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Key points 23 

• Total riverine DOC uptake does not vary with stream order, but the proportion from 24 

photomineralization vs. biomineralization changes with stream order, flow, and 25 

temperature. 26 

• Photomineralization is the dominant riverine form of mineralization. 27 

• Lake biomineralization accounts for 80% of summer DOC uptake across an entire 28 

watershed, while river photomineralization accounts for at least half of winter DOC 29 

uptake.  30 
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Abstract 31 

River networks transport dissolved organic carbon (DOC) from terrestrial uplands to the coastal 32 

ocean. The extent to which a reach or lake within a river network uptakes DOC depends on the 33 

stream order, the seasonal conditions, and the flow. At the watershed scale, it remains unclear 34 

whether DOC uptake is dominated by biological processes such as respiration, or abiotic processes 35 

like photomineralization. The partitioning of DOC uptake in lakes versus rivers is also unclear. In 36 

this study, we present a new model that unifies year-round controls on DOC cycling for an entire 37 

river network, including river-lake connectivity, to elucidate the importance of biotic vs. abiotic 38 

controls on DOC uptake. We present the Catchment Uptake and Sinks by Season, Order, and Flow 39 

for DOC (CUPS-OF-DOC) model, which quantifies terrestrial DOC loading, gross primary 40 

productivity (GPP), and uptake via microbes and photomineralization. The model is applied to the 41 

Connecticut River Watershed, and accounts for cascading reach- and lake-scale DOC cycling 42 

across ninety-eight scenarios spanning combinations of flows, seasons, and stream orders. We 43 

show that riverine DOC uptake is nearly constant with stream order, but the proportion of DOC 44 

uptake from photomineralization varies. Photomineralization dominates in rivers in most flow 45 

conditions and stream orders, especially in winter, accounting for at least half of whole-watershed 46 

DOC uptake in February across all flows. Whole-watershed summer DOC uptake occurs mostly 47 

via biomineralization in lakes, accounting for 80% of DOC uptake during the growing season, 48 

despite accounting for less than 6% of watershed open water surface area.   49 
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1. Introduction 50 

River drainage networks are an integral component of the Earth’s biogeochemical engine.  Theory 51 

around drainage networks is often traced to the River Continuum Concept (Vannote et al., 1980), 52 

which describes river networks as a continuously changing series of physical and hydrological 53 

gradients from headwaters to downstream, which drive the associated continuum of biological 54 

processes, communities, and constituents. Dissolved organic matter (DOM), which plays a critical 55 

role in river network metabolism and is an important source of carbon to the oceans (Raymond 56 

and Spencer, 2015; Schlesinger and Melack, 1981), has been described as “watershed tea” due to 57 

the complexity and diversity of organic compounds that it integrates from sources throughout a 58 

watershed (Creed et al., 2015; Kaplan and Cory, 2016; Tank et al., 2010). The River Continuum 59 

Concept uses Strahler stream order, i.e., the classification system that is based on the number of 60 

tributaries upstream, to characterize general trends in longitudinal ecosystem metabolism with 61 

regard to the ratio between gross primary production (GPP) and ecosystem respiration (ER). DOM, 62 

which is approximately half dissolved organic carbon (DOC) by mass, varies in composition in 63 

response to differences in DOM sources (terrestrial loading vs. GPP) and in-stream uptake. 64 

 65 

Cole et al. (2007) expanded on concepts of carbon loss from the aquatic continuum, including 66 

DOM uptake outlined in the River Continuum Concept, by formalizing the importance of inland 67 

water systems as active conduits or “leaky pipes” in carbon cycling from headwaters to oceans. 68 

Lakes, reservoirs, wetlands, floodplains, and rivers themselves can act as reactors, facilitating 69 

biogeochemical transformation processes that result in physical or biological DOC loss from the 70 

water column via microbial uptake including respiration, photodegradation, flocculation 71 

processes, and gaseous emissions, or addition via atmospheric fixation (photosynthesis) (Battin et 72 
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al., 2009; Raymond et al., 2013; Regnier et al., 2013). This DOC uptake has important implications 73 

for the global carbon cycle in that it controls the amount of carbon that is transferred laterally from 74 

the continents to the oceans, as well as the extent of vertical carbon dioxide fluxes from inland 75 

waters that can arise when DOC is mineralized to inorganic carbon (Raymond et al., 2013).  76 

 77 

Numerous studies have built on Cole et al. (2007)’s leaky pipe conceptualization and used the 78 

River Continuum Concept’s backbone connecting biogeochemical processes to stream order to 79 

elaborate on the controls of DOC uptake along the aquatic continuum (Abril and Borges, 2019; 80 

Battin et al., 2009; Bertuzzo et al., 2017; Fasching et al., 2016). Raymond et al. (2016) proposed 81 

the Pulse-Shunt Concept, which postulates that there are flows above which DOC fluxes moving 82 

downstream are high and uptake is low, creating transport-dominated DOC “shunts”. Below these 83 

flows, river systems are reaction-dominated and DOC uptake is high. Wollheim et al. (2018) 84 

proposed the River Network Saturation concept, which states that a river’s capacity to eliminate, 85 

transform, or retain a constituent decreases as flow increases. They postulate that as flow increases, 86 

both river supply and demand for a constituent also increase, with supply increasing more quickly, 87 

leading to river saturation and “shunting” of the constituent downstream. In both these conceptual 88 

models, the amount of DOC uptake is dependent on river network characteristics and the DOC 89 

reactivity. Despite these convergent model conceptualizations, it remains unclear how relative 90 

DOC uptake varies by stream order as flows and seasons change. 91 

 92 

The Pulse-Shunt Concept and River Network Saturation dealt with in-stream reactions by 93 

considering a lumped DOC uptake flux but did not quantify how individual reactions such as 94 

respiration and photomineralization vary with flows, stream order, and season. These processes 95 



 5 

have been quantified individually for several watersheds (Casas‐Ruiz et al., 2017; Mineau et al., 96 

2016; Wollheim et al., 2015). A recent study by Maavara et al. (2021) showed that across flows, 97 

photomineralization is a negligible sink relative to lateral DOC fluxes in a large temperate river 98 

network, but it remains unclear how important photomineralization is in lakes and relative to 99 

biomineralization (i.e., microbial uptake including respiration). In two studies conducted in the 100 

same Arctic rivers, results from one study showed that photomineralization accounts for a majority 101 

of total in-stream mineralization (Cory et al., 2014), while another showed that biomineralization 102 

dominates (Rocher‐Ros et al., 2020). Without explicitly accounting for differences in flow, stream 103 

order, and season, it is difficult to reconcile contradictions in the literature. Furthermore, despite 104 

the interconnected nature of drainage networks, researchers have mainly quantified large-scale 105 

watershed DOC measurements in either rivers (Bertuzzo et al., 2017; Harrison et al., 2005; 106 

Zarnetske et al., 2018) or waterbody datasets composed of thousands of lakes and/or reservoirs 107 

(Maavara et al., 2017; Sobek et al., 2007), without explicitly accounting for whole-watershed 108 

connectivity of both types of systems.  There is ample evidence that connected lakes 109 

fundamentally regulate downstream carbon transport through river networks (Brinkerhoff et al., 110 

2021; Futter et al., 2008; Gardner et al., 2019).  111 

 112 

A comprehensive watershed DOC model that incorporates the cascading reach- and lake-scale 113 

DOC sources, sinks, and fluxes across variable flows and seasons does not exist. As a result, 114 

quantifying the dependence of DOC uptake mechanisms on changing flows and temperatures at 115 

all stream orders, and subsequently linking DOC cycling quantitatively to the River Continuum 116 

Concept, has not been possible. However, using available high-resolution hydrological data 117 

products (Buto and Anderson, 2020), as well as drawing from advances in machine learning 118 
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algorithms used to predict riverine metabolism (Segatto et al., 2021), it is now possible to construct 119 

such a model at the scale and resolution needed to address this short-coming. Therefore, in this 120 

study, we advance the application of the River Continuum Concept to DOC uptake in watersheds. 121 

Our study’s aims are to quantify the relative importance of biotic vs. abiotic DOC uptake processes 122 

(biomineralization and photomineralization) across stream orders, as well as quantify the seasonal 123 

and flow conditions in which photomineralization or biomineralization may or may not dominate 124 

total DOC uptake across stream orders. We apply these goals both to rivers and lakes to address 125 

the relative importance of lentic vs. lotic systems in terms of whole-watershed DOC uptake. 126 

 127 

We develop a spatially explicit mass balance model of DOC sources, sinks, and transport through 128 

the Connecticut River watershed in the northeastern United States and southern Canada. An 129 

existing body of literature dedicated to quantifying Connecticut River watershed metabolism, 130 

carbon dynamics, and hydrology make the Connecticut an ideal watershed for such an exercise, as 131 

ample information is available to parameterize a model (Aho et al., 2021a; Aho et al., 2021b; 132 

Brinkerhoff et al., 2021; Hosen et al., 2019; Hosen et al., 2021; Maavara et al., 2021; Yoon et al., 133 

2021). We track terrestrial DOC loading, production via gross primary productivity (GPP), 134 

consumption by microbial uptake (biomineralization) and photomineralization and the cascading 135 

downstream transport through 98,254 stream reaches and lake segments at an average length 136 

resolution of 511m, from first order through 8th-order streams, rivers, ponds, lakes, and reservoirs. 137 

Our model, which incorporates sources and uptake of DOC, which is sometimes called watershed 138 

tea (Kaplan and Cory, 2016), is named “Catchment Uptake and Sinks by Season, Order, and Flow 139 

for DOC”, i.e., CUPS-OF-DOC. Rather than modeling a specific period in watershed history, we 140 

calculate flows and water residence times at a suite of seven annual flow exceedance probabilities 141 
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specific to each stream reach and lake segment and apply them to twelve months of the year. This 142 

approach allows us to evaluate the full suite of transport conditions possible in all seasons and 143 

quantify flow-dependencies on DOC sources and sinks across stream orders at reach and/or lake 144 

scale.  145 

 146 

2. Methods 147 

All acronyms and model parameters provided in this section are defined both in the text and 148 

summarized in Table S1. 149 

 150 

2.1 Field data collection and laboratory analyses 151 

The Connecticut River watershed is a temperate 8th-order 29,200-km2 basin flowing from Québec, 152 

Canada, through Vermont, New Hampshire, Massachusetts, and Connecticut, emptying to the 153 

Long Island Sound, a tidal estuary of the Atlantic Ocean. It is the largest watershed in the New 154 

England region of the United States, providing 70% of the freshwater entering Long Island Sound. 155 

It is 79% forested, about 5% urbanized, 4% wetland, and 8.5-12% agricultural (Clay et al., 2006).  156 

 157 

Data collection was conducted from 2015 to 2017 in two sub-watersheds: the Farmington River 158 

watershed in northwestern Connecticut, and the Passumpsic River watershed in northeastern 159 

Vermont (Table 1, Fig. 1). Additional data was collected on the 8th-order Connecticut River 160 

mainstem in Thompsonville, Connecticut. Samples were analyzed for DOC concentrations and 161 

UV-Vis absorbance at 1-nm intervals from 200-800nm. Full method details are available in Hosen 162 

et al. (2021). Sites were located at existing United States Geological Survey monitoring locations 163 

where discharge (Q) data is reported online (USGS, 2020), except Jack Brook, Vermont. Field 164 
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DOC concentration datasets were supplemented with USGS monitoring at the same sites plus two 165 

sites in Massachusetts and New York (details in section 2.3.1). 166 

 167 
Table 1: Measurement sites used to calibrate terrestrial DOC loads or to evaluate model output (THOM), including 

US Geological Survey (USGS) site number, mean DOC concentration from the measurements gathered, timeframe 

of data collection, total upstream watershed area, stream area, and percent of upstream watershed that is classified 

as wetland according to the National Land Cover Database (NLCD 2016).  Jack Brook, VT does not have a USGS 

site number and is located at 44.6946°N, 71.8468°W. 
Site 

abbreviation 

Site name, state USGS site 

no. 

n Mean 

DOC 
(mg/L) 

Timeframe AT (km2) Stream 

order 

% 

upstream 
wetland 

W9 W9, VT 01135100 3203 2.0 1991-2016 0.4 1 0 

JACK Jack Brook, VT NA 421 2.9 2015-2016 2.85 1 0 

POPE Pope Brook, VT 01135150 158 3.0 2008-2017 10.0 3 1 

BUNN Bunnell Brook, CT 01188000 139 3.4 2015-2017 10.3 3 10 

NEVE Neversink River, NY 01435000 1308 2.2 1991-2019 66.6 5 0.6 

GREE Green River, MA 01170100 89 1.5 2012-2019 106.6 4 1.8 

SLPR Sleeper’s River, VT 01135300 146 3.4 2008-2017 110.5 4 2 

STIL Still River, CT 01186500 154 5.1 2015-2017 221 5 7 

PASS Passumpsic River, VT 01135500 86 5.3 2015-2017 1124 6 4 

FARM Farmington River, CT 01189995 198 3.9 2015-2017 1492 6 7 

THOM Thompsonville, CT 01184000 144 3.5 2012-2019 25001 8 5 

 168 
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 169 
Figure 1: Map of the Connecticut River Watershed in green, with 6th-order sub-watershed 170 

boundaries outlined in black and the river network in blue. Red dots show the data collection 171 

(section 2.3.1) sites. Site information is available in Table 1. Navy blue dots show locations of five 172 

additional sites within the Farmington and Passumpsic River sub-basins for which GPP estimates 173 

were calculated in Hosen et al. (2019) and used to calibrate the riverine GPP fluxes in this model 174 

(section 2.3.2). 175 

 176 

2.2 Hydrographic framework 177 

The watershed is discretized into 98,254 river reaches and lake, reservoir or pond segments 178 

according to the NHDPlus HR  dataset (Buto and Anderson, 2020; Moore et al., 2019). 179 

Throughout, we will refer to all lentic systems (which includes lakes, ponds and about 980 180 
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reservoirs connected to the river network) as “lakes.” While NHDPlus HR provides the names for 181 

11% of the lentic water bodies, which include ponds, lakes, and reservoirs, different types of lentic 182 

systems are not separated and so we do not classify them individually, nor are we able to identify 183 

what types of ponds are included. In general, NHDPlus HR reaches are discretized based on a 184 

network topology (when new tributaries join or a waterbody intersects the river). As a result, rivers 185 

of all stream orders are broken into multiple reaches, including first-order tributaries (which are 186 

frequently segmented by ponds). Large lakes are broken into multiple lake segments if there are 187 

multiple river inputs and/or outputs to the lake. Watershed lake and river surface areas, combined 188 

lengths, and percent of reaches that are dry for the range of flow scenarios are given in Table S2. 189 

For each reach and lake segment, we calculate both reach-specific hydraulic residence time (𝐻𝑅𝑇𝑖, 190 

seconds) and cumulative hydraulic residence time (HRTc,i, seconds), needed to model the change 191 

in DOC lability (Section 2.3.3), according to:  192 

 193 

𝐻𝑅𝑇𝑖 = { 
 𝐿𝑖𝑉𝑖 ,           𝑖𝑓 𝑟𝑖𝑣𝑒𝑟𝑉𝑜𝑙𝑖𝑄𝑖 , 𝑖𝑓𝑙𝑎𝑘𝑒  (1) 194 

 195 𝐻𝑅𝑇𝑐,𝑖 = ∑ (𝐻𝑅𝑇𝑐,𝑖𝑄𝑖)𝑛𝑢2 ∑ (𝑄𝑖)𝑛𝑢2 , +𝐻𝑅𝑇𝑖 (2) 196 

 197 

HRTc,i reflects the average travel time of an individual parcel of water through the drainage 198 

network through surface water and shallow hyporheic zones, i.e. from the average headwater reach 199 

to each reach i. To calculate HRTc,i for each reach i, we took the reach-defined HRTi (Eq. 1, where 200 

Li is reach length (meters), Vi is mean flow velocity for each reach (m s-1), obtained using the 201 

approach in Dingman (2007), i.e., imposing the hydraulic geometry of a rectangular river channel 202 

on Manning’s equation, Voli is waterbody volume (m3), and Q is streamflow, m3 s-1) and 203 

sequentially aggregated these values as we moved downstream in the network through both rivers 204 
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and lakes (Eq. 2, where i is the reach at hand and nu is the number of reaches directly upstream of 205 

reach i). This approach has been previously applied to the Connecticut River watershed in 206 

Brinkerhoff et al. (2021), where full method details related to these calculations are available. In 207 

cases where multiple reaches flow into one reach, the HRTc,i directly upstream of the current reach 208 

is calculated as the average HRTc,i for the upstream reaches and weighted by discharge to favor 209 

larger rivers (Eq. 2). After calculating HRTi for every reach in the network, we estimate HRTc,i by 210 

running Eq. 2 sequentially, from the headwaters to the outlet. 211 

 212 

We constructed flow duration curves for each reach via streamflow routing as well as explicit 213 

modeling of volumes for all 14,563 lakes. Following Brinkerhoff et al. (2021), we built flow 214 

duration curves for each reach by routing daily discharge through the river network and 215 

constructing flow-duration curves from those daily records. Daily discharge was itself constructed 216 

from Lin et al. (2019)'s daily runoff forcings for 1979-1989 (as a case study) and routed via the 217 

Hillslope River Routing model (Beighley et al., 2009). Ultimately, we estimated HRTc,i for 218 

Brinkerhoff et al. (2021)’s seven different ‘characteristic annual discharges’ at all 98,254 reaches. 219 

These ‘characteristic annual discharges’ are named Q2, Q10, Q25, Q50, Q75, Q90, Q98 and refer to the 220 

mean daily streamflows for each reach that are exceeded that percent of the time over the course 221 

of a year, and were calibrated using 10 years of measured flow data (Brinkerhoff et al., 2021). 222 

Finally, at low flows (e.g., Q98, Q90) many first-order streams have a flow of 0 m3/s (Table S2). 223 

We define these as ‘dry’ reaches and they were ignored in the HRTc,i calculations by starting the 224 

HRTc,i calculations downstream of the dry segments. 225 

 226 
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Discharge-dependent reach segment widths, Wi in meters, are calculated using the empirical 227 

relationship from Raymond et al. (2013) from 9811 USGS stream gauging stations: 228 

 229 ln(𝑊𝑖) = 0.51 ln𝑄𝑖 + 1.86         (3) 230 

 231 

where 𝑄𝑖 is in m3 s-1. The model is solved for steady-state conditions assuming a uniform 232 

characteristic flow condition (see Section 2.4) across the entire network. Because the model is run 233 

under a characteristic flow frequency, downstream hydraulic geometry  is used to initialize reach 234 

segment widths, Wi in meters (Eq. 3), that correspond to that flow frequency (Brinkerhoff et al., 235 

2019; Gleason, 2015; Leopold and Maddock, 1953; Moody and Troutman, 2002). These are 236 

independent of at-a-station variability and reflect the downstream variation in river width for our 237 

flow frequency. Water column depth, zwc,i, is calculated first by obtaining the water volumes (Voli 238 

in m3) by multiplying the above-derived HRTi (day) by Qi (m
3 day-1), and computing zwc,i as the 239 

missing dimension using Voli, Li and Wi. A breakdown of the hydrological continuity equations is 240 

given in Section S1. All time units are then converted into days for use in the DOC model (Section 241 

2.3). 242 

 243 

2.3 DOC model 244 

We represent DOC mass in each of the 98,254 river reaches and lake segments as discretized by 245 

the NHDPlus HR. The ordinary differential mass balance equation representing DOC for each 246 

reach or water body segment, i, is 247 

 248 

𝑑𝐷𝑂𝐶𝑖𝑑𝑡 = 𝑡𝑒𝑟𝑖 + 𝐺𝑃𝑃𝐷𝑂𝐶,𝑖 − 𝑘𝑟,𝑖𝐷𝑂𝐶𝑖 − 𝑘ψ,i 𝐷𝑂𝐶𝑖 + ∑ 𝐷𝑂𝐶𝑖𝑛𝑢2  −  1𝐻𝑅𝑇𝑖 𝐷𝑂𝐶𝑖  (4) 249 
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 250 

The model solves for the total DOC mass in mg-C in the full water column in each NHDPlus HR 251 

reach i at each timestep t. 𝑡𝑒𝑟𝑖 is the terrestrial DOC load (mg-C day-1) to each reach i from the 252 

directly adjacent local subwatershed zone, Ai, calculated using a regression approach with 253 

discharge and upstream wetland area as explanatory variables (see Section 2.3.1 for regression 254 

development). Ai differs from the total upstream watershed area, At, as it only includes individual 255 

catchment (that is, it is capturing any water added directly to each reach, not including upstream 256 

water), rather than the total upstream contributing area. 𝐺𝑃𝑃𝐷𝑂𝐶,𝑖 is gross primary productivity 257 

(mg-C day-1) in each lake segment or river reach i (Section 2.3.2). 𝑘𝑟 is the first-order kinetic rate 258 

constant (day-1) describing the biological mineralization of DOC (Section 2.3.3). 𝑘ψ,i is the first-259 

order rate constant for complete photooxidation (i.e., photomineralization) of DOC to CO2 (mg-C 260 

day-1) in reach i (modeled according to methods described in Section 2.3.4). ∑ 𝐷𝑂𝐶𝑖𝑛𝑢2  describes 261 

the sum of DOC from reaches or tributaries directly upstream of reach i, nu, if applicable. The 262 

final term represents the flux exiting the reach going downstream, which is a function of the 263 

flushing rate (day-1) equivalent to the inverse of the water residence time (1/HRT). Dependence of 264 

the efflux term on HRT controls the magnitude of the in-stream processes; the longer the HRT, the 265 

larger the magnitude of in-stream fluxes (e.g., according to the mathematical formulation initially 266 

presented for phosphorus loss in lakes by Vollenweider (1975)) leading to smaller effluxes 267 

downstream. To obtain DOC concentrations, [DOC], from the DOCi masses output by the model, 268 

the DOCi masses are divided by Voli. 269 

 270 

2.3.1 Terrestrial DOC loading 271 
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In this section we present a streamlined explanation of how terrestrial DOC loading was modeled. 272 

A step-by-step breakdown is available in the Supplementary Material, Section S2. We augmented 273 

our datasets of streamwater flows and DOC concentration with data from the USGS National 274 

Water Quality Information Systems at 11 sites within or near the Connecticut River watershed 275 

(Section 2.1) (Table 1). We searched existing and historical USGS monitoring sites within the 276 

New England region, including eastern New York. Sites with fewer than 85 DOC measurements 277 

or with temporal gaps exceeding two months were not included because the data were insufficient 278 

to estimate parameters governing the relationship between DOC concentration and discharge. The 279 

Weighted Regression by Time, Discharge, and Season (WRTDS) model (Hirsch et al., 2010) was 280 

applied to sites on 6th-order rivers or lower to estimate monthly concentration-discharge 281 

relationships of the form 282 

 283 [𝐷𝑂𝐶] = 𝑎𝑞𝑏           (5) 284 

 285 

where [DOC] is in mg-C L-1, q is the specific discharge (Q divided by total upstream watershed 286 

area At) in m3 s-1 watershed km-2, and a and b are unitless coefficients for each monthly equation 287 

at each site (Table S3). DOC concentrations in rivers above 6th-order tend to be controlled to a 288 

larger extent by in-stream processes rather than terrestrial loading, and thus show more 289 

chemostatic properties (i.e. the slope b in Eq. 5 is approximately 0), not reflective of the terrestrial 290 

loading trends we are constraining in this portion of the model (Creed et al., 2015; Hosen et al., 291 

2021). All sites in Table 1 except Thompsonville fall into this criterion, leaving 10 calibration 292 

sites. Thompsonville data was used to compare model trends with measurements (Supplemental 293 

Material, Section S9). 294 
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 295 

We binned q values used in Eq. 5 into 10 intervals capturing the discharge distributions across 296 

three orders of magnitude of each of the calibration sites (Fig. S1). DOC concentrations at the 297 

center of each bin were computed using Eq. 5 for each month, and regressed against the fraction 298 

of wetland cover in the upstream watershed, 𝑝𝑤 (unitless) for each site:  299 

 300 [𝐷𝑂𝐶] = 𝑚𝑝𝑤 + 𝑢          (6) 301 

where m and u are constants for each month and q bin (Table S4).  302 

 303 

To scale this approach to each of the 98,254 reaches in the watershed, 𝑝𝑤 was calculated for each 304 

of the adjacent local subwatershed Ai given in the NHDPlus HR database by spatially overlaying 305 

Ai with the National Land Cover Database (NLCD 2016) classification raster (woody wetlands + 306 

emergent herbaceous wetlands). DOC concentration for each reach was then computed using the 307 

monthly and flow-specific constants calibrated for Eq. 6 (Table S4), and converted to the terrestrial 308 

load term input into Eq. 4, 𝑡𝑒𝑟𝑖, in mg-C day-1 by multiplying by Q. We assume that all Q in 309 

headwater streams is terrestrial in origin (but that DOC can also be generated via GPP, see Section 310 

2.3.2), and for all other stream reaches and lake segments downstream, we calculate the difference 311 

in Q between reach i and reach i+1 and use this difference as the terrestrial Q. 312 

 313 

2.3.2 Photosynthesis 314 

To model GPP in rivers, we utilize previously published daily GPP rates from May 2015 – 315 

December 2017 generated by Hosen et al. (2019) from 15-min interval dissolved oxygen (DO) 316 

measurements using the R package StreamMetabolizer (Appling et al., 2018) for the Fig. 1 sites 317 
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in the Farmington and Passumpsic River watersheds. To capture seasonal variability, we trained 318 

separate random forest models for each month of the year on a total of 6621 GPP estimates from 319 

Hosen et al. (2019), ranging from 227-787 estimates for each month (see Section S3 for details 320 

and Table S8 for monthly random forest model performance statistics). Predicted GPP estimates 321 

were in g-O2 m
-2 day-1. Each of the trained monthly random forest models were then applied to 322 

predict GPP in each segment of the watershed. To estimate the extracellular release of DOC from 323 

GPP, we calculated approximate C production from GPP in g-C m-2 day-1 using molar O2:C ratios 324 

of 1-1.8 (Demars, 2019; Howarth and Michaels, 2000), applied to the relationships in Baines and 325 

Pace (1991), which provides an estimate of extracellular DOC release, to generate the following 326 

equation: 327 

 328 ln(𝐺𝑃𝑃𝐷𝑂𝐶,𝑖) =  −0.52 + 0.66ln (𝐺𝑃𝑃𝑂2,𝑖)       (7) 329 

 330 

where 𝐺𝑃𝑃𝑂2,𝑖 is the GPP estimate in g-O2 m-2 day-1 and 𝐺𝑃𝑃𝐷𝑂𝐶,𝑖 is the DOC released via 331 

extracellular release of GPP-produced biomass, which is input into Eq. 4. 332 

 333 

In lakes, GPP (mg-C day-1) is calculated by extracting a reduced order model of photosynthesis 334 

from a modified version of the organic carbon Monte Carlo model developed for lakes by Lewis 335 

Jr (2011) and modified for reservoirs in Maavara et al. (2017). The model is based on the depth-336 

integrated model (Behrenfeld and Falkowski, 1997; Reynolds, 2006; Vollenweider, 1970) that 337 

calculates GPP by estimating the chlorophyll-specific carbon fixation rate and depth-integrated 338 

chlorophyll concentration in the water body, from parameters including extinction coefficients for 339 

water, DOC, and suspended sediment, which block light, day length, mixing depth, temperature, 340 
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and latitude-specific monthly incoming solar irradiation. The full details of this approach are found 341 

in the Supplementary Information, Section S3, including Eq. S11-S14. To limit computational 342 

demands, we use these equations to produce a reduced order model. We run a Monte Carlo analysis 343 

of Eq. S11–S14 using distributions of lake temperature, surface area, depth, and DOC 344 

concentrations that were defined in Maavara et al. (2017). From this output, we generate a 345 

simplified equation for GPP at 25°C in water body i (𝐺𝑃𝑃25,𝐷𝑂𝐶,𝑖) that is used in the model: 346 

 347 𝐺𝑃𝑃25,𝐷𝑂𝐶,𝑖 = 0.5381 𝐷𝑂𝐶𝑖0.8875; R2 = 0.65       (8) 348 

 349 𝐺𝑃𝑃𝐷𝑂𝐶,𝑖 for the given water temperature in each lake is then calculated using a Q10 = 2.23 (Coles 350 

and Jones, 2000). If the average monthly water temperature is less than 0°C, GPP is assumed to 351 

be zero for that water body. 352 

 353 

2.3.3 Biomineralization 354 

The DOC biomineralization (i.e., microbial uptake, including respiration) rate is modeled with a 355 

first-order kinetics reaction governed by the coefficient 𝑘𝑟 (day-1) in Eq. 4. We calculate 𝑘𝑟 using 356 

the relationship derived by Catalán et al. (2016) that accounts for OC ageing, and subsequent 357 

decreased lability, as DOC moves from upstream to downstream. We use the cumulative water 358 

residence time (HRTc,i) for each reach as a proxy for age, which accounts for all headwater and 359 

lateral water sources, and use only the freshwater rate constants calculated for bio-mineralization 360 

directly (i.e., excluding the field-measured rate constants that include impacts of GPP or 361 

photomineralization, which we model separately here) in Catalán et al. (2016): 362 

 363 
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𝑘𝑟,25,𝑖 = 0.007 𝐻𝑅𝑇𝑐,𝑖−0.611         (9) 364 

 365 

where  𝑘𝑟,25,𝑖 is the rate coefficient at 25°C, which is corrected to reach-specific temperature using 366 

a temperature coefficient (Q10) = 2 (Reynolds, 2006). If water temperatures are below 0°C, we 367 

assume bio-mineralization does not occur. 368 

 369 

2.3.4 Photomineralization 370 

Complete photooxidation of DOC to dissolved inorganic carbon (DIC) (i.e., photomineralization, 371 𝜓), in each river reach and lake segment is based on the formulation (Cory and Kling, 2018; 372 

Koehler et al., 2012; Maavara et al., 2021): 373 

 374 𝜓 = ∫ (∫ 𝐸0,𝜆𝑎𝜆𝑒−(𝐾𝑑,𝜆𝑧)𝜙𝜆𝑑𝜆𝜆𝑚𝑎𝑥𝜆𝑚𝑖𝑛 )𝑑𝑧𝑧𝑤𝑐0        (10) 375 

 376 

where 𝜆𝑚𝑖𝑛 and 𝜆𝑚𝑎𝑥 are the maximum and minimum wavelengths (280-600nm), 𝐸0,𝜆 is the daily 377 

downwelling irradiation (mol photons m-2 day-1 nm-1), including the impacts of canopy cover 378 

shading, 𝑎𝜆 is the colored DOM absorption coefficient (m-1), 𝐾𝑑,𝜆 is the vertical attenuation 379 

coefficient for downwelling irradiance in the water body (m-1), z is the depth (m), and 𝜙𝜆 is the 380 

apparent quantum yield (AQY, mg-C (mol photons)-1 nm-1), which describes the photolability of 381 

the DOC in each river reach and lake segment by quantifying the complete photomineralization of 382 

DOC to DIC. Depth- and wavelength-integrated 𝜓 is calculated in units of mg-C m-2 day-1 and 383 

converted to mg-C day-1 by multiplying by reach length and width. The parameters 𝑎𝜆, 𝐾𝑑,𝜆, 𝜙𝜆 384 

were constrained empirically using DOC concentration and absorbance field measurements 385 

collected in the watershed (Section 2.1). 𝐸0,𝜆 was modeled using the SMARTS model v. 2.9.8 386 
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(Gueymard, 1995; Gueymard, 2019), combined with a canopy cover correction that we developed 387 

using canopy photographs and a bagged tree regress model. For details regarding how each of 388 

these parameters are modeled and constrained and how Eq. 10 is integrated across wavelengths 389 

for all reaches in the watershed for each month, refer to section S4 in the Supplementary Material, 390 

or Maavara et al. (2021). 391 

 392 

Eq. 10 was previously calibrated and solved for all riverine reaches in the watershed in Maavara 393 

et al. (2021), discretized monthly and for the same characteristic flows and stream network as 394 

described in Section 2.2. This process of integrating Eq. 10 analytically for all Connecticut River 395 

watershed reaches is very computationally demanding. Therefore, in order to simplify the output 396 

and reduce computational needs associated with calculating photomineralization alongside all the 397 

other DOC fluxes at 98,254 reaches and lake segments in all flows and months for the watershed, 398 

we derive empirical relationships predicting first order rate constants for photomineralization, 𝑘ψ,i, 399 

from the output of Maavara et al. (2021), and model 𝜓 for each reach i with first order kinetics: 400 

 401 𝜓𝑖 = 𝑘ψ,i 𝐷𝑂𝐶𝑖          (11) 402 

 403 

For each month, we aggregate predicted photomineralization fluxes for all flows, and fit 𝑘ψ with 404 

rational equations of the form: 405 

 406 𝑘ψ,i = 𝑝1𝑧𝑤𝑐,,𝑖+𝑝2𝑧𝑤𝑐,𝑖2+ℎ1𝑧𝑤𝑐,𝑖+ ℎ2         (12) 407 

 408 
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where 𝑝1, 𝑝2, ℎ1, and ℎ2 are constants specific to each month (Table S5), and 𝑧𝑤𝑐,𝑖 is the water 409 

column depth (m) in reach i. This simplification still allows for all the controls on 410 

photomineralization that appear in Eq. 10 to be included, as Eq. 11 is still a function of DOC, 411 

which controls 𝑎𝜆 and 𝐾𝑑,𝜆, and in turn, 𝜙𝜆, and constraining Eq. 12 with different coefficients for 412 

each month incorporates for the differences in light availability and canopy cover. This form of 413 

equation was tested against other linear and non-linear fits and yielded the lower statistically 414 

significant R2 for each month. 415 

 416 

2.4 Model solutions 417 

Eq. 4 was solved numerically by the fourth order Runge-Kutta method with a time step of 0.002 418 

days, and the model is run from initial conditions of zero for DOCi for each characteristic discharge 419 

and month for 90 model days, until all reaches are at or very close to steady state (see 420 

Supplementary Material Section S5 for details). We solve the model for average monthly 421 

conditions using seven characteristic discharges  (Q2, Q10, Q25, Q50, Q75, Q90, and Q98), which refer 422 

to cumulative frequency of the streamflows for each reach that are equaled or exceeded that percent 423 

of the time (Searcy, 1959). For instance, Q50 represents median annual flows calculated 424 

specifically for each reach, while Q2 and Q98 represent extreme flood (Q2 or flows exceeded 2% 425 

of the time) and low-flow events (Q98 or flows exceed 98% of the time) of the observed annual 426 

record, respectively. Solving for each of the seven annual flow conditions, combined with 427 

temperature and climate conditions for each month enables us to quantify a matrix of 98 model 428 

scenarios combining the seven annual flow scenarios with climatic variables for the twelve months 429 

of the year to explore watershed behavior fully. Thus, while we might expect very high flow 430 

conditions to occur predominantly in the spring snowmelt period, for example, this approach 431 
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allows us to evaluate all combinations of transport and reaction conditions possible, even if they 432 

are unlikely. 433 

 434 

Reach segments are routed by tracking the flow of water and DOC from upstream reach(es) based 435 

on the upstream reach indexed in NHDPlus HR. Our routing follows the major flow path through 436 

the watershed; in cases where the river diverges (e.g., canals, aqueducts), we route DOC through 437 

the main channel as defined in NHDPlus HR’s Divergence index. 438 

 439 

2.5 Relative DOC elimination calculation 440 

Several indices have been used in the literature to quantify the relative magnitude of 441 

biogeochemical processes, including the uptake of DOC compared with total DOC flux through a 442 

water body (Marzadri et al., 2017; Stream Solute Workshop, 1990; Wollheim et al., 2018). One 443 

such example commonly used in rivers is the uptake velocity, 𝜐𝑓 , which, when applied to DOC 444 

describes the first-order rate of DOC consumption relative to the water surface, allowing for 445 

variability with changing concentrations (Wollheim et al., 2018). For each reach or lake segment, 446 

we calculate 𝜐𝑓 , in m day-1, by dividing the surface area-normalized bio-mineralization flux plus 447 

photomineralization flux (mg-C m-2 day-1) by the DOC concentration (in mg-C L-1) multiplied by 448 

1000 (to convert L to m3) (Stream Solute Workshop, 1990; Wollheim et al., 2018) (Figure S6 and 449 

S8). Using 𝜐𝑓 , we calculate a per-reach elimination, 𝑅𝑖 (unitless), describing the relative change in 450 

DOC: 451 

 452 𝑅𝑖 = 1 − exp (−𝜐𝑓,𝑖𝐻𝑙,𝑖 )          (13) 453 

 454 



 22 

where 𝐻𝑙,𝑖 , the hydraulic load (m day-1), is calculated according to: 455 

 456 𝐻𝑙,𝑖 = 𝑄𝑖𝐿𝑖𝑤𝑖           (14) 457 

 458 

where 𝑄𝑖 is in m3 day-1 and reach length, Li, and width, wi, are in m (Mineau et al., 2016). 𝑅𝑖 varies 459 

between 0 and 1, where 0 indicates none of the reach DOC is consumed, and a value of 1 indicates 460 

100% of the DOC in the reach is consumed. Eq. 13 is an indicator of the relative importance of 461 

reaction rates, represented by 𝜐𝑓,𝑖, to transport rates, represented by 𝐻𝑙,𝑖. In reaction dominant 462 

systems, 𝑅𝑖 is closer to 1, while in transport dominant systems, 𝑅𝑖 is closer to 0. In lakes, 𝑅𝑖, is 463 

more conventionally calculated as: 464 

 465 𝑅𝑖 = 𝐷𝑂𝐶𝑖𝑛−𝐷𝑂𝐶𝑜𝑢𝑡𝐷𝑂𝐶𝑖𝑛           (15) 466 

 467 

where 𝐷𝑂𝐶𝑖𝑛 and 𝐷𝑂𝐶𝑜𝑢𝑡 are fluxes of DOC entering and exiting the lake. A negative 𝑅𝑖 indicates 468 

a net addition of DOC to the water body via GPP.  469 

 470 

The proportion of total mineralization that is from photomineralization, 𝜌𝑝, in each reach or lake 471 

segment i is calculated as 472 

 473 𝜌𝑝,𝑖 =  𝑘ψ,i 𝐷𝑂𝐶𝑖𝑘𝑟,𝑖𝐷𝑂𝐶𝑖+𝑘ψ,i 𝐷𝑂𝐶𝑖         (16) 474 

 475 

3. Model Output and Discussion 476 
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In this section, we present the results of CUPS-OF-DOC and evaluate its performance in the 477 

context of existing literature. In line with the goals of this paper, we focus specifically on DOC 478 

uptake fluxes in the main text and present terrestrial loading and GPP results in the Supplementary 479 

Material, Sections S6-S8, Fig. S4. To streamline data presentation, we give results for the months 480 

of February and August, which best represent end-member winter and summer fluxes for each 481 

process in the model. We reiterate that our model output assumes that all stream reaches and lake 482 

segments are experiencing the same flow scenario (as calibrated for each specific reach) at the 483 

same time, and that each flow scenario is calculated for all model months, generating a matrix of 484 

possible flows with possible monthly conditions, even if they are unlikely in the watershed itself 485 

(e.g., Q2 flows in August). This amounts to a continuum-of-scenarios analysis of flow, temperature 486 

sensitivity, and light availability on DOC across stream orders. As a result, a traditional validation 487 

against measured data does not yield meaningful insights into the model performance, as we do 488 

not attempt to reproduce a time series of measured data. We do however compare concentration-489 

discharge trends with Thompsonville measurements in Section S9 to provide some assessment of 490 

model quality. Given that each flux in the model is calibrated using measurements from the 491 

watershed, our goal here is to show that model output is reasonable in the context of existing 492 

literature ranges, rather than trying to exactly reproduce time series of DOC concentrations at 493 

specific places and times. 494 

 495 

3.1 Magnitudes of DOC uptake fluxes 496 

Biomineralization fluxes average 3.7 x103 mg-C m-2 day-1 in lakes and 27.6 mg-C m-2 day-1 in 497 

rivers in August at Q50 flows (Fig. 2a). In February these means decrease to 88.6 mg-C m-2 day-1 498 

in lakes and 1.4 mg-C m-2 day-1 in rivers at Q50. In August, biomineralization increases at Q2 to 499 
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163.8 mg-C m-2 day-1 in rivers and 9.3 x 103 mg-C m-2 day-1 in lakes, and decreases at Q98 to 6.5 500 

mg-C m-2 day-1 in rivers and 2.9 x103 mg-C m-2 day-1 in lakes. Temperature broadly controls 501 

biomineralization across seasons, due to the dependence of 𝑘𝑟,𝑖 on temperature, but there are not 502 

clear empirical trends between DOC uptake relative to water column DOC fluxes (Fig. S6). 503 

Biomineralization increases at higher flows for two main reasons: (1) more DOC is available due 504 

mainly to higher terrestrial loading (Fig. S4c, f, i), and (2) the newly loaded or produced DOC is 505 

fresh and labile due to shorter water residence times and therefore larger 𝑘𝑟 (Eq. 9). 506 

Biomineralization in both rivers and lakes tends to be lower at higher stream orders because it has 507 

aged during its transport through the watershed. For example, in August, 8th-order streams average 508 

biomineralization rates of 25.5 mg-C m-2 day-1 at Q50 flows, compared with 38.9 mg-C m-2 day-1 509 

in 1st-order streams. For the same river field measurement sites as in Fig. 1, Hosen et al. (2019) 510 

determined respiration fluxes averaging 3.7 x 103 mg-O2 m
-2 day-1 for May-October, with values 511 

ranging from 6.9 mg-O2 m-2 day-1 to 51 x 103 mg-O2 m-2 day-1, which can approximately be 512 

converted to 2.6 mg-C m-2 day-1 to 20 x 103 mg-C m-2 day-1, assuming a molar respiratory quotient 513 

of 1 to convert rates from grams of oxygen to grams of carbon (Berggren et al., 2012; Demars, 514 

2019; Williams and del Giorgio, 2005). 515 

 516 

At Q50 flows, median photomineralization fluxes are 119 mg-C m-2 day-1 in lakes and 10.1 mg-C 517 

m-2 day-1 in rivers (Fig. 2a) in August, and medians of 0 in both lakes and rivers in February due 518 

to widespread ice coverage and low light availability. Median August photomineralization fluxes 519 

in rivers are 2.5 mg-C m-2 day-1 at Q98 flows and 8.5 mg-C m-2 day-1 at Q2 flows, while median 520 

lake fluxes are 68.3 mg-C m-2 day-1 at Q98 and 32.9 mg-C m-2 day-1 at Q2. The magnitude of 521 

photomineralization fluxes generally increases with stream order due to lower canopy shading, 522 
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larger river surface areas, higher DOC availability and to some extent, added depth. There is a 523 

correlation between increasing photomineralization and depth until a point; if the photic depth has 524 

not yet been reached, photomineralization will increase with depth. If photic depth has been 525 

reached, added depth will not increase photomineralization because the bottom of the water body 526 

is in the dark. Photic depths depend on the DOC concentration; note that as DOC concentrations 527 

increase, photic depth decreases but the depth-integrated photomineralization fluxes increase, with 528 

more photomineralization taking place progressively closer to the surface. A full discussion of the 529 

depth and DOC controls on photomineralization in rivers by stream orders and flows is given in 530 

Maavara et al. (2021). Our model outputs are in good agreement with the magnitudes of 531 

photomineralization fluxes found in other freshwater systems. Allesson et al. (2020) found average 532 

summer rates of 8.4-21.4 mg-C m-2 day-1 in 77 high latitude Norwegian and Swedish lakes, while 533 

Koehler et al. (2014) determined fluxes of 15.4-41.9 mg-C m-2 day-1 in Swedish lakes. Cory et al. 534 

(2014)’s high-Arctic lake and river values of 35.8 – 296 mg-C m-2 day-1 overlap with the upper 535 

range of the fluxes found by our data (Fig. 2a), and may exceed ours due to lower canopy cover, 536 

longer daylight hours during the summer months, and more photo-labile DOM (i.e., higher 537 

apparent quantum yields), which in CUPS-OF-DOC are modeled with empirical relationships 538 

from absorbance and DOC concentration measurements (Sections 2.3.4 and S4).  539 
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 540 
Figure 2: Panel (a): Model-generated magnitudes of fluxes for photomineralization and bio-541 

mineralization in August in lakes and rivers for Q2, Q50 and Q98 flows (mg-C m-2 day-1), with center 542 

line representing median, edges are 1st and 3rd quartiles, and “+” symbols are outliers. Panel (b): 543 

Proportion of total mineralization (biomineralization plus photomineralization) that occurs via 544 

photomineralization (𝜌𝑝, unitless) for lakes and rivers in August and February at Q2, Q50 and Q98 545 

flows. Note that outliers in lakes panels have been removed for clarity but extend from upper 546 

whiskers to 1.0. Middle line indicates median, box edges are 1st and 3rd quartiles. Panel (c): the 547 

change in 𝜌𝑝 between Q98 and Q2 flows for rivers and lakes in August by stream order. Positive 548 

values indicate 𝜌𝑝 at Q98 flows are larger than at Q2 flows. 549 

 550 

3.2 Proportion of total mineralization 551 
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In rivers, we find that on average the proportion of total mineralization that occurs via 552 

photomineralization, 𝜌𝑝,𝑖, was 0.56 in August at median flows, with this value rising to 0.66 in Q98 553 

flows, and individual reaches varying from 0-1 across all flows throughout the watershed (Fig. 554 

2b). In February, when water temperatures are low, an average of 0.70 and a median of 0.86 of the 555 

total mineralization is from photomineralization at Q98 (Fig. 2b). For river reaches, flow variations 556 

can alter 𝜌𝑝 by ±100%. In some reaches, mineralization occurs via biomineralization at Q2 flows 557 

and switches to mineralization mostly via photomineralization at Q98 flows, and vice versa, with 558 

the range of possible variability highest at low stream orders (Fig. 2c). For example, at Q98 in a 559 

small stream reach with little canopy cover and low DOC concentrations, photomineralization can 560 

account for most of total mineralization because shallow depth allows essentially all DOC in the 561 

water column to be exposed to solar irradiation. In such conditions, 𝑘𝑟 can be comparatively small 562 

if the reach is immediately downstream of, for example, a pond with a small trickle for an outlet, 563 

creating a long water residence time, causing the DOC to age and lose lability. In the same reach 564 

at Q2, 𝑘𝑟 can increase if the upstream pond residence time decreases in response to high flows and 565 

the DOC remains fresh. 566 

 567 

Our findings are similar to those of Cory et al. (2014), who found that 𝜌𝑝 = 0.70-0.95 in Arctic 568 

lakes and rivers, including both partial photooxidation (which we do not account for here) and 569 

complete photooxidation. Our results additionally may help reconcile the differences in 570 

conclusions between Cory et al. (2014) and Rocher‐Ros et al. (2020). The latter compared the 571 

photooxidation rates measured by Cory et al. (2014) from June-October 2011-2013 with two 572 

weeks of metabolism measurements for the same Arctic rivers in July 2018 and found that 573 

respiration fluxes were an order of magnitude larger than photooxidation fluxes, i.e., 𝜌𝑝 was much 574 
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smaller than Cory et al. (2014) determined. Our highly flow-dependent results indicate that the 575 

seemingly contradictory findings of Cory et al. (2014) (high 𝜌𝑝) and Rocher‐Ros et al. (2020) (low 576 𝜌𝑝) may be reconciled by temporal differences in flows and associated water residence times in 577 

the sampling periods that do not overlap, where differences in 𝜌𝑝 across flows can be especially 578 

exaggerated at low DOC concentrations in small streams and rivers that have little or no canopy 579 

cover. Discharge data from both studies would be needed to evaluate this hypothesis. 580 

 581 

While the photomineralization areal fluxes in lakes are on average an order of magnitude larger 582 

than in rivers, biomineralization fluxes in lakes are two orders of magnitude larger than in rivers, 583 

corresponding to the same difference in orders of magnitude in residence time between rivers and 584 

lakes (Fig. 2a, S3). Biomineralization can be much larger in lakes than rivers because it is not light-585 

limited and can occur below the photic zone. Conversely, photomineralization in lakes is limited 586 

to the photic zone. Lakes are deeper than the photic zone more often than rivers, and so their 587 

additional depth does not often allow for much higher fluxes than in rivers for a similar surface 588 

area. As a result, 𝜌𝑝 in lakes is much smaller than in rivers (Fig. 2b), averaging 0.18 (median = 589 

0.05) in August at Q50 flows and rising only to 0.22 (median = 0.07) in February when 590 

biomineralization is suppressed by cold temperatures. The difference in 𝜌𝑝 across flow scenarios 591 

is close to 0 in lakes on all stream orders, with low variability, and rising only slightly in lakes on 592 

larger stream orders (Fig. 2c). This lack of change across flow scenarios is because changes in 593 

flow, velocity, and volume do not alter the surface area of lakes as much as they do in rivers, and 594 

thus the surface area (and near-surface DOC) available for sunlight to photooxidize remains 595 

relatively constant.  596 

 597 
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3.3 Relative water column DOC elimination 598 

Despite having shown that photomineralization can be important in river networks relative to 599 

biomineralization, its importance is close to negligible relative to the magnitude of DOC fluxes in 600 

both lakes and rivers. Maavara et al. (2021) considered the importance of photomineralization in 601 

the Connecticut River watershed’s river reaches in terms of its ability to eliminate DOC from the 602 

water column and found that per-reach removal (Ri, Eq. 13) was 0.026-0.18% of the DOC flux at 603 

median flows. They concluded that relative to the magnitude of DOC transport fluxes, 604 

photomineralization is a negligible DOC consumption term in river reaches, as short residence 605 

times do not allow sufficient time for much complete photochemical transformation to take place. 606 

In this study, we build on the findings of Maavara et al. (2021) by now accounting for 607 

biomineralization in rivers plus both mineralization processes in lakes. Our results show that the 608 

total Ri for photomineralization and biomineralization combined in river reaches is on average 609 

0.003 (i.e., 0.3%) at Q50 in August (Table 2). We calculate average lake segment eliminations (Ri, 610 

Eq. 13 and 15) at Q50 flows of 0.039 (i.e., 3.9%) in August, with nearly 96% of this elimination 611 

from biomineralization (Table 2).   612 

 613 

The overall trend for lake segment Ri increases according to a power law relationship as residence 614 

time increases, reaching more than 0.2 at residence times of 800-1000 days (Fig. S7). At median 615 

flows, 𝑘𝑟 in Connecticut River watershed lakes averages 0.013 day-1 in August and 0.0014 day-1 616 

in February, and is higher at high flows (Table 2). For similar 𝑘𝑟 values, the Ri output by our model 617 

for lakes is lower than the power relationship modeled in Hanson et al. (2011), where Ri was above 618 

0.7 in lakes with residence times of about one year. However, it is difficult to directly compare our 619 

results with theirs as they model lakes with residence times on the order of years, while we model 620 
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lakes with residence times on the order of 100 hours, with only a few lake segments exceeding 1 621 

year residence time (Section S3, Fig. S3b). Our extended analysis shows here that while 622 

photomineralization fluxes in lakes are one to two orders of magnitude larger than in rivers on 623 

average, photomineralization is even less important relative to DOC transport fluxes through lakes, 624 

with Ri values that never exceed 0.01 (1%) at residence times of 1000 days in any season (Fig. S7).  625 

 626 

Across flows, riverine per-reach Ri is highest in low stream orders and decreases exponentially as 627 

stream order increases (Fig. 3a, d, g). However, we see that this trend does not arise due to a 628 

meaningful change in the magnitude of the total mineralization flux, which remains relatively 629 

constant per unit surface area across stream orders (Fig. 3b, e, h). As discussed in Section 3.1, 630 

biomineralization fluxes decrease with stream order due to the ageing of DOC and the associated 631 

decrease in 𝑘𝑟, while photomineralization fluxes generally increase, driving relatively constant 632 

total mineralization fluxes with stream order. The decrease in Ri therefore reflects the increase in 633 

DOC flux moving through each reach as stream order increases rather than a decrease in the size 634 

of the mineralization reaction flux. Note that the increase in total available DOC per stream reach 635 

does not follow trends in DOC concentration (Fig. S3c-h); higher order reaches are wider and 636 

deeper and thus can carry a larger total mass of DOC, which accumulates from upstream to 637 

downstream as terrestrial and autochthonous DOC is added at a rate that exceeds mineralization 638 

rates (Table 2). As flows increase, the magnitude of the total mineralization flux increases across 639 

all stream orders (Fig. 3b, e, h), mostly reflecting the increase in biomineralization with flow 640 

(Section 3.1). 641 

 642 
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The similar total mineralization fluxes across stream orders arises because of changing importance 643 

of biomineralization compared with photomineralization (Fig. 3c, f, i). At Q98 flows, the proportion 644 

of total mineralization from photomineralization, 𝜌𝑝, is lowest in first order streams (median = 645 

0.22) and increases to 0.9 and above in 4th-order rivers and higher. At higher flows, 646 

photomineralization becomes less important relative to biomineralization at all stream orders, due 647 

to higher DOC concentrations and associated light extinction as well as a greater proportion of the 648 

DOC occurring below the photic depth, with 𝜌𝑝 peaking in 6th-order streams. The maximized 𝜌𝑝 649 

in 6th-order rivers reflects the interplay between areal biomineralization fluxes, which generally 650 

decrease as stream orders increase due to DOC ageing, especially at low flows, and areal 651 

photomineralization fluxes, which generally increase up to 6th order before plateauing (with 652 

exceptions at low stream orders in high flows, see Maavara et al. (2021) for details). Below 6th-653 

order, biomineralization of fresh DOC dominates while photomineralization is limited by 654 

shallower stream depths, higher canopy cover, and low DOC availability. As flows increase in 6th-655 

order rivers and above, 𝜌𝑝 decreases because enhanced mobilization of fresh terrestrial material 656 

increases the overall freshness of DOC, driving higher biomineralization fluxes per unit area (Fig. 657 

3). 658 
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 659 
Figure 3: Relative elimination (Ri) (panels a, d and g), total mineralization (panels b, e, and h), 660 

and the proportion of total mineralization from photomineralization (𝜌𝑝) for Q98 flows (panels a-661 

c), Q50 flows (panels d-f), and Q2 flows (g-i), for riverine reaches in the Connecticut River 662 

watershed. 663 

 664 

3.4 Whole watershed DOC uptake 665 

Using CUPS-OF-DOC, we can conceptualize DOC sources and uptake across the watershed (Fig. 666 

4), building on the framework for drainage network ecological dynamics across stream orders and 667 

flows formalized in the River Continuum Concept (Vannote et al., 1980). Notably, the model 668 

summarizes the general lack of change in the absolute magnitude of total mineralization across 669 
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stream orders (Fig. 3b, e, h), with stream order-specific Ri changing in response to an increased 670 

DOC flux through each reach, perpetuated by a surplus of DOC added to the river network via 671 

terrestrial loading and GPP, relative to the amount of uptake (Table 2), rather than a change in 672 

DOC uptake reactivity. We note that our hydrologic and biogeochemical conceptualizations do 673 

not explicitly account for loss or addition of DOC via groundwater discharge or recharge in 674 

specific stream reaches. While our calibration of terrestrial loading implicitly accounts for 675 

terrestrial DOC sources via groundwater intrusion, it only reflects the extent of groundwater 676 

infiltration in the calibration reaches and applies these dynamics to the whole watershed (Section 677 

S2). In reaches with high groundwater recharge, Ri may be underestimated by our model, as we 678 

are not accounting for a groundwater DOC sink term, and vice versa in groundwater discharge 679 

reaches where we are not accounting for a DOC source term. Our conceptual model emphasizes 680 

the proportional increase in magnitude of the total mineralization flux at low and high stream 681 

orders as flows increase, while illustrating how the interplay between biomineralization and 682 

photomineralization drive 𝜌𝑝 differently across flows and orders. Fig. 4 shows that terrestrial DOC 683 

loading (normalized by adjacent contributing area, 𝑡𝑒𝑟𝐴,𝑖) is nearly constant across stream orders, 684 

but again increases universally as flows increase. Thus, when considering total mineralization, 685 𝑡𝑒𝑟𝐴,𝑖 , and GPP, only GPP changes significantly along the river network from low to high order, 686 

becoming important enough in high order streams at low flows to result in net autotrophy (P/R > 687 

1) (Hosen et al., 2019). 688 

 689 

The overall importance of photomineralization in terms of whole watershed DOC uptake increases 690 

in the winter when respiration fluxes are suppressed, with riverine and lake photomineralization 691 

maximized at Q98 flows in February, accounting for 69.9% and 9.6% of the total DOC uptake, 692 
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respectively (Table 2, Fig. 4).  Average lake and river 𝑘ψ values are highest in winter low flow 693 

conditions (Table 2), with average riverine 𝑘ψ exceeding lake 𝑘ψ in all conditions, due mainly to 694 

the absence of much canopy cover and shallow river depths. Despite the higher relative importance 695 

of photomineralization in the winter at low flows, the overall magnitudes of DOC being taken up 696 

during these conditions is the lowest compared with summer months and higher flows (Table 2), 697 

because of lower DOC availability from low terrestrial and GPP sources fluxes (Table 2). 698 

Regardless of flow, however, in February photomineralization in rivers always accounts for at 699 

least half of the whole-watershed DOC uptake. Overwhelmingly, summer DOC uptake is 700 

dominated by lake biomineralization, accounting for 80±1% of total uptake across all flows. River 701 

biomineralization and lake photomineralization represent the lowest pathways of whole watershed 702 

DOC uptake across flows and seasons, with lake photomineralization never exceeding 10% of the 703 

total uptake, and river biomineralization maximized at 11.5% of uptake in summer at Q2 flows, 704 

due to warm water temperatures and ample fresh DOC (Table 2). Interestingly, average kr values 705 

in rivers exceed those in lakes in all conditions (Table 2), indicating that the residence time control 706 

on biomineralization outweighs the DOC lability control, which in turn results in higher absolute 707 

and relative DOC biomineralization fluxes in lakes than rivers in all conditions. 708 
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Our results show that lakes do not clearly fit into the River Continuum Concept framework for 709 

DOC biogeochemistry, but rather could be considered as “nodes” of variable reactivity dependent 710 

on the water residence time rather than stream order (a proxy for size) and flow. While large lakes 711 

do tend to occur more often on high stream orders, residence times can vary substantially across 712 

stream orders as they depend on both flow and lake volume, and the anthropogenic nature of 713 

reservoirs further complicate any potential lake-stream order relationships that may exist. Given 714 

the disproportionately large magnitude of summer GPP and respiration fluxes in lakes compared 715 

with rivers, whole-watershed frameworks for river network biogeochemical and ecological 716 

dynamics cannot neglect to consider the interconnectedness of lakes and rivers along the aquatic 717 

continuum. For example, of the whole-watershed DOC uptake taking place in August at Q50 flows, 718 

82.7% takes place in lakes (Table 2), despite accounting for 5.5% of the total open water surface 719 

area within the watershed (Table S2).  720 

Table 2: Summary of model outputs for the whole Connecticut River watershed, including total source and sink fluxes by each 

mechanism for all rivers and all lakes, percentage of the uptake via each mechanism, average per-reach elimination (Ri) for the 

whole watershed in lakes or rivers, and average watershed 𝑘ψ and kr for rivers and lakes. Results are given for median and 

extreme flow scenarios in August and February. 

Description of flux or parameter Q98 Q50 Q2 

February August February August February August 

Lake GPP flux (mg-C day-1) 3.5 x 109 1.8 x 1011 7.8 x 109 3.4 x 1011 3.7 x 1010 1.5 x 1012 

River GPP flux (mg-C day-1) 1.2 x 109 2.1 x 1010 2.4 x 109 2.6 x 1010 8.3 x 109 6.6 x 1010 

Lake terrestrial load (mg-C day-1) 5.9 x 109 6.6 x 109 3.1 x 1010 5.3 x 1010 3.8 x 1011 6.4 x 1011 

River terrestrial load (mg-C day-1) 6.9 x 1010 8.4 x 1010 3.0 x 1011 5.4 x 1011 3.5 x 1012 6.4 x 1012 

Total watershed DOC source flux (mg-C day-1) 8.0 x 1010 2.9 x 1011 3.4 x 1011 9.6 x 1011 3.9 x 1012 8.6 x 1012 

Lake photomin (mg-C day-1) 2.9 x 107 1.4 x 108 9.9 x 107 4.0 x 108 6.9 x 108 2.3 x 109 

River photomin (mg-C day-1) 2.1 x 108 3.5 x 108 7.4 x108 1.2 x 109 4.1 x 109 5.7 x 109 

Lake biomin (mg-C day-1) 5.7 x 107 2.4 x 109 2.5 x 108 8.6 x 109 2.9 x 109 8.4 x 1010 

River biomin (mg-C day-1) 4.6 x 106 8.4 x 107 3.0 x 107 6.9 x 108 5.2 x 108 1.2 x 1010 

Total watershed DOC uptake (mg-C day-1) 3.0 x 108 3.0 x 109 1.1 x 109 1.1 x 1010 8.2 x 109 1.0 x 1011 

% of total watershed uptake via lake photomin 9.6% 4.7% 8.9% 3.7% 8.4% 2.2% 

% of total watershed uptake via river photomin 69.9% 11.8% 66.1% 11.0% 50.0% 5.5% 

% of total watershed uptake via lake biomin 19.0% 80.7% 22.3% 79.0% 35.3% 80.8% 

% of total watershed uptake via river biomin 1.5% 2.8% 2.7% 6.3% 6.3% 11.5% 

Average lake elimination (Ri, unitless) 0.0056 0.047 0.0045 0.039 0.003 0.022 

Average per-reach river elimination (Ri, unitless) 8.6 x 10-4 0.0035 5.9 x 10-4 0.003 3.1 x 10-4 0.002 

Average lake 𝑘ψ (day-1) 0.051 0.022 0.024 0.010 0.013 0.0058 

Average river 𝑘ψ (day-1) 0.087 0.037 0.076 0.033 0.067 0.029 

Average lake kr (day-1) 5.9 x 10-4 0.0051 0.0014 0.013 0.0028 0.029 

Average river kr (day-1) 0.0021 0.022 0.0044 0.046 0.0080 0.084 
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 721 
Figure 4: Conceptual model of growing seasonal riverine DOC dynamics at low and high flows 722 

according to stream order, as in the River Continuum Concept.  723 

4. Implications and Conclusions 724 

The CUPS-OF-DOC model enables a more unified theory of river network controls on DOC 725 

biogeochemical cycling across spatial and temporal scales. Because river/lake network 726 

morphometry constitutes the backbone of our model, it therefore exerts a fundamental control on 727 

the eventual sources, sinks and fluxes of DOC. In this study, we have focused specifically on 728 

presenting drivers of DOC uptake in rivers and lakes, as contextualized by the flux of total DOC 729 

moving through a watershed, and the relative importance of uptake mechanisms for ecosystem 730 

metabolism. We have shown that the relative elimination of DOC via mineralization, Ri, in rivers 731 

decreases with stream order, despite the near-constant total mineralization flux through stream 732 

orders.  733 

 734 
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We show that lake biomineralization dominates DOC uptake across flows in the summer, 735 

accounting for 80% of all watershed uptake in August, despite representing <6% of the watershed 736 

open water surface area. This finding strongly implies that research focusing on watershed carbon 737 

dynamics can no longer treat lakes and rivers as separate components, as has been frequently the 738 

norm. Large-scale watershed models that predict carbon dioxide or methane emissions from 739 

headwaters to the outlet but skip over the impacts of lakes in their downstream flux calculations, 740 

are missing the majority of DOC uptake in watersheds. The consequence of this oversight could 741 

either be underestimating the magnitude of DOC sources to fit observed data, or overestimating 742 

greenhouse gas emissions because calculated fluxes are too high.  743 

 744 

We also show that in cold weather and especially at low flows, photomineralization in both rivers 745 

and lakes becomes more important in terms of whole watershed DOC uptake, accounting for close 746 

to 79.5% of all watershed DOC uptake in February at Q98 flows, and at least 50% in February 747 

across all flows. Photomineralization is maximized when shallow river depths and low DOC 748 

concentrations allow most or all of the water column DOC to be exposed to sunlight, and in winter 749 

months when canopy cover is low. Studies focused on temperate watershed DOC uptake, 750 

particularly in rivers, cannot neglect or assume negligible photomineralization compared with 751 

respiration. Our results also indicate that flow can dramatically alter the proportion of total 752 

mineralization that is from photomineralization, suggesting that temporally limited data cannot be 753 

used to draw year-round conclusions regarding the relative importance of each mineralization 754 

mechanism or overall ecosystem metabolism. 755 

 756 



 38 

Our model output shows that photomineralization is the dominant uptake mechanism in the river 757 

reaches of this temperate, forested watershed, with relative photomineralization (𝜌𝑝) maximized 758 

at low flows in 6th-order rivers. Our results suggests that river mineralization studies which focus 759 

exclusively on respiration are probably failing to account for a large portion, if not a majority, of 760 

the total riverine mineralization taking place. Based on our findings showing that 761 

photomineralization is especially important in winter in small streams at low flow, we hypothesize 762 

that photomineralization represents an even more dominant contributor to total mineralization in 763 

boreal and Arctic streams. Using a network-scale model like CUPS-OF-DOC, we have shown that 764 

robustly incorporating seasonality and flow differences into analyses of DOC uptake can help 765 

potentially reconcile existing, seemingly contradictory field studies, providing a larger context for 766 

the contributing drivers of photomineralization vs. biomineralization.  767 
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