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Abstract Forest plantations are widespread globally. Young forest plantations (hereafter young forests)
differ from natural old-growth forests (hereafter old forests) in above- and below-ground structures, shaping
water and carbon cycling processes. While above-ground differences are well studied, below-ground hydrology
and biogeochemical processes remain poorly understood. Here we asked: How do hydrological flow paths and
dissolved carbon processes belowground differ between young and old forests? Using a process-based hydro-
biogeochemical model (BioRT-HBV) constrained by streamflow and dissolved organic and inorganic carbon
(DOC and DIC) data, we analyzed three pairs of young-old forests at the H.J. Andrews Experimental Forest,
Oregon, USA. Detailed simulations for a 57-year-old plantation (WS01) and a naturally regenerated ~500-year-
old forest (WS02) showed that the young forest had lower streamflow and smaller deep groundwater
contributions (20%) than the old forest (30%). DOC was mainly produced in shallow soil but diverged with
depth: transformed into DIC in the young forest and further produced in the old forest, yielding contrasting
export patterns of flushing (DOC increases with discharge) and dilution (DOC decreases with discharge). These
differences likely stem from variations in subsurface structures, supported by deeper, denser roots in old forest.
Extending the analysis to two additional pairs showed (a) higher DOC and DIC concentrations in all old forests;
(b) consistent DIC dilution patterns but variable DOC patterns. Numerical experiments indicate that these
diverse DOC behaviors result from interactions among forest age, geology, and hydrological connectivity, and
other factors, highlighting the overlooked role of forest development in subsurface carbon cycling.

Plain Language Summary Clear-cutting followed by replanting has created many forest plantations
around the world. These forests differ from older, naturally regenerated forests above and below the surface,
where water and carbon move through soil and rock. However, we still know relatively little about how these
belowground processes differ between younger and older forests and how they influence stream water
chemistry. In this study, we used a computer model (BioRT-HBV) with streamflow and water chemistry data
from the H.J. Andrews Experimental Forest in Oregon, USA, focusing on two important water quality
components, dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC), which play key roles in
carbon cycling and ecosystem health. We compared a younger, 57-year-old plantation with an older, ~500-year-
old forest to examine how water movement and dissolved carbon processes vary with forest age. We found that
the older forest had stronger vertical connections, allowing more water and carbon to move through deep soil
layers and sustaining streamflow from groundwater. In contrast, the younger forest had shallower flow paths
and less deep carbon production. Streams draining older forests contained higher dissolved carbon overall,
showing how differences in subsurface structure shape water quality and carbon cycling in changing forests.

1. Introduction

Forests play a vital role in regulating global carbon and water cycles (Dudley & Stolton, 2003; Harris et al., 2021),
yet their structure and function are increasingly altered by land use change and forest management (Curtis
et al., 2018; Hansen et al., 2013). In response to rising timber demand and forest conservation policies, forest
plantations and naturally regenerating forests are replacing old-growth forests at an accelerating rate (Du
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et al., 2022; Holl & Brancalion, 2020; UNEP & FAO, 2020). As of 2020, forest plantations alone occupy
approximately 7% of the global forest area (UNEP & FAO, 2020).

Studies of the carbon dynamics at different successional stages (i.e., young vs. mature or old) has proliferated for
decades (e.g., McGrath et al., 2024; Nave et al., 2025; Odum, 1969). Young forests often display high net primary
productivity as carbon is preferentially allocated to biomass gain; in contrast, old forests often appear to shift
investment toward structural stability, with relatively slower biomass increment (Litton et al., 2007; Pregitzer &
Euskirchen, 2004; Ryan et al., 1997). Young forests, whether regenerating naturally following disturbance or
established through plantation forestry, differ structurally and functionally from old forests that have developed
over centuries with minimal disturbance. Forest plantations are often characterized by even-aged trees, dense
planting, and uniform species compositions due to commercial management practices (Bauhus, 2009; Carle &
Vuorinen, 2002). In contrast, old forests often contain mixed-age trees, and more complex canopy structures, and
often exhibit more stable ecosystem functions that contribute to long-term carbon storage and water supply
(Lindenmayer & Bowd, 2022; Oliver & Larson, 1996).

Much of these studies focus on above-ground processes, although these differences also extend below-ground,
influencing soil structure, root systems, and subsurface processes. Old forests tend to support thicker organic
layers, greater root densities, and more extensive deep root networks compared to young forests (Bauhus, 2009;
Billings et al., 2018; Hertel et al., 2003; Yanai et al., 2006). Deep roots enhance access to deep water reserves,
supporting transpiration and carbon uptake during dry periods (Pivovaroff et al., 2021; Tao et al., 2021; Zhang
et al., 2017). Old forests have also shown higher soil CO, efflux (Campbell & Law, 2005; Rodtassana et al., 2021)
and elevated concentrations of dissolved organic carbon in streams (Cawley et al., 2014; Fegel et al., 2021; Hood
et al., 2006; Meyer & Tate, 1983; Smiley & Trofymow, 2017). In contrast, young forests often exhibit reduced
streamflow and altered hydrological dynamics due to differences in canopy interception, transpiration, and flow
routing (Crampe et al., 2021; Perry & Jones, 2017; Segura et al., 2020). Young forests have been observed to
typically retain limiting nutrients efficiently through tight cycling tied to growth demand (Vitousek &
Reiners, 1975), whereas old forests approach a more conservative, steady-state condition of internal nutrient
retention (Valett et al., 2002).

These observations underscore the need to better understand the differences in hydrology and carbon processes
below young and old forests that ultimately affect streamflow generation, water quality, and carbon cycling.
Subsurface structure, in particular, often regulates the transformation and transport of solutes such as dissolved
organic and inorganic carbon (DOC and DIC) from terrestrial to aquatic systems (Stewart et al., 2024; Wen
et al., 2022). High DOC concentrations in streams can cause water browning (Blanchet et al., 2022), mobilize
toxic elements (Romkens et al., 1999; Zhao et al., 2007), and form harmful disinfection byproducts during
drinking water treatment (Leonard et al., 2022; Sadiq & Rodriguez, 2004). Meanwhile, DIC regulates stream pH,
buffering capacity, and riverine CO, outgassing to the atmosphere (Grandi & Bertuzzo, 2022; Marx et al., 2017;
Tank et al., 2018).

Subsurface data are generally collected using lysimeters, groundwater wells, hydrometric and isotopic mea-
surements, and soil-groundwater monitoring, which have provided valuable insights into subsurface flow paths
and solute generation (Laudon et al., 2011; Ledesma et al., 2015). However, subsurface measurements have
remained labor-intensive and limited in spatial and temporal coverage. Concentration-discharge (CQ) relation-
ships measured in streams can be used as integrative indicators of hydrological and biogeochemical processes and
solute sources at the catchment scale (Rose et al., 2018; Stewart, Shanley, et al., 2022; Zhi et al., 2019). DOC
typically follows a flushing pattern, where concentrations increase with discharge (Herndon et al., 2015;
Sebestyen et al., 2009; Zarnetske et al., 2018), reflecting the mobilization of DOC-rich shallow soil water during
high-flow events at high hydrological connectivity (Raymond & Saiers, 2010; Stewart & Li, 2025; Agren
et al., 2007). DIC often shows a dilution pattern, where concentrations decrease with discharge, as DIC-rich deep
soil waters are diluted by low-DIC shallow inputs during high flows (Najjar et al., 2020; Stewart, Zhi, et al., 2022;
Wallin et al., 2013).

Subsurface structure and processes are essential in shaping these CQ patterns. For instance, carbon cycling
occurring at depth beneath soils (deep respiration) is increasingly recognized as a critical, yet often overlooked,
component of catchment carbon budgets (Harper & Tibbett, 2013; Hasenmueller et al., 2017; Tune et al., 2020).
Deep respiration has been shown to lead to the widely observed flushing pattern for DOC and dilution pattern for
DIC (Kerins et al., 2024; Stewart et al., 2024). Storm-driven changes in flow paths can further modify CQ
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patterns, sometimes resulting in dilution instead of the expected flushing for DOC (Knapp et al., 2020; Su
etal., 2023). In high-elevation mountains with permafrost, CQ patterns of DIC transitioned from dilution in colder
years to chemostasis (relatively constant concentration) in warmer years, possibly due to enhanced soil respiration
and weathering during permafrost thawing (Xu et al., 2024).

While these studies contribute to a growing body of literature on the importance of subsurface structure in
determining water and dissolved carbon dynamics in subsurface, the influence of forest successional stages has
remained poorly understood. Here we ask the question: Does forest age regulate belowground water and carbon
processes? How do hydrological flow paths and dissolved carbon processes (transformation and transport) differ
between young and old forests? We address this question by comparing a young and old forest at H.J. Andrews
Experimental Forest. We hypothesize that deeper and denser root systems in old forests promote vertical con-
nectivity and DOC production at depth, leading to distinct concentration discharge relationships that differ from
those in young forests. To test this hypothesis, we compared three pairs of adjacent young-versus-old forests in the
H.J. Andrews Experimental Forest (Oregon, USA): WS01-02, WS06-08, and WS09-10. WS01, WS06, and
WS10 are young forests with plantations established after clear-cutting in 1960—1970s, whereas WS02, WSO08,
and WSO09 are old forests with ages of 150-500 years. These pairs share similar climate but differ in geology and
topography (Swanson, 1975). We leverage streamflow (Johnson et al., 2024) and stream chemistry data (Johnson
& Fredriksen, 2019a, 2019b) at these intensively measured catchments to constrain a reactive transport model,
BioRT-HBV (Sadayappan et al., 2024) and to understand water and dissolved carbon cycling (production and
export, or transformation and transport). We focused model calibration and process analysis on the WS01 and
WS02 pair because these two sites have subsurface root data; without subsurface data for other sites, we used
numerical thought experiments to explore the factors driving difference across all catchments.

2. Methods
2.1. Study Site

The H.J. Andrews Experimental Forest (HJA), established in 1943, is located in the Willamette National Forest of
the western Cascade Mountains, Oregon, USA. It is managed by the U.S. Forest Service as part of its experimental
forest network and has been part of the Long-Term Ecological Research (LTER) program since 1980. The forest
was originally established to study impacts of forest management practices on catchment-scale processes,
particularly in relation to water quality, quantity, and vegetation succession (Johnson et al., 2021).

We focus the modeling on a paired set of headwater catchments: an experimental catchment (WS01) and a
reference catchment (WS02). Both are steep, small basins (<1 km?) situated at low-elevations (440-800 m), with
WS01 (0.96 km?) slightly larger than WS02 (0.60 km?) (Figure 1). The region has an orographically influenced
Mediterranean climate, with warm, dry summers and cold, wet winters (Rothacher, 1970). Mean annual pre-
cipitation is 2,200 mm with 75% occurring from November to April. Mean daily air temperature reaches 18°C in
July and 2°C in December. Snowpack rarely persists for more than a few weeks (Johnson et al., 2021). The
geology consists of highly weathered Oligocene tuffs and breccias (Swanson, 1975). Soils of these two catch-
ments are mapped predominantly as Dutchoven (loamy-skeletal, isotic, mesic Andic Humudepts; J. Winter,
personal communication) and Kinney (fine-loamy, isotic, mesic Andic Humudepts) complexes (Soil Survey
Staff, 2024).

Before timber harvest, both catchments were dominated by 450-year-old Douglas-fir (Pseudotsuga menziesii)
forests (Dyrness, 1973; Johnson & Jones, 2000). Between 1962 and 1966, WS01 underwent 100% clear-cutting
using cable logging without road construction, minimizing soil erosion and mass wasting (Goodman et al., 2023).
The logged area was subsequently broadcast burned (Johnson & Jones, 2000) and replanted with Douglas-fir
seedlings (Jones & Grant, 1996). Today, this young WSO01 is a 57-year-old Douglas-fir plantation (Bingham
& Jr.Sawyer, 2022). In contrast, WS02 remained unharvested and free of major disturbances in recent centuries. It
is dominated by native Douglas-fir trees ranging from 150 to over 500 years old, which regenerated after wildfires
in the early 1,500s and mid-1,800s (Perry & Jones, 2017; Weisberg & Swanson, 2003). Both catchments,
however, were affected by severe wildfires that burned portions of HJA in 2020.

Two other young-old catchment pairs exist at HJA, WS06-08 and WS09-10, that have been monitored for stream
chemistry. Similar to WS01 and WS02, the young forests (WS06 and WS10) were fully clear-cut and replanted in
1975 and now are ~50-year-old trees. Their paired old forests (WS08 and WS09) represent unharvested reference
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Figure 1. (a) Map of the H.J. Andrews Experimental Forest in Oregon, USA, showing the locations of the three young—old
forest pairs. Old forest areas are outlined in black, and young forest are outlined with black dashed lines. Triangles indicate
stream gauging stations used for streamflow and chemistry data collection, while circles denote climate stations used for
model calibration. Panels (b—d) show the three study catchment pairs: (b) WS01 (young) and WS02 (old), (c) WS06 (young)
and WSO8 (old), and (d) WS09 (old) and WS10 (young). The red outline in panel (b) highlights the WS01 and WSO02 pair,
which served as the primary focus of model calibration.

sites. These additional pairs, however, differ from WS01 and WS02 in catchment size, geology, slope, elevation,
and snow regimes (see Table S1 in Supporting Information S1 for detailed catchment characteristics). For
instance, WS06 and WSO8 are located in the upper elevations of HJA, which receive higher annual precipitation
and maintain seasonal snowpacks, whereas the other two pairs lie in lower elevations where snow rarely persists
beyond a few weeks. The upper sites are underlain by Miocene andesitic basalt flows, while the lower sites consist
of highly weathered Oligocene tuffs and breccias (Swanson, 1975). Among these, WS06 also contains road cover
(Johnson et al., 2021).

2.2. Data

Daily air temperature and precipitation data were obtained from the Primary Meteorological Station (PRIMET)
for WSO1 and the Climatic Station at Watershed 2 (CS2MET) for WS02 (Daly et al., 2019). Precipitation
chemistry data were derived from wet deposition samples collected at the PRIMET station (Johnson & Fre-
driksen, 2019a) and applied to both catchments. Samples were shipped to and analyzed for a broad suite of solutes
by the Cooperative Chemical Analytical Laboratory (CCAL, Oregon State University, Corvallis, OR). Details of
analytical instrumentation, methods, and standard operating procedures are available at http://www.ccal.orego
nstate.edu/. Potential evapotranspiration (PET) was estimated using long-term daily air temperature data (1980—
2017) and the Hargreaves and Samani equation (Hargreaves & Samani, 1985), implemented with the R package
“Evapotranspiration” (Guo et al., 2016).

Daily stream discharge (Johnson et al., 2024) and chemistry data (available every 3 weeks) were obtained from
their respective stream gauge stations located at the outlets of each catchment (Johnson & Fredriksen, 2019b).
Composite water samples are collected and analyzed about every 3 weeks (Fredriksen, 1969, 2019) therefore
representing time-integrated composite of stream water chemistry over 3-week periods. This composite sampling
introduces some limitations to our analyses. Composite samples can mask important dynamics in stream
chemistry, including short-term responses to individual storm events or rapid biogeochemical shifts, which are
often critical for understanding and simulating catchment scale processes. The temporal averaging may also
reduce the variation in concentrations that are central to CQ patterns. However, these limitations mean that any
detectable differences in stream water chemistry across these paired watersheds using composite samples reflect
meaningful, broad differences in generalizable patterns useful for addressing our hypothesis.
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Figure 2. (a) A conceptual diagram of the BioRT-HBYV reactive transport model, representing the catchment as comprising of three buckets: a surface/topsoil (SF) with
rapid flow Qgp, a shallow zone (SZ) with intermediate flow Qg,, and a deeper zone (DZ) with slow flow Q. The Qgg, Qg,, and Qp, are Q,, Q,, and Q, in the HBV
model, respectively. (b) Reaction networks implemented in this work include soil respiration in the SZ, deep respiration in the DZ, DOC sorption on the surfaces of
soils/rocks and gas-aqueous CO, exchange processes in both zones. “OC g7, and “OC )" represent soil organic carbon in the SZ and DZ, respectively, while “=
XDOC” denotes sorbed DOC on soil surfaces. Details of reactions and key calibrated parameters are in Table 1.

2.3. BioRT-HBV Overview
2.3.1. HBV Model

BioRT-HBYV is a catchment-scale reactive transport model that integrates the hydrological HBV model with the
BioRT reactive transport framework (Sadayappan et al., 2024). The HBV module simulates hydrological pro-
cesses, including snow accumulation and melting, soil moisture dynamics, and runoff responses (Berg-
strom, 1976; Seibert & Vis, 2012). It conceptualizes a catchment as two stacked upper and lower buckets and
three flow paths (Figure 2). These buckets and flow paths are not assigned explicit depths as they can vary
depending on the characteristics of specific catchments. They represent average, “effective” shallow and deep
subsurface zones that contribute different “effective” flows to streams and rivers. These effective dynamics
emerge from the complexity and connectivity of subsurface structures and manifest at the scale of entire
catchments.

Each bucket represents a water storage compartment that can be broadly characterized as a shallow soil zone and a
deeper groundwater zone. These conceptualizations are based on assumptions that reflect observations from field
studies. The shallow zone is often associated with shallow subsurface with weathered soils and high clay and
organic matter content, unsaturated conditions, fluctuating interflow, and relatively fast flow (Sullivan
et al., 2016; Torres et al., 2015). In contrast, the deep zone is associated with deeper subsurface, strongly
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influenced by parent rock (Frisbee et al., 2013), generally saturated with slower flow, and older water that sustains
baseflow during low-flow periods. These zones collectively generate three flow pathways represented in the HBV
model as (a) the quick flow Q,, representing rapid flow above the ground surface and/or at topsoil (Qgr); (b) the
intermediate flow Q, from shallow soil zone flow (Qg,); and (c) the slow flow Q, representing groundwater flow
from deep zones (Qpy).

Total water storage in each zone includes dynamic storage, the portion that actively contributes to streamflow
(Soulsby et al., 2011) and passive storage, the portion that supports vegetation and biogeochemical reactions.
Passive storage cannot be differentiated by hydrometeorological observations (Kirchner, 2009) and is calibrated
within the reactive transport model. The HBV model is driven by catchment-scale daily inputs of precipitation, air
temperature, and PET. The model partitions the total precipitation into evapotranspiration (ET) and streamflow,
the latter coming from the land via three components: surface, shallow, and deep flow paths. The magnitude of
each flow depends on hydrometeorological conditions and the internal characteristics of the bucket, which de-
pends on its water storage and related parameters that determine each flow. The model generates daily hydrologic
outputs, which include evapotranspiration (ET), streamflow, dynamic water storage from each zone, and the three
flow components (surface, shallow and deep flow).

2.3.2. BioRT Model

The BioRT module uses HBV outputs (water storage and flow components) to simulate solute transport and
biogeochemical reactions at the catchment scale. Reaction networks are implemented in both the shallow and the
deep zones, where mass conservation equations are solved for dissolved solutes. Reactions in the surface zone are
not explicitly modeled in this work, as rapid surface flow typically provides insufficient residence time for
biogeochemical transformation. However, surface (overland) flow can interact with leaf litter and organic-rich
surficial soils, contributing additional DOC to streams (Johnson et al., 2006; Lee & Lajtha, 2016; Meyer
et al., 1998; Ryan et al., 2021). To account for this contribution, DOC concentrations in the surface zone were
assumed to be twice those in the shallow zone, representing enhanced leaching of organic matter from the litter
layer and forest floor, following Stewart and Li (2025), who derived this assumption from synthesis of multiple
field data sets across forested catchments. In contrast, DIC concentrations in the surface zone were assumed to be
near zero, reflecting equilibrium with atmospheric CO,. Model outputs include daily solute concentrations and
reaction rates for each zone, and stream solute concentrations at the catchment outlet.

The governing equations for mass conservation of an arbitrary solute i are as follows:

Surface Zone (SF):

d(CSF,in,SF) —P
— I'r.
dt

ainCraini — OsrCsri — Qungit Cinfin,i )
where V,, ¢ [mm] is the water volumes in the surface zone; Py,;, [mm d™"] is the daily rainfall amount; Chain,is
Cinfiti»> Csr,i [mol L™'] are the concentrations of solute i in rainfall, infiltration water, and the surface zone,
respectively; O, and Qgp [mm d™"] are the water fluxes infiltrating into the shallow soil zone and move into

1 - . e . Prain X Crain, i
streams from the surface zone. Cy,p; [mol L 11 is derived from precipitation chemistry as: C,pi; = ﬁ
because ET does not return chemicals back to the atmosphere but rather leaves them behind in the remaining
water. Snow can also contribute to infiltration chemistry. However, at low elevations of HJA, snowpack rarely

persists for more than a few weeks such that C;;; is primarily governed by precipitation chemistry.
Shallow Soil Zone (SZ):

d(Csz,;Vy s2)

R = QunfitCinfit — (Qsz + Qpere) Csz,i + Rz @)

Deep Zone (DZ):

d(Cpz,V\.pz)

T = QpercCszi — QpzCpzi + Rpz,i 3)
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In Stream Mixing:

Osr(t) Cop (1) + Osz(t) Csz,:(1) + Opz(1) Cpz,i(1)
Osr(t) + Q57 (1) + Opz (1)

Cstream (t) = (4)

Here Csz;, and Cpz; [mol L™'] are the concentrations of solute i in shallow soil and deep zones, respectively.
V,.sz and V,, p; [mm] are the water volumes in the shallow soil and deep zones, respectively. Qp,,., Osz, and Op,
[mm d™'] are the water fluxes from the water recharging into the deep zone and the flows from the shallow soil
zone and the deep zone to streams, respectively. Both water volumes and water fluxes are normalized by the
drainage areas. Lastly, Rg;; and Rpz; [mol m~2 d™'] are the overall reaction rates for solute i in the shallow soil
and deep zones. Multiple reactions can occur in each zone such that the reaction rates are the summation of all
reaction rates for solute i.

2.4. Reactions
2.4.1. Reaction Networks

Soil organic carbon comprises an array of compounds that are chemically diverse and challenging to characterize
explicitly (Lehmann & Kleber, 2015; Schmidt et al., 2011). We simplify this complexity by representing soil
organic carbon as a generic organic carbon (OCgy) pool. A portion of this pool undergoes mineralization via
heterotrophic respiration, producing CO,. During this process, OCg, is also decomposed into smaller, more
soluble molecules, generating dissolved organic carbon (DOC), which can be further respired to become CO, gas.
Some fractions of the CO, can dissolve in water and become CO, (aq), entering the carbonic acid system and
contributing to the dissolved inorganic carbon (DIC) pool (Reaction 1a). BioRT further accounts for direct DOC
inputs from plant root exudates and the contribution of CO,(aq) through autotrophic root respiration (Reac-
tion 1b). However, due to the inherent difficulty in distinguishing autotrophic and heterotrophic sources of DOC
and CO,(aq) (Hanson et al., 2000), these processes are aggregated into a single, shallow-zone soil respiration
network. This net reaction (Reaction 1) lumps the production of DOC and CO,(aq) from OCgz, via multiple
reactions pathways, as well as the respiration of DOC to CO,(aq).

Additionally, DOC can bind to soil through sorption, particularly under conditions of high concentrations of clay
minerals that provide abundant surface area for sorption (Mayes et al., 2012). In BioRT, sorption is represented as
an equilibrium-controlled reaction (Reaction 2), where the extent of DOC binding is governed by an equilibrium
constant (K,,) that dictates the balance between concentrations of DOC in water and soil or rock surfaces in
shallow and deep zones. However, the sorption capacity in the deep zone is expected to be lower than in the
shallow zone, as the deep zone represents weathered and fractured bedrock materials with limited clay and
reactive mineral surfaces compared to the overlying soils (Kaiser & Guggenberger, 2000).

DOC in the shallow zone can percolate downward with recharge, introducing fresh carbon sources and fueling
microbial respiration at depth (Fontaine et al., 2007). Older, slow-turnover carbon in the deep zone can also
undergo decay and subsequent respiration, even with lower oxygen availability (Fang & Moncrieff, 2005). The
generally longer residence times of deeper water facilitate the gradual breakdown of this slow-turnover carbon
pool (Tune et al., 2020). Together, these old and translocated carbon sources form the basis for another “net”
reaction of DOC production and consumption in the deep zone. This is conceptualized as a deep-zone respiration
in the model (Reaction 3), which accounts for two primary carbon pools: an older, slow-turnover organic carbon
pool (OCp,) and DOC inputs from the shallow zone, both contributing to DIC production through microbial
mineralization.

Shallow and deep respiration produce CO,, which undergoes gas-aqueous exchange governed by Henry's Law
and CO,(aq) solubility (Marx et al., 2017). This exchange is modeled through a conceptual CO,(*g) block,
representing an immobile, residual phase of CO,(g) trapped within soil pores that can dissolve into CO,(aq)
(Reaction 4). Depending on pH, CO,(aq) rapidly dissociates to form other carbonate species, including bicar-
bonate (HCO;™), and carbonate (CO32_) (Reactions 5 and 6). The DIC is the sum of all three solutes.

2.4.2. Rate Laws

The rates of respiration reactions are assumed to depend on temperature and soil moisture in the form:
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r=KkAf(D)f(S,) ©)

where r is the reaction rate [mol sfl], k is the kinetic reaction rate constant [mol m™2 sfl], and A is the reactive
surface area [m?] that depend on reactive materials such as organic carbon, root abundance, and microbial
community. The functions f(7) and f(S,) account for temperature and soil moisture effects, respectively
(Davidson et al., 1998). Due to a lack of direct measurements for electron donors and acceptors, reaction rates are
treated as effective rates, capturing the combined influence of multiple donor and acceptor sources. The
framework does not explicitly incorporate limiting substrate factors but assumes a sufficient supply of soil
organic carbon as electron donors and diverse potential electron acceptors. Variations in the utilization of these
acceptors are indirectly captured through the soil moisture function, which modulates reaction rates in response to
changing hydrological conditions.

Rates of microbial activity and carbon decomposition generally increase with temperature (Davidson & Jans-
sens, 2006; Li et al., 2024). We used the widely used Q, form (Lloyd & Taylor, 1994):

F(T) = Q200 (6)

Here, Q,, represents the relative rate increase for every 10°C rise in temperature, typically ranging from 1.0 to 3.0
depending on site-specific conditions such as climate and land cover (Mahecha et al., 2010; Zhou et al., 2009).

Optimal soil moisture is crucial for regulating microbial activity and respiration rates: while adequate moisture
promotes aerobic decomposition, excess moisture limits oxygen availability (Yan et al., 2018). We used the soil

S n
- ’ Sw < Sw c
(Sw,c> -

fS) = (M

1-5,\
(] - S) Sy Sue

moisture function f(S,,) as follows:

Here, S,, . is the critical soil moisture at which respiration rates peak. When §,, < S,,, ., respiration rates increase
with S,,; when S,, > §,, ., respiration rates decline due to reduced oxygen availability in saturated soils. The
exponent 7 adjusts the sensitivity of reaction rates to soil moisture, typically ranging from 1.0 to 3.0 depending on
soil properties such as structure and texture (Hamamoto et al., 2010).

The rates of CO, gas-aqueous exchange process are approximated using Transition State Theory (TST) rate law
(Lasaga, 2014):

®)

r=kA(1—IAP)

Keq
here, r is the reaction rate [mol s_l], k is the rate constant [mol m2 s_l], and A is the effective surface area of the
pseudo solid-phase CO,(*g) undergoing mimicked weathering [m? m™>]. JAP represents the ion activity product,
and K, is the equilibrium constant. The ratio /AP to Keq indicates the deviation from equilibrium, which in turn
determines the reaction's directionality.

2.5. Model Calibrations
2.5.1. HBV

We employed the Genetic Algorithm and Powell (GAP) optimization tool (Seibert, 2000) to calibrate HBV
hydrological parameters against observed streamflow data for water years (WY) 2015-2017, using WY2014 as a
spin-up period to stabilize initial conditions. This calibration period was selected because it provided continuous
discharge and forcing data and encompassed a range of hydrologic regimes. Annual discharge totals were higher
in WY2016 and WY2017 compared to WY2015, reflecting wetter conditions that coincided with the strong
2015-2016 EI Nifio event.
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The GAP framework combines a global genetic algorithm with local refinement by the Powell method (Okamoto
et al., 1998; Seibert, 2000). Each trial begins with a population of randomly selected parameter values, with
ranges predefined based on prior HBV applications (Beck et al., 2016; Karimi et al., 2022; Seibert & McDon-
nell, 2010). Model performance was evaluated using three objective functions: Nash-Sutcliffe Efficiency (NSE)
to assess fit to peak flows, NSElog to assess fit to low flows, and Volume Error (VE) to assess fit to annual
discharge volumes. For all three metrics, values closer to 1 indicate better model performance (See Text S1 in
Supporting Information S1 for metric equations). The best-performing parameter sets were retained as parents
and recombined across successive generations, mimicking natural selection and progressively improving model
fit. Once promising parameter sets are identified, the Powell algorithm was applied to fine-tune solutions and
converge toward local optima that best represented observed streamflow.

For each catchment, 200 GAP trials were performed, producing 200 parameter sets capable of reproducing
streamflow, achieving NSE values >0.7. In addition, stream chemistry data provided an independent constraint
on hydrology and flow path partitioning. Because unrealistic flow partitioning cannot reproduce observed DOC
and DIC dynamics (Kerins et al., 2024; Stewart et al., 2024), this additional layer of evaluation increased con-
fidence in the selected parameter sets and robustness of the GAP calibration results.

2.5.2. BioRT

We calibrated the BioRT model using stream chemistry data. Because direct measurements of DIC were un-
available, we calculated stream DIC concentrations from measured pH and alkalinity following Wolf-Gladrow
et al. (2007). Alkalinity, defined as Cyco; + Z(Ccogf) + Con-, represents the water's capacity to neutralize

id with carb . . Using C Cu++Crcoy ac K> Chcoy here K 10-635
acid with carbonate species concentrations. Using Cco,,, = —¢,— and Cqp- = ——, where K} =

—10.33 .
and K, = 10 10 at 25°C and standard atmospheric pressure, DIC was calculated as

Cpic = Cuco; (%* + C{<T2+ + 1). Although this method can overestimate DIC under acidic conditions (Abril

et al., 2014), the relatively neutral pH range (7.0-8.1) in the streams here minimize this concern.

We selected the HBV case with streamflow partitioning closest to the mean of the 200 GAP trials for the hy-
drologic inputs in the BioRT model. BioRT calibration was then conducted through a stepwise manual process,
where reactions were added sequentially and parameters iteratively adjusted to reproduce measured stream DOC
and DIC concentrations. To match the HJA sampling schedule, daily model outputs were aggregated into 3-week
flux intervals, upon which model performance was evaluated using NSE and KGE.

2.6. Model Uncertainty Analysis

For hydrology, the acceptable HBV cases from the GAP trials converged on a relatively narrow range of flow
partitioning, all of which showed high performance with NSE >0.7. This convergence is tighter than what has
been reported in HBV applications in sites with more snow, where acceptable parameter sets produced a wider
range of flow path partitioning (Kerins et al., 2024; Stewart et al., 2024), possibly because time series of
streamflow data in rain-dominated WS01 and WS02 provide more nuanced information than those in snow-
dominated catchments where streamflow from snowmelt often obscure the time stamps of precipitation. For
BioRT calibration, we used the HBV case that most closely reflected the mean flow partitioning across all
acceptable runs. To further explore the effects of hydrologic uncertainty, this mean case was evaluated alongside
two additional HBV cases that represented the maximum and minimum fractions of deep flow (Qp,%) observed
among the acceptable GAP runs.

To assess potential equifinality in the BioRT module, we also conducted a sensitivity analysis using Latin Hy-
percube Sampling (Helton & Davis, 2003). For each catchment, 5,000 parameter sets were generated across an
expanded parameter range informed by the manual calibration process. These parameter sets were tested with the
three selected HBV cases (minimum, mean, and maximum Qp,,%), resulting in 30,000 simulations across the two
catchments. However, none of these randomly generated parameter sets achieved NSE values above zero for
stream DOC and DIC, reinforcing our reliance on the manual calibration process. This outcome is consistent with
previous BioRT applications (Kerins et al., 2024; Stewart et al., 2024) and likely arise from the high interde-
pendence of different reactions and non-linearity of rate laws. Even with a relatively small number of reactions,
strong interdependencies among reactions and solutes in different zones, coupled with nonlinear kinetics and
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Table 1
Reaction Networks and Key Calibration Parameters for the BioRT Model
Logk [mol SSA
Reaction name “label” Reaction network Rate law m s logK,, [m? g™ Qo S SH
Reactions in Shallow Zone (SZ)
(1) Soil Respiration “Resp-SZ”  OC g, + roots — 0.40°DOC + 0.5°DIC  Equation 5° —10.0 - 0.1(0.08) 2.1(2.3) 0.5 0.4 0.8
(1a) Heterotrophic Respiration OC(sz — DOC + DIC = = = = = =
(1b) Autotrophic Respiration Roots — DIC - - - - - -
Reactions in Deep Zone (DZ)
(2) Deep Respiration OCpyz + DOC — 0.7°DIC (OC(pyy —  Equation 5° —11.0 - 0.8 (9.0) 1.0 0.8 (0.7) 12(.5
“Resp-DZ” DOC + 0.8°DIC)f
Reactions in both Shallow and Deep Zones
(3) DOC Sorption® “Sorption” =XDOC « =X + DOC Equilibrium” - —-0.20 - - - -
(4) CO, Gas-Aqueous CO,(*g) « €O,y TST! —13.1 -292 SZ:0.1 SZ: 0.6 SZ: SZ:
Exchange* “CO,(*g)” 0.6 (0.7) 0.7 (0.6)
DZ: 0.001 DZ: DZ:1.0 DZ:1.0
1.2 (1.0)
(5) CO, Speciation CO,(yq) + HO & HCO;™ + H* Equilibrium” = —6.35 - - -
(6) HCO, Speciation HCO,~ < H* + CO,*~ Equilibrium” = -10.33 = = =

Note. Parameters were calibrated separately for the young (WS01) and old (WS02) forest based on measured stream DOC and DIC concentrations. For parameters with
identical values in both catchments, only one value is listed; for those that differ, the old forest value is provided in italics (in parentheses). OC s, and OC ;) denote the
soil organic carbon pools in the shallow soil zone (SZ) and deep zone (DZ), respectively. Other reactants and products include soil sorption sites (=X), sorbed DOC
(=XDOC), and CO,(*g), which represents the immobile, residual phase of CO,(g) trapped within soil pores that can dissolve into CO,(aq). SSA refers to the specific
surface area of reactive materials used to calculate the reactive surface area (A) in the reaction rate laws. Q,, indicates the factor by which the reaction rate increases for
every 10°C rise in temperature. Superscript letters in the reaction networks denote calibrated stoichiometric coefficients. “DOC partitioning from shallow respiration (0.4
DOC). °DIC partitioning from shallow respiration (0.5 DIC). “see Equation 5. “DIC partitioning from deep respiration (0.7 DIC). °DIC partitioning from deep respiration
in the old forest (0.8 DIC). ‘Reaction network for deep respiration in the old forest modified to yield a net DOC production in the deep zone. Three rate law forms are
used. #For the sorption reaction, logKeq is identical across zones, but the initial concentration of sorption sites (X-) differs between SZ and DZ to represent reduced
sorption capacity in the deep zone. (See Table S6 in Supporting Information S1 for additional model parameters). "Equilibrium (thermodynamically controlled and
reversible), and. 'TST = Transition State Theory (see Equation 8).

thermodynamic constraints, narrows the parameter space that can reproduce observations. This highlights the
importance of incorporating modeler expertise to guide parameterization, particularly in representing how flow
partitioning and reaction processes jointly control solute concentrations.

2.7. Catchment Scale Production and Export Rates

BioRT simulates daily reaction rates for kinetically controlled processes in shallow and deep zones. These rates
are multiplied by the corresponding stoichiometric coefficients (Table 1) to calculate the daily production rates
(R,) of DOC and DIC in each zone. For each solute, total production rates are obtained by summing up the
production and consumption rates across all kinetic reactions involving that solute. Daily export rates (R.) were
calculated by summing up the product of dissolved carbon concentrations and their corresponding water fluxes
from each zone at the daily scale.

2.8. Root Abundance Data

Subsurface water chemistry data were not available for WS01 and WS02. To qualitatively assess the modeled
results, we leveraged root abundance data representing vertical profiles of coarse and fine root presence from soil
pits excavated in WS01 (young) and WS02 (old). Each soil pit was dug to a depth of 1 m, and vertical faces were
carefully cleaned to expose undisturbed soil and roots before being photographed. High-resolution photos were
overlaid with a 1 X 1 cm grid, and each cell was analyzed for the presence or absence of coarse roots (diam-
eter > 1 mm) and fine roots (diameter < 1 mm). When both root types were present in a cell, only coarse root
presence were recorded due to their larger volume and stronger influence on soil structure (Billings et al., 2018;
Jarecke et al., 2025). Presence/absence data were aggregated into 5-cm depth intervals and expressed as the
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fraction of each 5-cm-thick soil layer containing roots. Statistical differences in median root fractions between the
young and old forests were evaluated separately for coarse and fine roots in the shallower (<50 cm) and deeper
(=50 cm) soil layers using the non-parametric Mann—Whitney U test in R (R Core Team, 2024). A depth of 50 cm
was chosen as an approximate midpoint of the soil profiles to separate shallower and deeper soil layers.

2.9. Numerical Thought Experiment for Other Young and Old Catchments

In addition to WS01 (young) and WS02 (old), two other young-old catchment pairs (WS06-WS08 and WS09-
WS10) have been monitored for stream chemistry (Johnson & Fredriksen, 2019b). These pairs differ from WS01
and WSO02 in catchment size, elevation, geology, and snow regime (see Section 2.1). To investigate whether
differences in subsurface hydrology and reactivity, beyond those explained by forest age, could account for the
variability in DOC and DIC CQ patterns across these catchments, we conducted a series of numerical thought
experiments using the calibrated WS01 model as a baseline configuration. Five variables were systematically
evaluated separately for their influence on the concentrations, depth profiles, and CQ patterns of dissolved
carbon: (a) hydrological partitioning (Qp%), where the proportion of discharge routed through the deep zone was
varied between 10% and 50% of total flow, encompassing and extending beyond the modeled range for WS01 and
WSO02 and representing potentially different subsurface physical structures (soil and rock and root characteristics)
in other forests; (b) deep zone carbon reaction types with three scenarios: net production (+DOC), no net reaction
(0DOC), and net consumption (—DOC); (c) rates of deep zone consumption (-DOC), where rate constants were
varied (0.5x, 1x, and 2x of the calibrated model baseline) to represent conditions with differing microbial activity
and substrate availability; (d) rates of deep zone production (+DOC), where rate constants were varied (0.5x, 1x,
and 2x of the calibrated model baseline) to simulate enhanced DOC generation from deeper organic sources and
roots; and (e) rates of shallow zone production (+DOC), where rate constants were varied (0.5x, 1x, and 2x of the
calibrated model baseline) to assess the influence of soil carbon dynamics.

Together, these modifications produced a suite of numerical experiments representing distinct combinations of
subsurface flow partitioning and reaction conditions. This design allowed us to isolate and evaluate how hy-
drological connectivity and biogeochemical reactivity can control the concentrations and export patterns of
dissolved carbon in subsurface and in streams draining forests of different ages.

3. Results
3.1. Distinct Streamflow and Flow Partitioning in WS01 and WS02

Streamflow exhibited strong seasonal variability in both catchments, with high flows during cool, wet winters and
low flows in warm, dry summers (Figure 3). In the young forest, total annual streamflow averaged
1,013 & 292 mm yr~' over the study period, with notable interannual variability; in the old forest, annual totals
averaged 1,243 + 360 mm yr~". Their corresponding runoff ratios (Q/P) are 0.46 and 0.54, respectively, indi-
cating a higher proportion of precipitation to streamflow in the old forest. Seasonal contrasts were particularly
pronounced. In the young forest, winter streamflow averaged 430 + 140 mm compared to only 13 £ 6 mm in
summer. Similarly, in the old forest, winter flows averaged 510 + 180 mm, while summer flows averaged
37 £ 13 mm. On average, annual streamflow in the young forest was 18.5% lower than in the old forest, and the
difference was even greater during the summer months, reaching up to 45% lower.

The HBV model effectively captured the seasonal dynamics, achieving high performance at NSE values of
0.75 £0.01 and 0.72 = 0.01 in the young and old forests, respectively. NSElog was higher, averaging 0.90 £+ 0.01
for both catchments, and volume error performance was strong (VE = 0.99), indicating an almost identical match
between modeled and observed total streamflow. Shallow soil flow (Qg,) was predominant, responding rapidly to
precipitation events and driving most of the storm hydrograph. Deep groundwater flow (Qp,) supplied the
remainder, providing relatively steady contributions during events and sustaining baseflow during dry summer
months. The main difference between the two catchments is in the subsurface flow partitioning. In the young
forest, Qg accounted for 79 + 1.2% of annual streamflow and Qp, 19 + 1.2%, whereas in the old forest Qg
accounted for 69 + 2.5% and Qp, 29 + 3.5%. Over the 3-year simulation period, the old forest received an
average of 365 + 46 mm yr~' from deep groundwater, nearly double the 197 + 13 mm yr~" estimated for the
young forest.
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Figure 3. (a, b) Timeseries of daily streamflow data (gray circles), measured precipitation (top, Gy bars), and model outputs for the young and old forests over WY2015-
2017. Modeled flow partitioning is shown as additive components: surface flow (Qgp, black), shallow soil flow (Qg, light blue), and deep groundwater flow (Qp,, dark
blue), which together sum to total simulated stream discharge. Note that Qg is very small (<2%) and is largely invisible. The range of GAP simulation trials is shown as

a pink band; where the band is not visible, it closely matches the plotted lines and is therefore difficult to distinguish. (c, d) Zoomed view of WY2015 highlighting the
uncertainty range from GAP trials (pink band), alongside observed stream discharge and modeled flow partitioning. Qg, dominates the annual hydrograph and responds
rapidly to precipitation, whereas Qp,, provides sustained baseflow through seasonal wet and dry periods.

3.2. Contrasting Stream Carbon Export Patterns

Stream dissolved carbon concentrations exhibited seasonal patterns in both catchments. In the young forest, DOC
concentrations peaked at approximately 2.6 mg L™ following the first few precipitation events during the
transition from the warm, dry season to the cool, wet season and then declined as streamflow increased. During
the dry season, DOC concentrations dropped to around 0.9 mg L™" (Figure 4b). In contrast, DIC concentrations
displayed opposite patterns. DIC concentrations rose steadily during the dry season, reaching a peak of
approximately 7.9 mg L™", and declined during the wet season as streamflow increased, reaching a baseline value
of 4.3 mg L™ (Figure 4f). These seasonal dynamics were reflected in the CQ relationships, where DOC showed a
weak flushing tendency, with concentrations increasing slightly with discharge (slope = 0.07, R*> = 0.18,
p = 0.002; Figure 4a), while DIC followed a dilution pattern, with concentrations decreasing with flow
(slope = —0.10, R? = 0.92, p < 0.001; Figure 4¢). These weak patterns with relatively low b values likely, at least
partially, resulted from the composite water sampling that averaged water chemistry over 3-week periods.

In the old forest, DOC concentrations showed seasonal patterns distinct from those in the young. While DOC still
peaked during seasonal transitions, peak values were higher, reaching around 3.7 mg L™". Notably, DOC con-
centrations in the old forest displayed an unusual rise during the dry season, culminating in a seasonal high just
before the onset of the wet season. The lowest DOC concentrations, approximately 0.95 mg L™, occurred during
the wet months of March and April (Figure 4d). The DOC CQ relationships in the old forest revealed a dilution
pattern (slope = —0.18, R* = 0.42, p < 0.001; Figure 4c). DIC patterns in the old forest were consistent with those
in the young, showing increases during the dry season and decreased during the wet seasons, aligned with a
dilution CQ pattern (slope = —0.13, R* = 0.93, p < 0.001; Figure 4g). Peak DIC concentrations reached around
6.84 mg L™!, with lows around 3.95 mg L™ in the wet season (Figure 4h).
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Figure 4. Left: Concentration-discharge (CQ) relationships of observed stream data (circles) and 3-week flux averages from model outputs (triangles) for DOC in the
(a) young and (c) old forest, and DIC in the (e) young and (g) old forest. Right: Corresponding time series of observed stream concentration data (circles), modeled
concentrations in the stream, shallow zone (SZ), and deep zone (DZ), along with 3-week flux averages from model outputs of DOC in the (b) young and (d) old forest,
and DIC in the (f) young and (h) old forest. Regression statistics indicate that the young forest exhibited a weak flushing DOC CQ pattern, whereas the old forest showed
a strong dilution DOC pattern. DIC exhibited a dilution pattern in both watersheds.

The BioRT model captured the temporal patterns and the directionality of the CQ relationships for DOC and DIC
in both catchments. For DOC, the model achieved NSE values of 0.42 (young) and 0.48 (old), and KGE values of
0.55 and 0.46, respectively. For DIC, the model performed was higher, achieving NSE values of 0.62 (young) and
0.69 (old), and KGE values of 0.81 and 0.83, respectively.

3.3. Subsurface Depth Profiles: Modeled Dissolved Carbon Consistent With Root Data

Modeled DOC concentrations varied with depth between the young and old forests (Figure 5a). In the shallow
zone (SZ), DOC concentrations were similar across the two forests, indicating comparable production in soil. In
contrast, in the deep zone (DZ), modeled DOC concentrations were higher in the old forest, suggesting enhanced
production. Root abundance data provides qualitative support for these modeled depth profiles (Figure 5b). Root
distributions differed substantially between the young and old forests, particularly in the deeper soil layers
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Figure 5. (a) Modeled DOC concentrations along the depth profile, indicating higher DOC accumulation in the deep zone
(DZ) in the old forest. (b) Depth distribution of coarse and fine root fractions, showing a greater abundance of fine roots at
depth in the old forest (black circles) compared to the young forest (white squares). These patterns collectively illustrate the
link between enhanced DOC production at depth and the deeper, more connected root system in the old forest.

(=50 cm). Coarse roots were generally more abundant in the shallow soil (<50 cm) and declined with depth in
both catchments. Coarse root abundance was not significantly different between the two forests in shallow
subsurface (p = 0.74) but was significantly different at depth (p < 0.05) with a higher fraction of coarse roots in
the old forest. The contrast was more pronounced for fine roots: in the young forest, fine roots were distributed
relatively evenly with depth, whereas in the old forest, fine root abundance increased markedly in deeper layers.
Differences in fine root abundance between the two forests were marginal in shallow soils (p = 0.46) but highly
significant at depth (p < 0.001).

3.4. Production and Export Rates

In the young forest, mean DOC production rate (Rp poc) was 3.2 + 2.8 mg m~>d™", primarily driven by shallow
zone production at 3.6 = 2.8 mg m~> d™! with the deep zone acting as a net consumer (—0.4 + 0.02 mg m~2d™;
Figure 6e, green). Shallow zone DOC production responded strongly to rising air temperatures, peaking at
6.6 + 2.4 mg m~> d~" during the summer. Mean DIC production rate (Rp, pic) was 11.7 = 3.2 mg m~2d~, with
most production occurring in the shallow zone (10.5 + 3.2 mg m™> d™') and only a minor contribution
(1.2 + 0.1 mg m™2 d7') from the deep zone (Figure 6e, purple). Rp pic also peaked in summer at
148 +24mgm2d".

In contrast, the old forest exhibited greater overall DOC production, with the deep zone playing a more substantial
role (Figure 7). Mean Rp poc was 4.3 = 2.9 mg m~2 d7', split between shallow zone production
(3.7 + 29 mg m? d™") and a notable deep zone contribution (0.6 + 0.05 mg m™2 d~"; Figure 6f, green). This
contrasted with the young forest, where the deep zone acted as a net DOC consumer. Summer Rp poc peaked at
8.2 + 23 mgm 2 d, exceeding that of the young forest. Mean Rp. pic reached 13.0 &+ 2.1 mg m~2d™!, with
10.7 + 2.0 mg m™ d™"' from the shallow zone and 2.3 + 0.1 mg m~2 d~"' from the deep zone (Figure 6f, purple).
Rp pic also peaked during the summer at 14.9 + 2. mg m~2 d~'. Overall, the old forest demonstrated higher
dissolved carbon production, with its deep zone making a more prominent contribution in comparison to the
young forest.

Export rates (R,) were closely tied to streamflow patterns, reflecting seasonal flow dynamics. In the young forest,
mean R, poc was 3.5 + 5.2 mg m~2d™", largely from the shallow zone (3.0 + 5.0 mg m~> d™"), with the deep
zone contributing a smaller but steady 0.5 + 0.3 mg m~> d~" (Figure 6g, green). R. poc peaked in the winter at
73 + 6.7 mg m~? d”'. Mean R. pic was 13.1 = 16.9 mg m~2 d~!, dominated by the shallow zone
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Figure 6. (a, b) Time series of streamflow (blue) and air temperature (orange) data for the young and old forest. (c, d) Modeled water storage in the shallow zone (SZ) and
deep zone (DZ). (e, f) Modeled daily production rates (R,,) and (g, h) export rates (R,) of DOC (green) and DIC (purple) from the SZ and DZ. Secondary y-axes in panels
(e—h) highlight magnitude differences between the SZ and DZ. R, peaks during the summer, while R, peaks during the wet winter periods. The old forest exhibits higher
R, and R, for both DOC and DIC, driven by greater contributions from DZ.

(9.2 + 15.4 mg m™2 d™") with additional inputs from the deep zone (3.9 + 2.4 mg m~2 d~"; Figure 6g, purple).
Peak winter exports reached 26.2 + 20.6 mg m™—> d™".

The old forest again showed higher overall export rates, particularly due to greater contributions from the deep
zone. Mean R, poc was4.6 +5.1 mg m~2d™", with contributions of 2.6 + 5.1 mg m~>d ™" from the shallow zone
and 2.0 + 12 mg m™> d'from the deep zone (Figure 6h, green). R. poc peaked in winter at
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Figure 7. Summary of dissolved carbon production (R;; g C m yr~") and export R gCm yr™') in the shallow (SZ) and deep zones (DZ) of the modeled young
(WS01) and old (WS02) forest catchments. Compared to the young forest, the old forest exhibits greater DOC and DIC production and export from the deep zone,
reflecting enhanced deep respiration and hydrological connectivity that sustain higher dissolved carbon fluxes to the stream.
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Figure 8. Modeled soil respiration (Respg,) in the shallow zone (SZ) and deep respiration (Respy,,) in the deep zone (DZ) for DOC and DIC production, shown as
functions of air temperature and water storage for the young (top) and old forest (bottom). DOC production in the SZ is primarily temperature-driven, peaking during
summer. In DZ, DOC production is more strongly influenced by water storage. DIC production in the SZ exhibits dual dependence on temperature and water storage,
resulting in a double peak with higher rates in summer and winter. In DZ, DIC production in the young increases with temperature, while in the old forest, it is more
strongly driven by water storage.

9.1 +6.4mgm >d”'. Mean R, pjc was 143 £ 154 mgm™>d ™", with 8.0 + 13.3 mgm™>d""' from the shallow
zone and a comparatively large 6.4 + 3.7 mg m~> d™' from the deep zone (Figure 6h, purple). Winter peaks
reached 27.7 + 187 mgm™>d~".

3.5. Drivers of Dissolved Carbon Production and Export

Soil respiration in the shallow zone drove DOC production primarily through daily temperature dependence,
following a clear exponential seasonal pattern across both forests (Figures 8a and 8e). Rates peaked during
summers with elevated temperatures and declined sharply as temperatures dropped and water storage increased
during the transition to the cool, wet seasons. In the deep zone, DOC reaction rates exhibited contrasting be-
haviors between the two forests. In the young forest, DOC from the shallow zone was further transformed to DIC
in the deep zone, whereas in the old forest, additional DOC was produced. In both forests, deep respiration rates
followed water storage, peaking during the wet winter months when water storage was at its maximum and
declining as storage decreased (Figures 8c and 8g).

The rates for DIC production in the shallow zone showed a distinctive V-shaped seasonal pattern, with a min-
imum at an intermediate temperature around 10°C (Figures 8b and 8f). Peak production occurred during summer
months, coinciding with maximum air temperatures, and again during the winter months, corresponding to the
lowest temperatures but maximum water storage. This pattern is consistent with their rate dependence on soil
moisture in Equation 5. DIC production in the deep zone was controlled by different drivers between the forests.
In the young forest, DIC production rates increased with air temperature and peaked during the summer months
(Figure 8d). Conversely, in the old forest, DIC production rates in the deep zone were primarily water storage
driven, peaking during the wet spring and winter (Figure 8h).
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Figure 9. Observed concentration discharge (CQ) relationships for (a) DOC and (b) DIC across three young-old forest pairs. Black circles and white regression lines
represent the old forests, while open squares and gray regression lines represent the young forests. Within each panel, the CQ slopes (b) for the corresponding young and
old forests are shown. DOC CQ relationship b slopes (in C = aQ®) vary across different pairs, whereas DIC consistently shows dilution behavior, with stronger dilution

patterns across all old forests.

3.6. Numerical Experiments and Diverse Carbon Dynamics Across Young and Old Forests

In all three pairs of young and old forests, dissolved carbon concentrations differ in old and young forests. Mean
stream DOC concentrations were consistently higher in old forests (1.61 + 0.65 mg L™") compared to young
forests (0.98 = 0.48 mg L7h. Similarly, mean stream DIC concentrations are 5.50 £ 1.33 mg L~! and
5.49 + 1.16 mg L™ in old and young forests, respectively. In all streams, DIC concentrations are higher than
DOC concentrations, a common observation in rivers and streams. For CQ relationships, DIC exhibited consistent
dilution patterns in all catchments, but DOC showed diverse patterns across pairs, not necessarily aligning with
forest age (Figure 9; Table S7 in Supporting Information S1 for regression statistics). Although WSO01 (young)
and WS02 (old) showed contrasting patterns, WS06 (young) and WSO8 (old) exhibited dilution and chemostatic,
and WS09 (old) and WS10 (young) displayed weak flushing and chemostatic behavior. Note that all these b
values are relatively close to zero values, likely a result of composite sampling that masked some of the temporal
variations in concentrations.

To understand processes and variables that lead to the differences in concentrations and CQ patterns of dissolved
carbon, we conducted numerical thought experiments using the calibrated WS01 model as a baseline configu-
ration (Detailed design in Section 2.9). The five variables have distinct impacts on depth profiles, concentration
levels, and CQ patterns of DOC (Figure 10). Increasing Qp,,% (Figure 10a), the proportion of water flow routed
through the deep zone, dampened DOC CQ variability with minimal changes in CQ slope values (b = 0.02—0.05).
This is because concentrations in the deeper zone generally have much lower variation. Different DOC reaction
types in deep zone controlled the CQ slope direction (Figure 10b). With deep consumption (-DOC), deep DOC
concentrations were lower than those in the shallow zone, producing a flushing CQ pattern (b = 0.09). In contrast,
when no DOC reactions occurred in the deep zone (ODOC), DOC concentrations were similar across different
depths, resulting in a near chemostatic to weak dilution pattern (b = —-0.05). When DOC production (+DOC)
occurred in the deep zone, DOC concentrations exceeded those in the shallow zone, yielding a strong dilution CQ
pattern (b = —0.20).
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Figure 10. Summary of numerical experiments and schematic overview illustrating the influence of five variables
(hydrological flow partitioning, reaction types, and reaction rates across shallow and deep zones) on the depth profiles and
CQ patterns, using DOC as an example. (a) Increasing the proportion of deep zone flow (Q,%) reduces the concentration
scatter and variability within the CQ space. (b) Deep zone DOC production versus consumption processes controls the
direction of depth profiles and CQ slopes. (¢) Increasing deep DOC consumption rates amplifies concentration gradients in
depth profiles and flushing behavior. (d) Increasing deep DOC production rates amplifies concentration gradients in depth
profiles and dilution behavior. (e) Increasing shallow zone DOC production rates raise baseline DOC concentration in depth
profile and CQ intercept. The interplay between hydrological flow partitioning and subsurface processes governs the
direction and magnitude of DOC CQ relationships in forested catchments.
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The rates of DOC production (+DOC) or consumption (-DOC) determines the intensity of the resulting CQ
patterns. When deep DOC consumption rates are high, DOC concentrations at depth decrease, leading to more
flushing behavior (Figure 10c). Lower deep consumption rates allow DOC to accumulate in the deep zone,
reducing vertical concentration contrasts and yielding a near-chemostatic response. Here, the baseline scenario
produced a slope b of 0.02; increasing the deep consumption rate strengthened flushing (b = 0.07), whereas
decreasing it produced an almost chemostatic pattern (b = —0.01). Conversely, when DOC is produced in the
deep zone (+DOC) (Figure 10d), higher production rates amplified dilution behavior by increasing deep zone
DOC concentrations, while lower rates weakened the dilution response. The baseline deep production scenario
produced a CQ slope of b = —0.13; increasing the production rate enhanced dilution (b = —0.2), while decreasing
the rate reduced it toward chemostatic conditions (b = —0.08). Finally, DOC production in the shallow zone
primarily controlled baseline DOC concentrations rather than CQ slope (Figure 10e). Increasing shallow pro-
duction elevated DOC concentrations throughout the profile but did not substantially change the export pattern,
which remained weakly flushing (b ~ 0.02). This reflects that most dissolved carbon originates from shallow
soils, which largely set the baseline DOC levels exported to streams.

4. Discussion
4.1. Important but Insufficient Role of Forest age in Shaping DOC Export Patterns

Distinct CQ export patterns between WS01 and WSO02 reflect the dominant influence of forest age. In these two
forests, stream chemistry and subsurface data are consistent with our hypothesis of contrasting DOC export
patterns arising from distinct subsurface structures in young and old forests; the old forest (WS02) show a dilution
pattern, whereas the young (WS01) showed a flushing behavior. In both forests, model results indicate that DOC
is predominantly produced in shallow soil zones, but the nature of carbon reactions differs in the deeper zone. In
the old forest, deeper and denser fine roots (Figure 5b) likely promote root exudation and carbon decomposition at
depth, resulting in contrasting depth profiles of DOC that translate into divergent CQ behaviors (Figures 4 and 5).
This pattern, together with root data, aligns with the Shallow and Deep Hypothesis, which links source depth and
flow paths to solute export dynamics (Stewart, Shanley, et al., 2022; Zhi & Li, 2020). The rarity of DOC dilution
in natural streams (e.g., Botter et al., 2020; Godsey et al., 2019; Kincaid et al., 2024) underscores the dominant
role of forest age in shaping CQ export patterns.

While these contrasts highlight the importance of forest age, it cannot explain diverse DOC patterns across other
young and old forests. In WS06 and WSO8, both streams show unusual dilution patterns, whereas WS09 and
WS10 show patterns that range from flushing to chemostatic (Figure 9). Although each pair experiences similar
climate and elevation internally, elevation and geology differ among pairs (Johnson et al., 2021). The upper
elevation pair (WS06&WS08; ~900 m) receives greater precipitation and a higher snow fraction than the lower
elevation pairs (WS01&WS02 and WS09&WS10; ~400 m). The lower elevation pairs are underlain by highly
weathered Oligocene tuffs and breccias, whereas the upper elevation pair is underlain by Miocene andesitic basalt
lava flow. These contrasting geologic formations influence soil development and permeability, with finer-
textured soils typically forming over the older tuffs and breccias and more loamy, well-drained soils associ-
ated with the basaltic units (Swanson, 1975). Such differences likely influence how water and dissolved carbon
move through the subsurface. In the old forest WS09, although the climate, elevation, and geology are similar to
WSO02, forest age appears to not be as influential as that in WS02, leading to the more commonly observed
flushing pattern. Indeed, across HJA, emergent patterns in subsurface water storage and connectivity have been
identified as key regulators of stream chemistry (Ortega et al., 2025a, Ortega, Bush, et al., 2025), reinforcing that
local subsurface structure must be considered when interpreting CQ relationships.

Numerical thought experiments further support the idea that biogeochemical reactions and concentration gradient
over depth control CQ patterns (Figure 10). A general principle emerged from these experiments is that reaction
types, whether consumption or production at depth, determine the directionality (positive or negative b values) of
export patterns, whereas reaction rates regulate the strength or magnitude of export patterns. Reaction rates that
minimize shallow-vs-deep concentration gradients lead to chemostatic patterns, whereas those amplify con-
centration gradients over depth strengthen export patterns with higher absolute b values.

Results here resonate with broad theory of the Shallow and Deep Hypothesis, which posits that flow paths
transport solutes with distinct chemical signatures depending on their source depth (Stewart, Shanley, et al., 2022;
Zhi & Li, 2020). Hydrologic partitioning is controlled by subsurface physical structure (porosity, permeability,
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vertical connectivity), which is itself shaped by vegetation, soils, and bedrock (Ameli et al., 2017; Sullivan
et al., 2022; Tetzlaff et al., 2009, 2014; Xiao et al., 2021). Meanwhile, biogeochemical reaction rates (DOC
production vs. consumption) depend on organic matter distribution, mineral reactivity, root inputs, and microbial
communities (Riebe et al., 2017; Sullivan et al., 2022; Wen et al., 2022; Wymore et al., 2017). At continental
scales, Stewart and Li (2025), using data from hundreds of minimally disturbed U.S. catchments (CAMELS-
CHEM), demonstrated that vertical concentration gradients (shallow vs. deep) primarily dictate the direction of
solute CQ slopes, while relative contributions of shallow versus deep flow control concentration variability.
Findings here highlight the importance of deep subsurface processes including root-derived inputs and microbial
activities in sustaining DOC availability and shaping export dynamics. Collectively, these insights suggest that
forest age is a useful but insufficient predictor of DOC export behavior, with subsurface structure and biogeo-
chemical mechanism serving as more fundamental controls.

4.2. Higher Contribution of Deep Groundwater Flow Indicates Higher Vertical Connectivity in Old
Forests

Although WSO01 (young) and WS02 (old) share similar climate, elevation, and geology, their hydrology differs
substantially. Annual streamflow in the young forest was on average 18.5% lower than in the old forest, and this
difference reached up to 45% lower in the summer. Streamflow deficits in young forests, particularly during low-
flow periods, are consistent with patterns in other regenerating plantations (Crampe et al., 2021; Dye, 1996;
Garcia et al., 2018; Segura et al., 2020). These deficits are commonly attributed to their higher transpiration,
where rapid growth and dense foliage increase water use and limits water availability (Feikema et al., 2010; Perry
& Jones, 2017; Tuswa et al., 2019).

Model results here suggest, however, that vegetation water use alone may not fully explain these contrasts.
Modeled actual evapotranspiration (AET) was comparable between the two forests (1,280 + 85 mm yr~" in WS01
and 1,260 + 105 mm yr~"' in WS02; Table S5 in Supporting Information S1), indicating similar overall water
balance at the catchment scale. Although HBV may overestimate actual evapotranspiration due to the close water
balance assumption, the relative similarity between the two forests remains informative. While this modeled
similarity does not preclude higher tree-level transpiration in the young forest (Moore et al., 2004), it highlights
that other processes, particularly those related to subsurface water movement and storage, likely also contribute to
the observed streamflow differences at the catchment scale.

Model simulations indicate that ~30% of streamflow originates from deep groundwater flow (Qp,) in the old
forest, compared to about 20% in the young forest, consistent with previous estimates for these catchments
(Waichler et al., 2005). In the old forest, deeper and denser fine roots (Figure 5b) have been commonly observed
in old forests (Hertel et al., 2003; Jagodzinski et al., 2016; Sarai et al., 2022; Yanai et al., 2006), which likely
enhance macropore development and vertical connectivity, facilitating greater infiltration and sustained baseflow
(Bauhus, 2009; Sullivan et al., 2022). In contrast, the less dense root systems in the young forest may not recharge
as much water to the deep zone. Direct measurement of such subsurface processes remains challenging (Brantley
et al., 2017; Brooks et al., 2015; McDonnell et al., 2018; Sullivan et al., 2024), yet these structural differences
likely control how water partitions between rapid, shallow flow and slower, deeper flows, ultimately governing
the magnitude, timing, and persistence of streamflow (Xiao et al., 2019).

4.3. Higher Dissolved Carbon Indicates Higher Carbon Production Versus Export in Old Forests

Results here show that all streams draining old forests have higher concentrations of dissolved carbon (both
organic and inorganic) than those draining young forests. This pattern aligns with findings in these same sites
(Hood et al., 2006; Lee & Lajtha, 2016) and from other ecosystems (Cawley et al., 2014; Fegel et al., 2021). For
example, Fegel et al. (2021) reported that old subalpine forests exported roughly five times more DOC than
second-growth pine forests regenerating from clearcutting, with DOC in the old also more aromatic and enriched
in plant-derived organic acids. At Hubbard Brook Experimental Forest, Cawley et al. (2014) similarly observed
higher DOC concentrations in streams draining old reference forests compared to their clearcut counterparts.
They further showed that DOC from clearcut forests carried fluorescence signatures enriched in microbial
sources, whereas old forests exported DOC with greater aromatic compounds, which is consistent with deeper
subsurface carbon dynamics that sustain DOC availability in old forests. Broadly, many cations and nitrate exhibit
systematically higher concentrations in streams draining old versus young forest in, for example, Hubbard Brook
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(Cawley et al., 2014; Vitousek & Reiners, 1975). For nutrients, such differences have been attributed to higher
nutrient demands in young forests, leading to more “tightly” cycled and therefore lower export (Vitousek &
Reiners, 1975).

Higher concentrations often reflect higher rates of “production” or input compared to export and output (Li
et al., 2022), which may suggest that higher stream carbon in old forests arise from higher carbon “production” in
old compared to young forests. At the ground surface, old forests tend to accumulate more woody debris and
organic-rich litter layers, and mean annual DOC flux in HJA have been shown to increase with forest floor wood
biomass (Lajtha & Jones, 2018). Such pools may continuously provide leachable DOC, particularly during
rainfall events. In addition, belowground carbon allocation and root—soil interactions likely play an important
role. Old forests have been reported to have greater fine roots compared to younger forests (Hertel et al., 2003;
Jagodzinski et al., 2016; Sarai et al., 2022; Yanai et al., 2006). Subsurface data from WS01 and WS02 support this
interpretation, as the old forest exhibited greater fine root biomass at deeper depths compared to the young forest
(Figure 5b). These fine roots are key conduits for carbon inputs into soil via root exudates and downward transport
of DOC (Rumpel & Kogel-Knabner, 2011). Greater fine roots can enhance respiration (Trumbore et al., 2006),
possibly elevating concentrations of dissolved carbon, especially DIC. In addition, root exudates of low-
molecular-weight can feed microbial communities, stimulate decomposition of soil organic matter and release
CO, or labile DOC (He et al., 2020; Moore et al., 2020). Together, these surface and subsurface mechanisms
likely increase the availability and mobility of dissolved carbon in old forests, potentially suggesting that old
forests play a more important role in land-to-river carbon transport and dissolved carbon cycling.

4.4. Consistent Dilution Patterns Indicate Deep Respiration at Depth

In all streams, DIC exhibited a dilution export pattern, consistent with near-universal dilution patterns of DIC and
alkalinity observed across US and globe (Godsey et al., 2019; Marx et al., 2017; Stewart & Li, 2025; Stewart, Zhi,
et al., 2022). This pattern reflects key biogeochemical structure and reactions driving subsurface DIC gradients
that are consistent with the Shallow and Deep Hypothesis (Stewart, Shanley, et al., 2022; Zhi & Li, 2020). HJA
contains negligible carbonate materials (Swanson, 1975) such that the dominant DIC source is respiration.
Although most respiration occurs in shallow soil, CO, losses to the atmosphere from upper soil layers reduce DIC
availability in shallow zones (Keller, 2019), leading to typically lower concentrations in shallow soil and higher
concentrations in the deeper subsurface (Carbone et al., 2023; Stolze et al., 2024; Tune et al., 2020). In addition,
DOC and DIC in shallow soil can be transported downward with water, where DOC may undergo further
respiration to become CO, and DIC, therefore adding DIC at depth. As stream water derives more from deeper
groundwater as base flow and shallow soil water at high flow, stream DIC almost universally shows dilution
patterns with high DIC at low flow and low DIC at high flow (Stewart & Li, 2025). Deep respiration is essential in
shaping such dilution patterns: without deep respiration, CQ patterns exhibit chemostatic behaviors with very
similar concentrations at low and high flow, contrasting patterns observed in global stream DIC data (Kerins
et al., 2024; Stewart & Li, 2025). Deep respiration has been directly observed at depths tens of meters below-
ground (Tune et al., 2020). More recently, majority of the riverine CO, emitted to atmosphere (~60%) have been
shown to be millennial or older (Dean et al., 2025; Li, 2025), further corroborating the widespread occurrence of
deep respiration.

Model results indicate that deep respiration produces nearly twice as much DIC in the old forest compared to the
young forest. Additionally, the old forest exports approximately 65% more DIC from the deep zone compared to
the young forest. This higher export is facilitated by the old forest's greater groundwater contribution to
streamflow. Although all forests exhibit similar dilution patterns for DIC, the b slope values are more negative in
old forests, pointing to stronger signatures of deep respiration in old forests. Long-term observations report rising
groundwater DIC concentrations, attributed to partial recovery from atmospheric sulfate deposition, shifting
weathering regimes, and increased soil respiration driven by forest regrowth and productivity (Klaus, 2023). This
suggests that dissolved carbon dynamics will continue to evolve and can serve as signals of changing subsurface
structure and processes, particularly as forest landscapes continue to transition under changing management and
environmental conditions.
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4.5. Model Limitations

As a spatially implicit model, BioRT-HBV represents average, effective catchment-scale dynamics and does not
account for spatial variability across landscape positions. This simplification is necessary given the lack of
detailed spatial data to support more complex parameterizations and to reduce issues of equifinality (Li, 2019). It
also means the model cannot distinguish between distinct zones such as riparian areas and hillslopes, which play
different roles in carbon cycling (Dick et al., 2015; Findlay et al., 2001). At HJA, fast-growing deciduous
vegetation typically dominates riparian zones and the understory of upland areas, whereas Douglas fir remains the
dominant overstory species across most of the landscape (Johnson et al., 2021). Such differences in tree
composition can influence organic matter inputs and subsurface carbon dynamics between hillslopes and riparian
areas but cannot be explicitly represented in our lumped model structure. The hyporheic zone is not explicitly
represented, even though it can be important in forested headwater systems (Corson-Rikert et al., 2016). The
model also does not include internal ecosystem changes associated with vegetation succession, soil development,
or long-term biogeochemical shifts. Even when forced with multi-decadal inputs, its parameters remain fixed and
cannot evolve with ecosystem state. Thus, it is beyond the scope of this study to investigate long-term DOC
changes, such as the declines observed across 11 years of data record in WSO1 (Rodriguez-Cardona et al., 2022),
or potential future shifts expected under warmer and drier conditions driven by climate change in the Pacific
Northwest (Campbell et al., 2022).

In addition, soil respiration is represented as a lumped reaction with a generic soil organic carbon pool. This
reaction simultaneously produces DOC and CO,(aq), the latter contributing to the DIC pool. However, the model
does not simulate vertical CO, effluxes, a major component of forest carbon budget (Argerich et al., 2016;
Campbell & Law, 2005; Jassal et al., 2004). As a result, the estimated soil respiration rates reflect only the portion
that contributes to dissolved carbon production. The model also does not account for in-stream carbon processing,
such as transformation, uptake, or outgassing, even though they can be important in carbon cycling (Hotchkiss
et al., 2015).

5. Conclusion

This study demonstrates distinct subsurface hydrological and biogeochemical processes that jointly regulate
dissolved carbon production and export in forests of different ages. Using the model BioRT-HBV, we
examined DOC and DIC dynamics in paired catchments at the H.J. Andrews Experimental Forest. Model
simulations and field observations together reveal that dissolved carbon cycling is strongly depth-dependent
and controlled by both subsurface flow partitioning and reaction processes. Although both forests produce
most dissolved carbon in the shallow subsurface, the magnitude and vertical distribution of production differ
substantially. In the young forest, DOC production is concentrated near the surface, and the deep zone acts as
a net sink, producing a flushing CQ pattern. In the old forest, deeper and denser roots sustain DOC production
at depth, maintaining high deep zone DOC and DIC concentrations and producing dilution CQ behavior.
These contrasting relationships highlight how rooting depth and subsurface connectivity regulate the balance
between carbon transformation and transport. Extending beyond a single pair, other young old pairs show
diverse DOC export behaviors that cannot be explained by forest age alone, reflecting the influence of local
catchment context on hydrologic connectivity and carbon reactivity. Collectively, these results suggest that
differences in subsurface structure, rather than forest age alone, are key to explaining variability in dissolved
carbon export from forested watersheds. As forests continue to recover from historical deforestation and
experience shifts in species composition, management, and climate, accounting for subsurface processes,
especially those linked to rooting depth, vertical connectivity, and geological setting, will be essential for
predicting long-term carbon cycling in forested landscapes.
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