) of DOC and DIC was 1.75 = 0.97 and
1.81 + 0.66 g C/m?/yr, respectively. However, during the two high-flow years, the total average export increased
t02.97 + 0.07 g C/m*yr for DOC and 2.64 + 0.16 g C/m?/yr for DIC, and the SZ was the dominant source. On
average, the SZ contributed 73.5 = 8.7% of total annual stream flow and accounted for 91.3 + 3.8% and
57.2 = 12.7% of the total annual export flux of DOC and DIC, respectively. In contrast, the DZ contributed an
average 0f 42.7 = 12.8% of the total annual DIC export flux, while only contributing 8.7 = 3.8% of annual DOC
export flux. This disparity arose because the DZ generally has much higher concentrations of DIC and contributed
to streamflow throughout the year, despite the majority of DIC being produced in the SZ.

Discharge exhibited a strong positive correlation with modeled annual fluxes of DOC and DIC, accounting for
99% of the variation. The measured annual flux of DOC also exhibited a similar positive relationship with
discharge explaining 95% of the observed variation in average DOC years. When including all years, discharge
explained 76% of the variation (Figure S9 in Supporting Information S1), with the largest outliers being DOC
fluxes in the high DOC years of WY 17 and WY18. The measured annual flux of DIC correlated positively with
discharge across all years and discharge explained 95% of the observed variation.
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Figure 7. Annual production and export plotted against total annual discharge (Q) and annual maximum temperature (7yvax)-
At the annual scale, (a) Rpsz increased with Q, whereas Desorpg, and Rppz were mostly consistent across Q. (b) Rpsz
decreased with Tyuax, but Desorpg, and Rpp; were consistent across Twax. The trend of Respg, reflected that of Q and
Twmax which suggests Q and Tyax correlation. (¢) Rgsz for DOC and DIC increased with large O, however Rgpy is
consistent with Q. (d) Rg sz and Q followed the same decreasing trend with Tyax.

4.6. Numerical Experiments of Future Climate Scenarios

Numerical experiments were conducted to understand and project how stream chemistry responds to future
climate. The five cases tested include (as detailed in Table 2) (1) sustained dry conditions with highest Tmax
(WY21) (Dry-HighTwmax), (2) sustained dry conditions with highest Tave (WY 18) (Dry-HighTave), (3) sus-
tained wet conditions with low temperature (WY 19) (Wet-LowT), (4) alternating a wet (WY 19) and dry year
using the dry year with highest maximum annual temperature (WY21) (Wet-LowT/Dry-HighTmax), and (5)
alternating a wet (WY 19) and dry year using the dry water year with highest average annual temperature (WY 18)
(Wet-LowT/Dry-HighTwmax) over 2021-31. These two dry years were chosen as they have similar total annual
discharge but different peak streamflow timing. Each scenario shows a different behavior and can vary for DOC
and DIC.

The scenarios revealed contrasting impacts of sustained wet and dry conditions on DOC and DIC concentrations.
Sustained wet conditions elevated concentrations of DOC and DIC (Figures 8a and 8b), and enhanced DOC
adsorption such that more DOC was sorbed/stored on soil (Figure 8c). On the other hand, the driest case (WY 18:
Dry-HighTave) led to a rapid drop in sorbed DOC (Figure 8c) and reduced aqueous concentrations (Figures 8a
and 8b), suggesting low DOC production such that less DOC is stored in the subsurface.

Despite a relatively small difference in O (~10%) between the two dry cases, average concentrations showed a
decreasing trend for Dry-HighTave (WY18) and an increasing trend for Dry-HighTmax (WY21) (Figures 8a and
8b). These concentration changes can be primarily attributed to differences in production rates within the SZ.
Notably, peak production of both DOC and DIC aligns with peak discharge for both cases. However, in Dry-
HighTwmax peak discharge and production occurred later in the year during higher temperatures (Figures 8d
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Figure 8. Numerical experiments for five cases (details in Table 2): (1) sustained dry conditions with highest TMAX (WY21)
(Dry-HighTMAX), (2) sustained dry conditions with highest Tave (WY 18) (Dry-High7sve), (3) sustained wet conditions
with low temperature (WY 19) (Wet-LowT), (4) alternating a wet (WY 19) and dry year using the dry year with highest
maximum annual temperature (WY21) (Wet-LowT/Dry-HighTAx), and (5) alternating a wet (WY 19) and dry year using
the dry water year with highest average annual temperature (WY 18) (Wet-LowT/Dry-HighTyAx)- (2) Average annual DOC
concentrations increase for all cases except for the alternating and continuous dry case with Dry-HighT,yg (WY 18). In the
alternating cases high DOC concentrations occur in wet years (light blue background). (b) DIC concentrations generally
increase except for the Dry-HighT v (WY 18) case, and in alternating cases DIC concentrations are highest in low flow
years (gray background). (c) Sustained dry conditions cause a net loss of DOC from the solid phase and sustained wet
conditions cause a net increase. Alternating conditions show gains in wet years and losses in dry years, with a long-term trend
that hovers around zero. (d) Peak discharge occurs earlier for Dry-HighT ,vg (WY 18) than Dry-HighTy;ax (WY21),
however, Q is similar for each case. (¢) Dry-HighT vz (WY18) shows earlier peak production (Rp) and less overall
production than Dry-HighTy;,x (WY21) in the SZ.

and 8e). The higher soil moisture of Dry- HighTmax, in the warmer summer months enhanced annual Rp.poc and
Rrpic by 52.7% and 34.6%, respectively (Table S2 in Supporting Information S1), compared to Dry-HighTave
where the cooler temperature earlier in the year resulted in lower reaction rates. These findings underscore the
complex interplay between discharge patterns temperature, and biogeochemical processes in shaping the carbon
dynamics in Coal Creek.

5. Discussion

This study aims to illuminate the often-overlooked subsurface processes that drive dissolved carbon production
and export. We aimed to address the questions: 1) What are the predominant drivers of dissolved carbon
production in rapidly changing, snow-dominated montane catchments? 2) How much dissolved carbon is
produced and exported via the shallow and deep subsurface at daily, seasonal, and annual scales? The reactive
transport model links the subsurface hydrological and biogeochemical processes to stream carbon dynamics and
quantifies the concentrations and fluxes of dissolved carbon. It offers mechanistic, in-depth view of biogeo-
chemical reactions and flow paths that regulate DOC and DIC production and export and their stream dynamics
(Figure 9).
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Figure 9. Conceptual figure illustrating dissolved carbon production (Rp; g C/m?/yr) and export (Rg; g C/m?/yr) in wet (WY 17 & 19) and dry (WY 18 & 21) years. In
wet, high O conditions (left), higher shallow flow and production rates promote more carbon export compared to the drier conditions. Under dry, low Q conditions
(right) with a deep water table, production rates in the shallow zone (SZ) and deep zone (DZ) are low, leading to more DOC sorbed on soils and reduced export.
Although Rp and Rg are lower in the DZ than the SZ in both conditions, there is a notable increase in the contribution of DZ Rp and R in drier conditions, indicating the
increasing importance of DZ processes as mountain systems become warmer and drier.

5.1. Model Choices and Limitations

Here we choose to use a simple but not simplistic approach to model reactive transport processes. The slim
reaction network includes three major lumped reactions that are essential to capture stream carbon dynamics. The
model is spatially implicit and represents the average catchment-scale behavior without explicitly accounting for
variations in landscape positions. Such simplifications are necessary due to the lack of spatial data to support
complex model parameterization and to avoid unnecessary equifinality (Li et al., 2017). The iterative HBV and
BioRT calibration balanced constraints from stream flow and chemistry data with a priori site knowledge. The
model does not represent instream sources of DOC or DIC such as algae or respiration that can become important
in warm, stagnated stream water in late summer, as discussed later. Rather, BioRT-HBV quantifies the soil
respiration rates that contribute dissolved carbon to the stream, excluding the soil CO2 effluxes back to the at-
mosphere that often represent a large portion of produced CO2 (Bond-Lamberty et al., 2020; Davidson &
Janssens, 2006; Jian et al., 2021). The rates here, therefore, likely underestimate total soil respiration rates. By
considering shallow soil and deeper groundwater zones, it does, however, capture first-order variations in
abundance of dissolved carbon, hydrological flow paths, and biogeochemical reactions at different depths. It
satisfactorily reproduces stream carbon dynamics with a slim number of reactions, suggesting the influential role
of these reactions in regulating stream chemistry.

5.2. Greater Fractions of Deep Groundwater Under Drier Conditions

The hydrology in Coal Creek is primarily driven by snowmelt, typical for high-elevation, snow-dominated
mountain catchments in the northern hemisphere (Finger et al., 2015; Harrison et al., 2021). Model results
indicated that ~76% of the stream discharge (multi-year average) is from snowmelt, similar to the ~74% average
calculated for the Rockies (Pfister et al., 2017). The multi-year average ET and runoff ratios were

468.13 = 28.1 mm and 0.41 = 0.08, respectively, about 10%—20% lower than the estimated numbers in 2016 at
this site (Zhi et al., 2019). These numbers are generally within the range of 490.2 = 49.4 mm and 0.40 to 0.60 in
high-elevation catchments in the Upper Colorado River Basin (Lukas & Payton, 2020; Ryken et al., 2022).

Model results showed an average groundwater fraction ( {QOpz)) of 26.3 = 8.9%, close to previously estimated
20% in Coal Creek (Zhi et al., 2019) and falls on the lower end of the 12%-92% range documented in the Upper
Colorado River Basin (Rumsey et al., 2015). Similar to the deeper flow fraction of 35 £ 7% in the adjacent, similar
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relief catchment, Copper Creek (Carroll et al., 2018, 2019). In Copper Creek, deeper flow fractions escalate under
drier conditions at the expense of decreased lateral flow through the SZ (Carroll et al., 2019). In Coal Creek,
although DZ storage and flow rates remain similar across years, deeper water fractions increase due to lower flow
in SZ and overall lower total discharge in drier years (K. Johnson et al., 2023). Steep high-elevation catchments
with higher SZ water fractions have been observed to exhibit more pronounced response to warming (Hare
et al., 2021). With a high fraction of shallow flow, Coal Creek could be more responsive to climate than
catchments with greater deeper groundwater flow contributions (Blaurock et al., 2021; Carroll et al., 2019; Hare
etal., 2021).

5.3. Substantial Deep Respiration Shapes Concentration-Discharge Relationships

Existing literature has focused more on shallow soil respiration compared to deeper respiration (Davidson &
Janssens, 2006; Keller, 2019; Marx et al., 2017; Tank et al., 2018). Deep respiration can occur via roots, the
oxidation of DOC transported to the DZ from the SZ, and also by the oxidation of deep organic carbon (Tune
et al., 2020). Although the estimated deep respiration rates are an order of magnitude lower than in shallow soil, it
occurs across the year, contributing a substantial amount, on average (27 £ 14%), of overall DIC produced in the
catchment. Strikingly, the proportion of DIC from deep respiration rises to >50% in the driest year, indicating the
increasing importance of deep processes as conditions become drier. This echoes recent observations that

respiration rates in bedrock can occur at similar rates as those in shallow soils (Hasenmueller et al., 2017; Tune
etal., 2020, 2023), challenging the traditional perception that subsurface carbon dynamics are regulated top down
and dominated by the shallow zone. Such insights highlight the integral role of deep processes in carbon cycling
and acknowledging both shallow and deep processes offers a more comprehensive understanding of terrestrial-
aquatic carbon dynamics.

Coal Creek's stream carbon exhibits the commonly observed flushing pattern (increasing concentration
discharge) for DOC (Boyer et al., 2000; Raymond & Saiers, 2010; Zarnetske et al., 2018; Zhi et al., 2019) and
dilution pattern (decreasing concentration with discharge) for DIC (Marx et al., 2017; Perdrial et al., 2014;
Stewart, Zhi, et al., 2022). These patterns have been explained by the shallow and deep hypothesis where shallow
and deep flows carry distinct chemical signatures that indicate different processes at different subsurface depths
(Musolff et al., 2015; Stewart, Shanley, et al., 2022; Zhi & Li, 2020).

This work suggests that deep respiration processes primarily shape such distinct patterns of dissolved carbon.
DOC has been commonly observed to show flushing CQ pattern with concentrations in increasing with stream
discharge (Zarnetske et al., 2018). Without deep respiration consuming DOC, DOC concentrations in the deep
zone would eventually reach the same level as the SZ, resulting in a chemostatic CQ relationship (Figure 5b) with
similar stream DOC concentrations under high and low flow regimes. On the other hand, deep respiration adds
DIC in the deep zone, leading to commonly observed increasing DIC concentrations with depth and the near-
universal dilution CQ pattern (Stewart, Shanley, et al., 2022). This rise in DIC concentration with depth is
often attributed to COz loss to the atmosphere in top soil (Keller, 2019) and rapid export during high flow events
(Wen et al., 2022). It has also been attributed to carbonate weathering that can elevate DIC concentrations in the
deep subsurface (Marx et al., 2017; Xianwei et al., 2021). Coal Creek, however, has limited sources of carbonates
(Gaskill etal., 1967, 1987) and shows much lower stream DIC concentrations compared to an adjacent catchment
with known DIC contributions from carbonates (Figure S16 in Supporting Information S1). Results here therefore
suggest that the additional deep respiration elevates DIC concentrations in the DZ compared to the SZ (Stewart,
Shanley, et al., 2022), generating the universally observed dilution CQ patterns for DIC.

5.4. Hydrology (Not Temperature) as the Predominant Driver of Dissolved Carbon Production

Daily production rates in Coal Creek, which varied little with temperature but increased substantially with soil
moisture, reveal the critical role of hydrologic conditions (Figure 6). This pattern extended to annual scales where
production rates exhibit zero or negative correlations with temperature, but significant positive correlations with
discharge. And, similar to other snow dominated catchments, total discharge and Twmax are negatively correlated
(Winterdahl et al., 2014), and higher production only occurs during wetter times, even under cooler conditions. In
Coal Creek, this hydrology limitation leads to the concurrent peak of production and export during peak snowmelt
and might be distinctive to arid or semi-arid climates. This contrasts more humid sub-tropical, temperate, and
boreal catchments where simultaneous peaks arise due to the co-occurrence of wet and hot seasons and production
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rates are often strongly dependent on temperature (Dawson et al., 2008; Perdrial et al., 2014; Wen et al., 2020,
2024; Winterdahl et al., 2016). This supports the idea that soil moisture influences production more in seasonally
defined catchments with large fluctuations in soil moisture (Li et al., 2017). For example, in the temperate-humid
catchment, Shale Hills, soil saturation varies within a relatively narrow range (0.46—0.56, (Wen et al., 2020)),
compared to 0.27-0.62 in Coal Creek. Although having similar maximum soil saturation values, Coal Creek
exhibits lower saturation values during dry times, closer to other arid sites that see minimum saturation values as
low as 0.15 (Korres et al., 2015). In other words, it is possible that in more arid, water-limited places, temperature
dependence only arises under wet conditions, thus reaction rates depend more on water content and hydrology
than temperature.

Temperature influence arising only in times of adequate soil moisture is exemplified by comparing the two dry
years (WY 18; dry year with high 7ave; WY21, dry year with high 7max) with similar total discharge. WY 18
exhibited earlier snowmelt and returned to baseflow by the end of June when lower temperatures can still persist,
in contrast WY 21 experienced peak flow at the end of May and only returned to baseflow after July, when
summer temperatures were higher. Indicating that higher temperatures need to coincide with times of adequate
soil moisture for temperature to drive greater soil respiration rates (Correia et al., 2012; Stielstra et al., 2015). The
interplay of temperature with soil moisture is particularly pronounced in the divergent climate scenario results.
Average stream concentrations of DOC and DIC increase under sustained conditions of Dry-HighTmax but
decrease under Dry-HighTave, suggesting if climate change shifts snowmelt earlier carbon production and export
may decrease unless accompanied by higher temperatures during this earlier snowmelt period.

The western US is projected to experience increased precipitation variability, although the trend of precipitation
in the Upper Colorado River basin has remained relatively leveled or slightly increased (~1920-2020) (Milly &
Dunne, 2020; M. Xiao et al., 2018). If this shift in precipitation favors significant rainfall events during the warm
summer months (e.g., larger summer monsoons common in this region) that exceed the ET demand (Carroll
etal., 2020; Sprenger et al., 2022), it could lead to favorable soil moisture conditions for enhanced soil respiration
during the summer (Stielstra et al., 2015) and potentially elevated stream carbon concentrations. The soil moisture
dependence in BioRT also emphasizes hydrologic importance by representing-stream connectivity. High soil
moisture and a high water table suggest a more hydrologically connected catchment (Jencso et al., 2009; Wey-
man, 1973) which can enable contributions from more hydrologically distant hotspots to streams. Such hot spots
of DOC generation could include wetlands (Bhattacharya & Osburn, 2020; Elder et al., 2000; Hinton et al., 1998)
which exist in the upper stream reaches and on south-facing hillslopes in Coal Creek. The peak reaction rates at
peak discharge potentially suggest the contribution of these hotspots under wet conditions in more hydrologically
connected catchment (Inamdar & Mitchell, 2006; Pesantez et al., 2023).

Sorption dynamics are significantly influenced by hydrology and play a crucial role in regulating the timing of
peak DOC concentrations, mirroring distinct phases of DOC dynamics observed in a sub-arctic snow-melt
dominated catchment (Tang et al., 2018). Initially, snowmelt triggers desorption, releasing DOC previously
produced and adsorbed on soils. As snowmelt continues and the water table rises desorption remains the primary
source for DOC until its stores on soils are depleted. At this point, production via soil respiration peaks and
predominates the DOC pool (Figure 6). After peak production, the third phase commences, during which the
newly produced DOC increases porewater concentrations to drive DOC adsorption onto soils. In other words,
soils act as a storage reservoir where DOC is flushed out during snowmelt events subsequent to times of DOC
production and adsorption (Wen et al., 2020). Most DOC adsorption occurred during wet years, which indicates
wet years enhance DOC storage which is then released via desorption in dry years.

5.5. Hydrology-Driven Export of Dissolved Carbon

The export of DOC and DIC peak during snowmelt and in wet years. DOC and DIC export can reach as high as
3.04 and 2.75 g C/m?%yr, respectfully, in wet years, almost on par with those from tropical rivers
(DOC = 3.16 g C/m?/yr; DIC = 3.33 g C/m?/yr (Huang et al., 2012)), while DOC and DIC export in dry years can
be three times lower. Although humid tropical climates are typically associated with highest carbon yields
(Brantley et al., 2017), these high values at Coal Creek corroborate that low-order streams in small mountain
catchments are hot spots for export of dissolved carbon and CO2 emission (Bao et al., 2015; Horgby et al., 2019;
Raymond et al., 2013). Indicating the high potential for altered carbon cycling under warming conditions in
mountain systems. Mean annual export correlated negatively with Tmax (Figure 7d), suggesting higher
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temperature reduces discharge and export capacity in warmer years. This entangled temperature and discharge
influence on DOC export is consistent with other snow-dominated and high-elevation catchments that exhibit a
highly seasonal flow regime (Meingast et al., 2020; Winterdahl et al., 2014). In other words, temperature can
elevate ET and thus reduce water content emphasizing the dominant role discharge plays in controlling export
rates.

It is noteworthy that over 90% of annual lateral export of DOC occurs through shallow flow paths, underscoring
the importance of wetter conditions in driving DOC fluxes via shallow soils (Zhi & Li, 2020; Zhi et al., 2019).
DOC only peaks at peak discharge when the catchment is most hydrologically connected, potentially suggesting
contributions from high DOC stores in the shallow soils from hydrologically distant sources (Abbott et al., 2016;
Adler et al., 2021), such as wetlands discussed in the previous section. This is also consistent with the necessity of
using slower, kinetically controlled sorption/desorption with dependence on soil moisture to reproduce the timing
of DOC peaks. In fact, our initial attempt of using a fast, equilibrium-controlled sorption mechanism consistently
led to earlier peak DOC and a significant concentration dip during peak snowmelt. This implies the gradual
mobilization of DOC from afar as the water table rises, expands, and connects to distant uphill slopes.

Deep flow paths can account for >50% of the annual DIC export in Coal Creek. In other catchments, up to 60% of
annual DIC flux have been observed to occur via shallow flow paths, indicating equal or predominant DIC export
fluxes via deeper flow paths (Tune et al., 2020). Greater contributions from the deeper zone have been associated
with lower permeability contrasts between the SZ and DZ that enhance higher vertical connectivity (Wen
etal., 2022; D. Xiao et al., 2021). Additionally, at sites with carbonate lithology, carbonate weathering can further
increase DIC production and export via deeper flow paths (Marx et al., 2017; Xianwei et al., 2021). In Coal Creek
~75% of streamflow comes from QOsz and ~25% from Obz, indicating a higher SZ-DZ permeability contrast. And
with limited carbonates, the large difference in deep DOC and DIC fluxes arises from their notable disparity in
concentration within the DZ with Cpzpoc at 1.23 + 0.14 mg/L and Cpzpic at 7.52 + 2.8 mg/L. These findings
underscore the importance of considering both shallow and deep flow paths to fully comprehend the dynamics of
dissolved carbon export. Especially under warmer and drier conditions when deep groundwater flow paths
become more important.

5.6. In-Stream Respiration and COz Evasion

Stream data consistently showed a recurring “bump” in DIC concentrations every year during the summer months
following snowmelt, which the model failed to reproduce. Similar increases in stream DIC concentrations post
event-flow have been observed in other catchments, often persisting from hours (M. S. Johnson et al., 2007) to
weeks (Demars, 2019; Perdrial et al., 2014). Various explanations for this DIC increase have been proposed,
including changes in CO: evasion rates and additional COz input from delayed flow paths (M. S. Johnson
et al., 2007). In Coal Creek, this DIC bump coincides with the warm summer growing season during low flow
subsequent to the influx of fresh DOC from snowmelt, all of which maximize stream and riparian respiration
(Doctor et al., 2008). Additionally, reduced dissolved oxygen (DO) concentration has been observed at this time
(Figure S14 in Supporting Information S1), similar patterns of increased DIC and decreased DO due to CO2
production have been observed in other forested streams (Allan, 1995; Perdrial et al., 2014). Thus, the post-
snowmelt “bump” in DIC is likely attributed to instream respiration processes. Currently, our model does not
consider these instream processes that generate CO2 and increase DIC concentrations, which may explain the
discrepancy between the observed data and modeled results.

In Coal Creek, this post snow-melt DIC bump accounts for an average of 4.8 = 3% of DIC input to streams
annually, much smaller than estimates (~19%) in other headwater streams (Tobias & Bohlke, 2011; Wang
et al., 2021). This may be due to the short residence time of DOC in high relief streams and the relatively low
temperatures in high elevation mountains that limits the extent of instream respiration (Liu et al., 2022). Broadly,
in small mountain streams, DIC largely originates from terrestrial sources (Hotchkiss et al., 2015; Vannote
et al., 1980).

Instream production of DIC exhibits negative trends with annual temperature metrics but a positive trend with Q
(Figures S10 and S11 in Supporting Information S1). Although the trends were not statistically significant for the
6 years analyzed, they suggest that instream processes become a greater contributor to stream DIC levels during
low flow conditions. This is because, even though total instream DIC production may be lower, the terrestrial flux
of DIC to streams is also reduced. Elevated DIC concentrations can enhance stream COz evasion, especially in the
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growing season when in-stream CO2 production from respiration elevates (Doctor et al., 2008). However, the
magnitude of this effect is highly uncertain, as CO2 evasion depends not only on DIC concentration but also on
factors such as pH, flow rates, turbulent flow dynamics, and other catchment characteristics.

6. Conclusion

Understanding the intertwined hydrological and biogeochemical processes in the shallow and deep subsurface
and how they drive the terrestrial production and lateral export of dissolved carbon has been a long-standing
challenge. Here we used a catchment-scale reactive transport model to gain a mechanistic understanding of
the interactive hydrological and biogeochemical processes that regulate dissolved carbon production and
export in a snow-dominated high elevation headwater catchment in the Rocky Mountains. The results reveal
that in this water-limited catchment, hydrology predominantly drives both production and export of dissolved
carbon, contrasting the distinct roles of hydrology and temperature in controlling export and production,
respectively, in temperate, wetter climates (Wen et al., 2020). Shallow soils dominate the production and
export of carbon, but the deep zone produces and exports a substantial fraction of dissolved carbon, which
increased in drier years. DOC production rates peaked during snow melt and wet years, with sorption acting
as the primary storage mechanism in between years. DOC was primarily produced in the shallow subsurface
and consumed in the deeper subsurface, with more export from the shallow zone compared to the deep zone.
This deep respiration is responsible for the commonly-observed increasing DOC concentrations (flushing)
(Kincaid et al., 2024) and decreasing DIC concentrations (dilution) with increasing discharge (Stewart, Zhi,
et al., 2022). DIC production similarly peaked during snow melt and wet years and is exported in comparable
quantities in the shallow subsurface than in the deep subsurface. Numerical experiments suggest that under
warmer and drier climates that promote earlier snowmelt, the production and export of dissolved carbon will
drop mainly in the shallow soils but not as much in the deeper zone. This suggests an amplified influence of
deeper flow and deeper respiration in the future warmer, drier climate.

Data Availability Statement

Data: Streamflow and stream carbon data are available in Dong et al. (2024) via the ESS-DIVE online data
repository. Model input and output files use for this study are available at Kerins et al. (2023). Software: Source
code and example files for BioRT-HBYV are available at Sadayappan et al. (2024b).
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