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Key Points 18 

 19 

• Modeled dissolved organic carbon export was 18.4 Tg C yr-1 (median) from 1982-20 
2019 for the six largest Arctic Rivers  21 
 22 

• Proportional contributions of chromophoric to total dissolved organic carbon 23 
(CDOC & DOC) are positively correlated with water discharge 24 

 25 

• Increasing discharge and shifting seasonality, independent of other factors, would 26 
have increased CDOC and DOC export from 1982-2019 27 

28 
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Plain Language Summary 29 

The Arctic is undergoing rapid warming with widespread environmental changes across 30 
ecosystems, and the Arctic Ocean is surrounded by land that is drained by some of the largest river 31 
systems in the world. These rivers export globally important amounts of dissolved organic carbon 32 
(DOC) to the Arctic Ocean, which primarily comes from the breakdown of plant material in soils 33 
and freshwater systems. A large portion of this DOC is chromophoric or “colored”, absorbing light 34 
that makes it visible to the naked eye (think of a coffee-colored lake or a cup of tea). This light 35 
absorption impacts the aquatic ecosystem by decreasing light for algae to grow in the water and 36 
absorbing heat, among other potential ecosystem effects. Model estimates from 2009-2019 during 37 
the observational period across the six largest Arctic Rivers show little if any trend in total and 38 
chromophoric dissolved organic carbon loading. However, hindcast estimates of total and 39 
chromophoric DOC from 1982 to 2019 show that historical changes in the magnitude and 40 
seasonality of river water discharge had the potential to substantially alter inputs of this colored 41 
carbon to the ocean, especially in the months of November-April (winter).  42 

43 
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Abstract 44 

Long-term increases in Arctic river discharge have been well documented, and observations in the 45 
six largest Arctic rivers show strong positive correlations between dissolved organic carbon (DOC) 46 
concentration, river discharge, and chromophoric dissolved organic matter (CDOM) content. Here, 47 
observations of DOC and CDOM collected from 2009-2019 by the Arctic Great Rivers 48 
Observatory were used to estimate chromophoric DOC (CDOC) concentrations in the Kolyma, 49 
Lena, Mackenzie, Ob’, Yenisey, and Yukon Rivers. All rivers but the Mackenzie showed 50 
significant positive correlations between annual watershed runoff and the proportion of the DOC 51 
that is chromophoric. Historical estimates of DOC and CDOC export were calculated for 1982-52 
2019 by extrapolating the DOC and CDOC concentration – discharge relationships from 2009-53 
2019 as a hindcast modeled estimate. For the six rivers combined, modeled DOC and CDOC 54 
export increased, but CDOC increased faster than total DOC. The Lena and Ob’ Rivers showed 55 
significant increases in DOC export individually, with annual trends of 39.1 and 20.4 Gg C yr-56 
1 respectively. November-April (winter) DOC and CDOC export increased in all rivers but the 57 
Yenisey, with the hindcast winter Kolyma export increasing by more than 20% per decade.  There 58 
were no significant trends in discharge or associated DOC and CDOC fluxes during the 59 
observational period from 2009-2019; only when hindcasted values driven by changes in river 60 
discharge were analyzed did trends in DOC and CDOC emerge. This demonstrates how shifting 61 
seasonal distributions and increases in discharge can drive changes in DOC and CDOC 62 
concentrations and export, independent of other environmental factors.63 
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 64 

1. Introduction 65 

 The Arctic is among the fastest warming regions on Earth (Serreze and Barry, 2011) and 66 

widespread climate induced environmental changes are detectable on land and in the ocean. Winter 67 

sea ice volume and extent are declining (Peng and Meier, 2018; Stroeve and Notz, 2018), thawing 68 

permafrost is releasing reactive and compositionally distinct carbon stores into inland waters (e.g., 69 

Fouché et al. 2020; Spencer et al. 2015; Ward et al. 2017; Wild et al. 2019), terrestrial plant 70 

communities and biomass are changing in the ice-free months (Myers-Smith et al. 2020; Berner et 71 

al.  2020), and river discharge is increasing (Durocher et al. 2019; Feng et al. 2021; McClelland et 72 

al. 2006; Peterson et al. 2002). Furthermore, the Arctic Ocean is shallower and receives a much 73 

greater proportional volume of river water than other major ocean basins (McClelland et al. 2012) 74 

Thus, quantifying and understanding the connections between river hydrology, ocean 75 

biogeochemistry, and the coastal carbon cycle has implications throughout the Arctic. The 76 

widespread environmental changes are likely altering multiple aspects of the Arctic carbon cycle, 77 

having implications for the region and global carbon budgets and carbon-climate feedbacks.  78 

Arctic rivers export organic matter that includes a plethora of terrestrially sourced material, 79 

including an annual average flux of 34-38 Tg C of dissolved organic carbon (DOC) (Holmes et al. 80 

2012). Approximately half of the annual total DOC export (18.1 Tg C) originates from the six 81 

largest rivers (listed in descending order by mean annual Q): the Yenisey, Lena, Ob’, Mackenzie, 82 

Yukon and Kolyma (Holmes et al. 2012). Although the DOC flux only equates to ~10% of the 83 

satellite estimated annual Arctic marine net primary production (Lewis et al. 2020), there are 84 

undoubtedly direct and indirect influences of riverine DOC export on the net carbon balance of the 85 

Arctic marine environment (Drake et al. 2018; Hessen et al. 2010; Terhaar et al. 2021). Q and 86 

DOC concentration are positively correlated in the six largest Arctic rivers (Holmes et al. 2012), 87 

and thus increasing annual Q is expected to be accompanied by increasing DOC export (the 88 

product of DOC concentration and Q). DOC-Q relationships may be affected by long-term 89 

permafrost thaw, vegetation shifts, and many other factors driven by climate change, but positive 90 

relationships between DOC concentration and water discharge found in the Arctic, and a majority 91 

of large rivers throughout the world (Raymond and Spencer 2015), suggest that discharge will 92 

continue to serve as a key predictor of DOC concentrations in Arctic rivers in the future.  93 
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Accompanying a potential change in total DOC export (and concentration) with increased 94 

warming and river flow is the inherent molecular-level complexity of the total DOM pool that is 95 

fundamentally related to the terrestrial source and in-water processing from soils to sea (Amon et 96 

al. 2012). Chromophoric dissolved organic matter (CDOM), or the portion of DOM that absorbs 97 

UV-visible light, has been shown to be strongly linearly correlated to DOC concentration in Arctic 98 

rivers (Stedmon et al. 2011; Mann et al. 2016; Novak et al. 2022). CDOM spectra can offer insight 99 

into the bulk composition of an individual riverine sample such as molecular weight and 100 

aromaticity (Helms et al. 2008; Weishaar et al. 2003), as well as biomarkers such as the lignin 101 

content as an unambiguous tracer of vascular plant inputs (e.g., Spencer et al. 2008; Mann et al. 102 

2016). In addition, the absorbance of light by CDOM can have widespread carbon cycle impacts 103 

because of the potential for photochemical reactions in Arctic rivers and the receiving coastal 104 

ocean (Osburn et al. 2009; Ward et al. 2017; Grunert et al. 2021), and by decreasing the amount 105 

of light available for phytoplankton growth (Clark et al. 2022). DOC and CDOM can potentially 106 

be transported far afield in the ocean, and the total annual export from the six largest rivers is ~6 107 

times greater (~15 Tg C) than the annual particulate organic carbon (POC) flux (McClelland et al. 108 

2016).  CDOM also contributes to the heat budget of the Arctic with greater CDOM resulting in 109 

more rapid short-wave radiation absorption which increases sea surface temperatures (Pegau, 110 

2002; Hill, 2008; Granskog et al. 2015). As the numerous complex and interrelated processes that 111 

govern the flux of terrestrial material into riverine systems continue to be affected by climate 112 

change impacts, the DOC-CDOM relationship may shift. Potential changes in DOC-CDOM 113 

relationships can complicate efforts to use remote sensing platforms that can estimate CDOM to 114 

predict DOC concentration in Arctic inland and coastal waters (e.g., Griffin et al. 2018; Matsuoka 115 

et al. 2022; Novak et al. 2022). The relationship between DOC and CDOM optical properties will 116 

be influenced by source and biogeochemical processing but may also change in time due to shifting 117 

hydrology and ecosystem dynamics. Assessing how baseline changes in discharge (i.e., seasonality 118 

and volume) may affect DOC and CDOM in the absence of other confounding factors, such as 119 

shifting land and vegetation processes, is important for predicting future changes in Arctic river 120 

concentration and export with continued warming. 121 

Here, a record of 329 observations of DOC concentration and CDOM absorbance collected 122 

from 2009-2019 by the Arctic Great Rivers Observatory (ArcticGRO) (Holmes et al. 2021a; 123 

2021b), coupled with river discharge records from the furthest downstream locations 124 
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(Shiklomanov et al. 2021) were used to estimate DOC export for the six largest Arctic rivers, the 125 

“Big 6” (Fig. 1). A method that utilized spectral information to derive chromophoric dissolved 126 

organic carbon (CDOC) mass and concentration was implemented to determine chromophoric vs. 127 

total DOC concentration and export over 2009-2019 and hindcast backwards to 1982 utilizing the 128 

river discharge information and the predicted relationship between Q and concentration. Trends 129 

were calculated for each river and the sum total to assess potential discharge-linked changes in 130 

DOC and CDOC concentrations, optical properties, and export. DOC-Q relationships for the 2009-131 

2019 period were used for hindcasting. Holding the DOC-Q relationship constant allowed us to 132 

assess potential effects of changing hydrological seasonality and river discharge volume on total 133 

DOC and CDOC export independent of other climate change impacts. 134 

  135 

2. Study Sites and Methods 136 

 The six largest Arctic rivers (Fig. 1) drain an area of 11.3 million km2 and had a combined 137 

median annual freshwater flow of 2145±120 km3 yr-1 from 1982-2019, which is 41% of the total 138 

mean freshwater export to the Arctic region estimated for all combined watersheds with an area of 139 

22.1 million km2 (Feng et al. 2021). The Yenisey, Ob’ and Lena Rivers have daily gauge records 140 

extending back to 1936, while the Kolyma, Mackenzie, and Yukon have regular records that began 141 

in 1978, 1972 and 1975 respectively. Due to multiple factors, large gaps exist in each gauge record 142 

which can complicate the analysis of seasonal and annual data over long time windows, including 143 

the construction and infilling of reservoirs. All rivers but the Yukon flow directly through deltas 144 

and estuaries into the Arctic Ocean, and the mean coastal currents are northward through the 145 

Bering Strait transporting Yukon River water into the Arctic Ocean (McClelland et al. 2012). 146 

Statistical analysis and trend predictions were limited to years after 1981 because 1982 was the 147 

first year where all the days in each river’s gauge record were recorded. Between 1982-2019, 25 148 

years had complete records for all six rivers, therefore aggregated analysis was based on these 25 149 

years, while analysis on individual rivers used years where all 365 days were measured. This 150 

approach prevents potential artifacts from filling in missing data via interpolation or extrapolation. 151 

DOC, CDOM and many other chemical properties were measured across all seasons under the 152 

ArcticGRO project, and the data and collection methodology are publicly available (Holmes et al. 153 

2021a; 2021b). 154 
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Concurrent measurements of DOC concentration and CDOM absorbance collected from 155 

2009-2019 were used to estimate the CDOC concentration as a fraction of the total DOC pool, 156 

with the non-chromophoric DOC (NCDOC) as the remaining portion (SI Fig. S1). An automated 157 

two-step process was used to filter out anomalous CDOM absorbance spectra, abs(λ), before 158 

converting to Naperian CDOM absorption (a(λ); m-1) which is detailed in the supporting 159 

information (SI). Paired measurements of a(λ) and DOC concentration were combined to estimate 160 

CDOC specific absorption spectra (a*CDOC(λ); m2 g C-1) for each season and each river. Seasonal 161 

observations were sorted into winter (Nov-Apr), spring (May-Jun) and summer (Jul-Oct) 162 

following Holmes et al. (2012). For each seasonal set (denoted by subscript s), ordinary least 163 

squares (OLS) linear regressions of DOC concentration as a function of absorption at 300 nm (a300; 164 

m-1) were estimated using the MATLAB function fitlm.m (Eq. 1) where the y-intercept (𝑁𝐶𝐷𝑂𝐶!%%%%%%%%%%%) 165 

represented the DOC concentration where a300 was 0.0 and operationally defined the mean 166 

NCDOC concentration, and α is the slope of the DOC:a300 relationship (g C m-2). The individual 167 

initial CDOC (iCDOCs) concentration was then estimated as the difference between each DOC 168 

measurement grouped by season (DOCs) and the corresponding 𝑁𝐶𝐷𝑂𝐶!%%%%%%%%%%% (Eq. 2). For each river, 169 

this provided a range of individual estimated iCDOCs and three seasonally constant initial 170 

𝑁𝐶𝐷𝑂𝐶!%%%%%%%%%%% (SI Table S1). 171 

 172 

𝐷𝑂𝐶! = 𝑁𝐶𝐷𝑂𝐶!%%%%%%%%%%% + 𝛼(𝑎300!)                (1) 173 

 174 

𝑖𝐶𝐷𝑂𝐶! = 𝐷𝑂𝐶! − 𝑁𝐶𝐷𝑂𝐶!%%%%%%%%%%%                           (2) 175 

 176 

 𝑎∗𝐶𝐷𝑂𝐶(𝜆)!%%%%%%%%%%%%%%%% =
∑ !(#)%

&'()'%
*
&+,

$
                           (3) 177 

 178 

The iCDOCs estimates and coincident measured a(λ) from ArcticGRO were then used to 179 

derive seasonally averaged  𝑎∗𝐶𝐷𝑂𝐶(𝜆)!%%%%%%%%%%%%%%%% (m2 gC-1), where the mean seasonal 𝑎∗𝐶𝐷𝑂𝐶(𝜆)!%%%%%%%%%%%%%%%% was 180 

the average of each derived estimate grouped by season (Eq. 3). Rather than directly using iCDOC 181 
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as the operational estimate of CDOC for each seasonally grouped set of DOC and CDOM 182 

measurements in the river flux modeling, the spectral information contained in a(λ) was utilized 183 

to better constrain the contribution of different seasonal CDOCs (winter, spring, and summer) to 184 

the total CDOC concentration for each pair of a(λ) and DOC measurements. An iterative linear 185 

least square fitting routine utilizing the full a(λ) (270-700 nm) was employed that predicted the 186 

total known a(λ) as a function of the product of the average seasonal 𝑎∗𝐶𝐷𝑂𝐶(𝜆)!%%%%%%%%%%%%%%%% estimated from 187 

the OLS regressions described above and the unknown seasonal CDOCs concentration (Eq. 4) 188 

(Clark et al. 2019). This was accomplished using the MATLAB curve fitting function lsqnonneg.m 189 

and a three term model to estimate individual concentrations of CDOC (g C m-3). Each CDOC 190 

estimate from the curve fitting routine was a combination of winter, spring, and summer CDOC 191 

operationally defined by the a*CDOC(λ)s. One- and two-component models were also tested but 192 

the three-component model had the best performance as a predictor of the observed a(λ) (see 193 

section 3.1). Each set of estimated CDOC concentrations at each time point were then summed as 194 

the total CDOC for each time point. Finally, individual NCDOC were recalculated as the 195 

difference between measured DOC and the predicted CDOC concentration from Eq. 4 to yield a 196 

time varying NCDOC for each river. The measured DOC and estimated CDOC and NCDOC 197 

values were then assembled into input files for use in the United States Geological Survey (USGS) 198 

Load Estimator (LOADEST) river mass flux prediction software (Runkel et al. 2004).  These 199 

concentration estimates can also be used for other types of mechanistic models that require 200 

concentration as a state variable to drive numerical equations of transport and biogeochemical 201 

reactions.  202 

 203 

𝑎(𝜆) = 𝑎∗𝐶𝐷𝑂𝐶(𝜆)!	%%%%%%%%%%%%%%%%%(𝐶𝐷𝑂𝐶)              (4)    204 

 205 

 A 100-member ensemble modeling approach for each river was used to assess the variance 206 

in predicted loads with different sets of inputs of concentration and Q and to offer 100 separate 207 

estimates of predictions for each river. For each model run, 80% of each set of measurements was 208 

randomly sub-sampled to generate the LOADEST estimate. The 100 sets of predictions were then 209 

used to provide a range of estimated mass and concentration for each river for each year. This 210 
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methodology is similar to the bootstrap method, and the median values were similar to those 211 

produced using all measurements as the input for one LOADEST simulation. This method 212 

provides a range of potential values for each variable and year to show the variance of estimates 213 

through time. All measurements were taken after 2008 and therefore estimates of past 214 

concentration assumes that the relationship between concentration and Q has not changed 215 

substantially from 1982-2019; any past estimated loads and emergent trends are therefore due to 216 

variation in the hydrographs (i.e., amount of water and seasonality of its flux). This method 217 

inherently excludes changes in concentration and Q due to environmental processes such as 218 

changing source concentration and composition, or inputs of DOC with increased warming and 219 

vegetation greening. We have leveraged this modeling constraint to isolate and evaluate expected 220 

changes in DOC fluxes that can be directly attributed to changes in quantities and seasonal 221 

distributions of Q. Our approach has the added benefit of being relatively simple to implement 222 

whereas more complex models that attempt to represent changing environmental drivers (that are 223 

likely unconstrained in the distant past) can rapidly become complex. Mann-Kendall trend analysis 224 

using the MATLAB file exchange package ktaub (Burkey 2006) and Theil-Sen’s slope regression 225 

were calculated to estimate trends and statistical significance for each river and in total and Mann-226 

Kendall p-values are reported for significance levels (see SI for details on trend analysis and 227 

specific configuration of the LOADEST model). 228 

                           229 

3. Results and Discussion 230 

3.1 Inter-River Variation in DOC and CDOM, 2009-2019 231 

 The greatest average annual DOC watershed yield was 2.5 g C m-2 yr-1 in the Lena River 232 

Basin followed by the Yenisey and Yukon Rivers (Fig. 1). There is substantial variation in 233 

measured DOC concentration and a(λ), but all rivers exhibited characteristic seasonality with the 234 

greatest DOC concentration and a(λ) in the spring and summer when flows were highest. Annually 235 

averaged a300 was greatest in the Lena and the Ob’ and lowest in the Mackenzie, while the DOC 236 

to a300 ratio was highest in the Kolyma and Lena Rivers, followed by the Yukon (SI Table S1). 237 

There was a significant (p<0.05) positive correlation between DOC concentration and a300 for all 238 

rivers in all seasons (Fig. 2a-f), but the DOC: a300 ratio (slope of each linear regression) and the 239 

non-chromophoric DOC (y-intercept) varied seasonally and between rivers (SI Table S1). On 240 
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average, measured DOC and a300 were 155±44% and 218±69% greater in the spring relative to the 241 

summer. Spring DOC and a300 were 203±53% and 429±162% greater than winter DOC indicating 242 

that the total DOC pool is strongly enriched in CDOM during the freshet season months when 243 

runoff is greatest (SI Fig. S2). The greatest percent difference between mean seasonal DOC and 244 

a300 was in the Kolyma (205% and 296% in DOC and a300 between the spring and summer) and 245 

the Yukon (575% and 255% in DOC and a300 between spring and winter).  This is consistent with 246 

substantial evidence of predominantly surficial flow during spring freshet that transports DOC 247 

enriched in fresh aromatic rich material that is highly light absorbing (Spencer et al. 2009; Holmes 248 

et al. 2012; Raymond et al. 2007; Mann et al. 2016).  249 

iCDOC ranged from 1.3-13.0 g C m-3 across the rivers, and iCDOC was greatest in the 250 

spring for each river but the Ob’, which had a mean iCDOC of 8.8 g C m-3 in the summer (SI Table 251 

S1). When all rivers were combined, the winter, spring, and summer coefficient of determination 252 

(R2) for DOC:a300 was 0.87, 0.87 and 0.88, the slope was 0.18, 0.19, and 0.19 (g C m-2), and the 253 

𝑁𝐶𝐷𝑂𝐶!%%%%%%%%%%% was 2.1, 2.0 and 2.0 (g C m-3). Previous analysis of linear relationships of DOC and 254 

CDOM absorption at 350 nm estimated a greater  𝑁𝐶𝐷𝑂𝐶!%%%%%%%%%%% (2.41±0.23 g C m-3) and a steeper linear 255 

slope (0.34±0.01) for all rivers (Mann et al. 2016). The lower NCDOC presented here logically 256 

follows with the use of the shorter cutoff wavelength (300 vs. 350 nm) which was chosen because 257 

it reduced the uncertainty in the linear least squares fitting routine by up to 42%. The large 258 

proportion of the total DOC that is CDOC is consistent with molecular level and biomarker 259 

evidence (Spencer et al., 2008; Behnke et al., 2021) and the strong relationship between DOC and 260 

a300 is indicative of similar environmental control of DOC and CDOM source. 261 

 The mean seasonal mass-specific CDOC absorption, 𝑎∗𝐶𝐷𝑂𝐶(𝜆)!%%%%%%%%%%%%%%%%, is a relative measure 262 

of the UV-Visible light absorption capacity of the chromophoric portion of the total DOC pool 263 

(Fig. 2g-l). A greater 𝑎∗𝐶𝐷𝑂𝐶(𝜆)!%%%%%%%%%%%%%%%%	implies there are relatively greater proportions of efficiently 264 

absorbing compounds and/or molecular structures, whereas a lower 𝑎∗𝐶𝐷𝑂𝐶(𝜆)!%%%%%%%%%%%%%%%%indicates less 265 

efficient absorption by the CDOC pool. a*CDOC at 300 nm, a*CDOC(300), was greatest in the 266 

spring (6.15±3.5 m2 g C-1) on average and had the largest variance among rivers. If the Mackenzie 267 

is omitted due to the large variance and relatively poor DOC:a300 linear relationship (SI Table S1), 268 

mean a*CDOC(300) was 5.09±1.52, 5.53±1.73 and 5.41±1.37 (m2 g C-1) in the winter, spring and 269 

summer. Emerging from the absorption spectrum analysis is the seasonal variance in S275-295, which 270 
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is greatest in the winter and lowest in the spring for all rivers (Fig. 2g-l). S275-295 is strongly 271 

negatively correlated to carbon normalized lignin yields in the six rivers (Mann et al. 2016) and 272 

lower S275-295 corresponds with higher molecular weight DOC (Helms et al. 2008). The seasonal 273 

variance of each river’s spectra and concentration qualitatively corresponds to the hydrophobic 274 

organic acid (HPOA; a measure of aromatic compounds) fraction and the specific UV absorption 275 

measured at 254 nm (SUVA254) in 2009-2010 (Mann et al. 2016). The shallower S275-295 in spring 276 

and the enrichment of CDOC is evidence of efficiently absorbing material derived from vascular 277 

plants. This suggests that, a priori, CDOC is qualitatively related to biomarkers such as lignin 278 

phenols and molecular level markers of terrestrial material such as condensed aromatics and 279 

polyphenolics (Behnke et al. 2021). 280 

Although some river spectra are similar in magnitude and shape across seasons (e.g., 281 

Kolyma and Ob’), seasonally separating each set of spectra and DOC measurements to derive 282 

a*CDOC(λ) allowed for the most accurate mathematical reconstruction of the a(λ) and derivation 283 

of the final CDOC concentration. Model residual analysis indicated that across the spectra and for 284 

each river, the three-component seasonal model was much better at recreating the full observed 285 

a(λ) spectra (Fig. 3). Compared to a two-component model the sum of the square of the residuals 286 

of estimated a355 nm was reduced by 76-95%. Therefore, the representation of the CDOC pool as 287 

a combination of “winter base flow”, “spring runoff” and “summer intermediate” was appropriate. 288 

CDOC made up most of the DOC pool in all the rivers except the Mackenzie, with median CDOC 289 

concentration comprising 74%, 73%, 43%, 69%, 56% and 68% for the Kolyma, Lena, Mackenzie, 290 

Ob’, Yenisey and Yukon Rivers (Fig. 2, third row). The fraction of the total DOC that is 291 

chromophoric varies seasonally as well (Fig. 2, third row inset) with all rivers but the Mackenzie 292 

exhibiting a peak of CDOC around the spring freshet followed by variations through the summer 293 

and into the fall. The Lena and Yenisey had the least amount of seasonal variation, and Lena 294 

CDOC made up a larger portion of the total DOC across all months. There were prominent 295 

secondary peaks in the Lena and Yukon CDOC which is due to the lower a*CDOC(λ) for the 296 

summer and fall for these rivers. This indicates that there is an elevated proportion of the total 297 

DOC that is relatively less enriched in highly absorbing CDOM. Overall, warmer months exhibit 298 

a greater total fraction of CDOC relative to NCDOC, corresponding to the seasonal variation of 299 

specific UV absorption at 254 nm, HPOA’s, and other terrestrial molecules that are characterized 300 

as light absorbing (Behnke et al. 2021; Mann et al. 2016). 301 
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 The Mackenzie is the only river where NCDOC is the majority of the total for more than 302 

half of the year (Fig. 2, lower panel) and is the river with the largest relative open water area (7%) 303 

(Stedmon et al. 2011) and the second largest lake to watershed area ratio (Table 1) (Lehner et al. 304 

2022; Linke et al. 2019). Over half of the watershed resides above Great Slave Lake which has a 305 

residence time of ~16 years (Gibson et al. 2006). The longer residence time allows for more 306 

processing of CDOM and DOC during transit (Liu et al. 2022), allochthonous inputs from the 307 

lentic systems, and the potential for more photochemical degradation of CDOC into NCDOC 308 

(Osburn et al. 2009; Ward et al. 2017). The Mackenzie had the lowest lignin phenol concentration 309 

and carbon normalized lignin yields in 2009-2010 (Mann et al. 2016), but the 𝑎∗𝐶𝐷𝑂𝐶(𝜆)!%%%%%%%%%%%%%%%% 310 

calculated here suggest a highly absorbing, small concentration of CDOC in the spring. The linear 311 

relationship of DOC and a300 was the weakest in the Mackenzie, so further exploration of optical 312 

and molecular signatures of the CDOM pool is needed at the ArcticGRO station and along the 313 

river. 314 

3.2 Effect of increasing annual discharge 315 

 Annual river discharge (Q) increased significantly for the Big 6 from 1982-2019 by 5.46 316 

km3 yr-1 (0.25% yr-1; p=0.01) equating to a median increase of 9.2% in Q (Fig. 4). Annual Q 317 

increased for the Kolyma (0.70 km3 yr-1, 0.72% yr-1; p=0.09), Lena (3.10 km3 yr-1, 0.54% yr-1; 318 

p=0.02), and Ob’ (1.36 km3 yr-1, 0.34% yr-1; p=0.06) Rivers, and while the Mackenzie (0.65 km3 319 

yr-1; p=0.2), Yenisey (0.13 km3 yr-1; p=0.82), and Yukon (0.27 km3 yr-1; p=0.4) Rivers also had a 320 

positive trend in Q, the Theil-Sen’s slope was statistically inconclusive (Fig. 4). This estimate is 321 

slightly less than the estimate of 5.8 km3 yr-1 (p=0.01) for the Arctic Basin from 1975-2015 322 

(Durocher et al. 2019), very similar to the Eurasian River estimate of 5.4 km3 yr-1 estimated from 323 

1965 to 2000 (McClelland et al. 2006), and half of the recent pan-Arctic estimate from combined 324 

model-satellite data products of 11.3 km3 yr-1 from 1984-2018 (Feng et al. 2021). Feng et al. (2021) 325 

used a combined satellite-hydrological model methodology to estimate flow from small streams 326 

to the largest rivers and included 22.1 million km2 of watershed (vs. 11.3 million km2 for the Big 327 

6 watersheds), indicating that small stream flow is a substantial contributor to pan-Arctic river 328 

flow trends. The largest river basins in the system, the Lena and Ob’, form 81.2% of the total 329 

increase of 5.46 km3 yr-1. The Kolyma and Lena have the smallest lake volumes per watershed 330 

area (0.105 and 0.096 m3 m-2) and historically have the coldest annual average air temperatures (-331 
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13.1° and -9.92°) (Table 1) (Linke et al. 2019; Lehner et al. 2022). All of the river watersheds have 332 

a significant surface warming trend across all seasons from 1950-2012, with the greatest rate of 333 

warming occurring in the winter, averaging 0.43 K per decade (GISTEMP, 2023; Lenssen et al. 334 

2019). The Kolyma and Lena have the greatest rate of May-June warming at a rate of 0.38 and 335 

0.36 K per decade which is 48% and 39% faster than the mean of 0.26 K per decade of the other 336 

rivers (Fig. S3) (GISTEMP, 2023; Lenssen et al. 2019).  337 

 For each LOADEST ensemble, all models exhibited a mean percent error of < 2% for the 338 

DOC predictions and estimations of DOC and CDOM absorption showed little bias (SI Fig. S4). 339 

Trend analysis was conducted on the median annual values of each ensemble distribution for each 340 

river, and in total by summing the daily mass estimates to get annual mass flux (export) or taking 341 

each set of daily mass estimates and dividing by the daily river discharge to estimate concentration. 342 

Our total annual river DOC mass flux had a median annual value of 18.4 Tg C yr-1, which was 343 

comprised of 13.2 Tg C of CDOC (Table 2).  Holmes et al. (2012) estimated an annual DOC flux 344 

of 18.1 Tg C yr-1 which shows our model methodology, on aggregate, is consistent when the entire 345 

model period is analyzed and we have extended the estimated time period and included new 346 

observations. Our hindcast annual total DOC flux estimates showed a significant increasing trend 347 

from 1982-2019 with substantial interannual variability of DOC export (Fig. 5a). Total annual 348 

DOC and CDOC mass flux increased by 49.2 and 38.3 Gg C yr-1 (0.27% yr-1 and 0.29% yr-1) 349 

(Table 2) and the maximum DOC and CDOC mass export was 21.8 Tg C and 16.3 Tg C in 2002. 350 

The Lena and Ob’ Rivers each had a statistically significant increase in DOC mass flux, with an 351 

annual trend of 39.1 and 20.4 Gg C yr-1 (Fig. 5c & 5e). The annual percentage increase of CDOC 352 

was marginally greater than DOC in the Lena River (0.68% vs. 0.66%) but substantially greater in 353 

the Ob’ River (0.57% vs. 0.49%) indicating an overall enrichment in CDOC through time. This 354 

equates to an estimated increase of a 3.8% greater proportion of CDOC export from 1982-2019 355 

for the Ob’ River. All other Rivers but the Yenisey had a positive increase in DOC and CDOC 356 

which contributed to the total Big 6 export trend. 357 

3.3 Changing discharge enriches chromophoric dissolved organic carbon 358 

 Hindcast estimates from the Kolyma, Lena, Ob’, Yenisey, and Yukon Rivers each show a 359 

pattern of enrichment of annual DOC export in CDOC as annual discharge increases, indicated by 360 

the darker colored CDOC:DOC ratio at higher annual discharge values (Fig. 5). The Mackenzie 361 
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has an opposite pattern where in lower flow years CDOC is more enriched relative to DOC. The 362 

enrichment in CDOC is less clear in the Lena, but there is a consistent pattern of CDOC enrichment 363 

during high river flow years that manifests in the Big 6 on aggregate (Fig. 5a). There was also a 364 

drop in total river flow and hindcast CDOC:DOC in the Yenisey over the last decade (Fig. 5f). 365 

This suggests that in general, more CDOC is exported during high river discharge years and 366 

especially during peak years (e.g., 2002, 2014, and 2015 in the Big 6). Therefore, as annual river 367 

discharge has also increased in the Big 6 (McClelland et al. 2006; this study), we should expect a 368 

priori relatively more CDOC export as time progresses, in the absence of other drivers of change. 369 

Indeed, we see a small difference between the Big 6 annual CDOC mass flux trend (2.90% per 370 

decade) and DOC mass flux trend (2.67% per decade) but at the individual river level it is more 371 

difficult to detect decoupling between CDOC and DOC mass flux trends through time.  372 

 Hindcast annual mean CDOC to DOC concentration ratio (CDOC:DOC) increased linearly 373 

as a function of annual water yield (discharge divided by watershed area) for each river across the 374 

time series (Fig. 6). The Mackenzie is the exception where CDOC:DOC and annual water yield 375 

had a negative correlation indicative of CDOC dilution at high annual flow rather than enrichment. 376 

This may be a statistical artifact due to the poor CDOM:DOC linear relationship (SI Table S1) or 377 

sampling difficulty in capturing the freshet, which could bias the model prediction. The 378 

CDOC:DOC – water yield relationship was significantly (p<0.05) positively linearly correlated to 379 

annual watershed yield for all rivers but the Mackenzie. As discharge increased in each river, the 380 

fraction of the total DOC that was CDOC increased, and this relationship holds across the time 381 

series and during the observational period of 2009-2019. For the Big 6, there is a significant 382 

positive trend in hindcast DOC (Fig. 7a) and CDOC (Fig. 7b) concentration from 1982-2019 and 383 

CDOC concentration increased at a faster rate relative to DOC. Although CDOC:DOC mass flux 384 

ratio did not significantly increase over the full modeling period (Fig. 7c) there is a positive trend 385 

in the modeled CDOC:DOC concentration ratio since 1982 (Fig. 7d). DOC concentration 386 

increased at a rate of 10.8 mg C m-3 yr-1 and CDOC increased at a rate of 9.6 mg C m-3 yr-1 which 387 

equates to relative rates of 0.18% and 0.25% yr-1. This emergent enrichment of the hindcast DOC 388 

with CDOC is driven by statistically significant increases in the Kolyma, Lena, and Ob’ DOC and 389 

CDOC concentration, with CDOC increasing at a more rapid rate in all three rivers. Total lignin 390 

phenols generally increased with higher runoff for the six rivers and spectral characteristics 391 

indicative of higher total absorption and aromatic molecular composition, such as S275-295 and the 392 
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slope ratio (SR), positively correlate with Q and more surficial flow (Mann et al. 2016; Spencer et 393 

al. 2009). Molecular level composition is also highly seasonal (Behnke et al. 2021) with higher 394 

molecular weight terrestrial compounds indicative of vascular plant inputs more prevalent during 395 

warmer months and overprinted on a more degraded basal DOC pool that is ubiquitous across the 396 

big Arctic rivers. The positive correlation between CDOC:DOC ratio and high river flow and the 397 

significant positive trend in CDOC:DOC ratio over time, on aggregate, indicate that independent 398 

of non-discharge factors that may have altered the CDOC:DOC-Q relationship, changes in 399 

discharge would have pushed Arctic River DOC towards CDOC enrichment over the last four 400 

decades.  401 

While these results address how changes in the quantity and seasonal distribution of river 402 

discharge translate into changes in mass fluxes and chromophoric content of DOC, it is helpful to 403 

consider how other factors may also influence DOC export via changes to the discharge-404 

concentration relationship that are not considered here.  Earlier thawing of the active layer and into 405 

permafrost layers would allow for more subsurface flow earlier in the year not only potentially 406 

releasing carbon stores in the upper soil profile (e.g., Wild et al. 2019), but altering the timing of 407 

when water passes through the landscape into the river channels. Release of particulate organic 408 

carbon (POC) and subsequent hydrolysis during riverine transport may be an additional in-water 409 

source of DOM that manifests downstream (Wild et al. 2019), but the rates of particulate 410 

degradation in the water column and potential release of DOM and DOM enriched in 411 

chromophoric components are poorly characterized. The varied Arctic landscape and the state 412 

factor of the landforms is directly related to the impact of permafrost thaw on the release of DOC 413 

and other material from permafrost into riverine systems (Tank et al. 2020). Thaw of the Yedoma 414 

that is widespread in Siberia is linked to the release of DOC, CDOM and POC into stream networks 415 

(Tank et al. 2020), but much of the released DOM is highly biodegradable (Spencer et al. 2015). 416 

Indeed, the molecular signature of permafrost derived DOC in the Kolyma River is rapidly lost 417 

downstream of inflow locations (Spencer et al. 2015). Alternatively, an increase in median river 418 

depth and more rapid transport once material reaches surface water and river networks because of 419 

increased water discharge volume, may shield DOC and CDOM rich water from degradation by 420 

limiting exposure to warm summer temperatures and sunlight; both important degradation factors 421 

(Ward et al. 2017; Grunert et. al. 2021).  422 
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Shifting plant communities and increasing plant greening (e.g., Myers-Smith et al. 2020) 423 

can alter the hydrology of the system by changing evapotranspiration, and plants can act as a source 424 

of new DOC both directly through leaching and indirectly through senescence and detrital 425 

breakdown. There is evidence of increased plant greening throughout the Arctic (Berner et al. 426 

2020) and increased productivity in delta regions such as the Yukon-Kuskokwim (Frost et al. 2021) 427 

which could export more DOC and potentially CDOM as more atmospheric carbon is fixed in the 428 

plant community. The enhanced greening and a shift from short tundra plant species to tall woody 429 

shrubs could also contribute an altered source of vascular plant derived DOC as these plants 430 

colonize and move into historically tundra regions (Mekonnen et al. 2021). There are many direct 431 

and indirect processes that a changing plant community has on the carbon flux from terrestrial 432 

systems into rivers and beyond and it requires a better mechanistic understanding and 433 

representation to characterize specific drivers of changes in DOC and CDOM in the past and into 434 

the future. Especially challenging is the collinearity of many of these processes which necessarily 435 

requires higher-order statistical techniques and mechanistic models to tease apart. There are few 436 

significant trends in DOC and CDOM since the ArcticGRO sampling began in 2003 even though 437 

there has been noticeable greening as determined by satellite observations (Berner et al. 2020). 438 

Since 2003, only the Ob’ River has a significant (p<0.05) positive trend in Q (4.7 km3 yr-1). This 439 

emphasizes that the long-term change in river flow volume and seasonality is driving the hindcast 440 

trends in DOC. Nonetheless, the manifestation of these large-scale ecosystem changes will likely 441 

impact the net organic carbon flux from terrestrial ecosystems into Arctic rivers. These ecosystem 442 

driven changes in biogeochemistry would act in addition to the hydrologically driven trends as the 443 

timing of discharge has shifted and the annual volume of water has increased in Arctic Rivers.  444 

3.4 Seasonal effects  445 

Hindcast Big 6 winter DOC and CDOC mass flux has significantly increased since 1982 446 

by 12.3 and 9.0 Gg C yr-1 at a decadal rate of 6.4% and 7.8%, respectively (Fig 8a). All rivers but 447 

the Ob’ and Yenisey had a significant increase in winter DOC and CDOC flux and the rate of 448 

increase of winter CDOC flux was greater than that of total DOC and Q (Fig. 8a). Hindcast trends 449 

were greatest for the Kolyma with a decadal rate of increase of 21.2% and 22.5% for DOC and 450 

CDOC flux, followed by the Lena at a rate of 13.4% and 13.5%. The combined effects of 451 

increasing wintertime discharge and increasing hindcast concentration led to the overall greater 452 

trend in DOC and CDOC mass flux in the winter. The spring had a muted response with low 453 
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statistical significance and a large decrease in spring Yenisey CDOC and DOC export nullifying 454 

the modest increases in springtime flux from the other rivers (Fig. 8b). The summed Big 6 export 455 

in the summer increased at a rate of 30.9 Gg C yr-1 for DOC and 20.14 Gg C yr-1 for CDOC (Fig. 456 

8c). In November-April, the consistent inter-river patterns in direction and relative magnitude of 457 

DOC and CDOC flux are strong evidence that increases in wintertime flow was a strong driver of 458 

hindcast increases in annual DOC export. The Kolyma, Lena, and Mackenzie Rivers have seen a 459 

significant increase of 43.5%, 32.0% and 12.8% in median winter DOC watershed yield (g C m-2 460 

yr-1) from 1982-2000 to 2000-2019. The difference from 1982-2000 to 2000-2019 equates to a 461 

median DOC yield increase of 16.3% for the Big 6 when aggregated. There are similar changes in 462 

CDOC yield and CDOC concentration, indicating that shifts in discharge seasonality are a large 463 

driver of the hindcast annual increase in DOC and CDOC flux and concentration.  464 

Measured winter river discharge has increased significantly between 1982 and 2019 for all 465 

rivers but the Yenisey, but the rate of increase is substantially less than that modeled for CDOC 466 

and DOC export over the same period (Fig. 8a). Historically, increases in winter discharge have 467 

been linked to river flow regulation by hydroelectric dams (McClelland et al. 2004) but major dam 468 

construction and reservoir infilling on the rivers analyzed here was largely completed before 1982. 469 

In addition, the Yukon River has the third greatest rate of increase in winter discharge and the 470 

Yukon has virtually no dams that regulate flow (Table 1). This indicates that the presence of dams 471 

likely didn’t impact the seasonal trend analysis here. The total winter discharge has increased by 472 

1.24 km3 yr-1 at a rate of 3.4% per decade, while modeled DOC and CDOC flux increased by 6.4% 473 

and 7.8%. The faster relative rate of increase of DOC relative to river discharge is because of the 474 

positive correlation between discharge and DOC concentration, and the faster rate of increase in 475 

CDOC is due to the further enrichment of DOC with CDOC as flow increases (Fig. 6). Winter has 476 

often been under sampled due to logistical challenges in these remote locations, and historically, 477 

characterizing the bulk of the flux that occurs in spring and summer was prioritized. Total annual 478 

median winter flow (369 km3) is 17.2% of the total annual flow (2145 km3) but accounted for a 479 

relatively outsized increase in the total annual DOC and CDOC export because of the large 480 

proportional changes in hydrology. The winter flow rates are becoming generally more elevated 481 

therefore there are more days where CDOC enriched DOC is being transported by the river water. 482 

A priority moving forward should be to concentrate research efforts in the shoulder months when 483 
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increased river flow and associated increases in carbon export may occur due to the shifting 484 

hydrology.  485 

 486 

Conclusions 487 

This analysis demonstrates how changes in the magnitude and seasonal distribution of river 488 

discharge might have influenced DOC and CDOC export from the six largest Arctic rivers. Model 489 

results show that DOC and CDOC export, as well as the proportion of CDOC to total DOC, can 490 

be driven by changing discharge. The trends reported herein do not account for other factors such 491 

as permafrost thaw and changes in vegetation that may also influence DOC mass fluxes and 492 

composition but do show the strong effects that hydrologic changes alone can have. Hindcast 493 

trends over the study period were most evident in the Kolyma and Lena Rivers, which led to an 494 

overall trend in the six river ensemble. The modeled increase in DOC was generally enriched in 495 

CDOC due to a higher discharge volume in winter, especially during shoulder months. This 496 

coincided with higher relative amounts of CDOC because the greater relative mean discharge is 497 

correlated to a higher CDOC:DOC ratio. There were no significant trends in discharge or 498 

associated DOC and CDOC fluxes during the observational period from 2009-2019; only when 499 

hindcast values driven by longer-term trends in river discharge were analyzed did long-term trends 500 

in DOC and CDOC flux emerge. Moving forward, efforts should be expanded to further include 501 

winter months in field campaigns, especially the shoulder months that are seeing the greatest 502 

proportional increase in river flow. The source and chemical nature and reactivity of the organic 503 

carbon into these systems needs to be further characterized so that realistic mechanistic models 504 

can continue to be developed. If accurate, mechanistic models can explicitly link changing 505 

landscape characteristics and hydrology, all overlayed with rapid regional Arctic climate change, 506 

to altered organic carbon processes. These models must incorporate relationships between 507 

ecosystem processes, landscape state factors and varying landforms, and carbon export into rivers 508 

in order to accurately represent climate change driven shifts in the carbon cycle across the region. 509 

 510 
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Tables 530 

Table 1 Watershed, landcover, and river characteristics from the HydroATLAS global river database for 531 
the six largest Arctic Rivers from the HydroATLAS database (Lehner et al. 2022; Linke et al. 2019).  532 

 533 

HydroATLAS 
Characteristic Kolyma Lena Mackenzie Ob’ Yenisey Yukon Big 6 

Lake Volume per 
watershed area  (m3 m-2 ) 

0.105 0.096 8.24 0.379 40.82 1.51 10.54 

Reservoir Volume per 
watershed area 

(m3 m-2) 

2.75x10-3 0.03 0.23 0.010 0.65 1.60x10-3 0.21 

Regulation (i.e., damming) 12.00 134.7 289.2 437.3 856.5 1.92 288.6 

Terrain Slope (upslope 
degrees) 8.90 6.92 5.16 2.15 6.27 9.83 5.51 

Stream Gradient 

(m km-1) 
10.50 11.80 10.59 4.87 12.05 18.79 10.23 

Average annual air 
temperature (°C) 

-13.10 -9.92 -4.40 -0.036 -5.25 -6.35 -5.20 

Precipitation (mm) 280 385.6 393.8 434.4 443.4 319.2 402.8 

Snow Cover (fraction) 0.62 0.548 0.55 0.47 0.52 0.59 0.53 

Wetland (fraction) 0.20 0.014 0.23 0.13 0.039 0.188 0.12 

Forest (fraction) 0.50 0.72 0.361 0.38 0.67 0.237 0.51 

Permafrost (fraction) 0.99 0.88 0.413 0.094 0.51 0.599 0.49 

Soil Clay (fraction) 0.09 0.11 0.136 0.14 0.12 0.133 0.13 

Soil Silt (fraction) 0.48 0.45 0.39 0.42 0.44 0.43 0.43 

Soil Sand (fraction) 0.43 0.43 0.46 0.44 0.44 0.44 0.44 

Soil Organic Carbon (1000 
kg km-2) 

172.0 144.0 82.9 98.9 110.9 108.3 113.4 

Soil Water (fraction) 0.71 0.72 0.70 0.66 0.71 0.66 0.70 

Human Footprint (HFX) 
(x10)b 

9.00 6.92 4.60 58.23 19.78 4.01 23.40 

 534 

 535 

 536 

537 
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Table 2 Hindcast trend statistics for the Big 6 rivers combined from 1982-2017. The trend is the change 538 
in dissolved and chromophoric dissolved organic carbon (DOC & CDOC) mass flux (Gg C yr-1) and 539 
concentration (mg C m-3 yr-1) and the CDOC:DOC ratio of each quantity. The p-values were calculated 540 
using a z-test that assumes the calculated trends come from a normal distribution with mean of 0 (no 541 
slope). 542 

 
Median 
Value 

Trend Annual % 
Change 

1982-2017 % 
Change 

p (z-test) 

DOC Flux 18.4 Tg C 49.2 Gg C yr-1 0.27 9.3 0.041 

CDOC Flux 13.2 Tg C 38.3 Gg C yr-1+ 0.29 10.2 0.088 

CDOC:DOC Flux 0.72 11.8 0.23 7.9 0.761 

DOC Conc 6.0 g C m-3 10.7 mg C m-3 yr-1 0.18 6.3 0.011 

CDOC Conc 3.9 g C m-3 9.5 mg C m-3 yr-1 0.25 8.6 0.0095 

CDOC:DOC Conc 0.64 0.50 0.08 2.7 0.013 

 543 

544 
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Figure 545 

 546 

Figure 1 A map of the Arctic with each of the Great River watersheds shaded by the estimated mean 547 
dissolved organic carbon yield (g C m-2 yr-1) from 1982-2019. 548 
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Figure 2 (a-f) Dissolved organic carbon (DOC) as a linear function of chromophoric dissolved organic 551 
matter (CDOM) absorption at 300 nm (a300) for each season (1st row) where the color of each diamond 552 
is the runoff (daily discharge per watershed area), (g-l) the mean chromophoric DOC specific absorption 553 
spectra (m2 gC-1) for each season with the spectral absorption slope (μm-1) from 275-295 nm in the 554 
legend for winter (W), spring (S), summer (SS), and total (T), and (3rd row) the total DOC, chromophoric 555 
DOC and non-chromophoric DOC concentration for each river. The inset plots in the 3rd row show the 556 
fractional climatological contribution of chromophoric DOC and non-chromophoric DOC, smoothed with 557 
a 30-day moving average filter. 558 

559 
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 560 

Figure 3 Spectral residual % error for the predicted aCDOM(λ) using Equation 4 from the main text.  1 561 
CDOC refers to a single a*CDOC spectra used to predict the observed aCDOM(λ), 2 CDOC refers to using 562 
2 a*CDOC spectra (winter and combined spring/summer) and 3 CDOC refers to using all 3 seasonal 563 
a*CDOC spectra to predict the observed aCDOM(λ). SSR is the sum of the square of the residuals at 355 564 
nm (the lower the number, the better). 565 
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Figure 4 Time series of the annual river discharge from the sum of the Big 6 rivers and each of the 566 
individual rivers from 1982-2019. The Big 6 total is from 1982-2017 because the Mackenzie River had 567 
incomplete gauge records in 2018-2019. Solid lines through each plot represent the Theil-Sens slope 568 
regression and the dashed lines represent the confidence interval of each regression (Hollander et al. 569 
2013).  570 
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 571 

 572 

Figure 5 Modeled total dissolved organic carbon (DOC) mass flux for the Big 6 rivers summed over each 573 
year (a), and each individual river (b-g). The shaded region is the standard deviation of the 100-member 574 
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ensemble model predictions for each year, and the color shading of each mark is the chromophoric 575 
dissolved organic carbon (CDOC) to DOC mass flux ratio. Note each panel color scale is different. Solid 576 
lines through (a), (c) and (e) are the Theil-Sen’s slope regression line fit and the dashed lines represent 577 
the confidence interval of each regression (Hollander et al. 2013). The plots without a regression lack a 578 
significant (p<0.1) trend over the period analyzed.  579 

580 
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Figure 6 Chromophoric dissolved organic carbon (CDOC) to dissolved organic carbon (DOC) 581 
concentration ratio for each of the 6 rivers as a function of watershed runoff (median annual discharge 582 
per watershed area) and the mean across rivers (Big 6). The solid black lines represent the ordinary least 583 
squares linear fit, R2 is the coefficient of covariance and α is the slope of each regression. Every 584 
regression was significantly correlated with a p<0.0001. 585 
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 587 

Figure 7 Dissolved organic carbon (DOC) and chromophoric dissolved organic carbon (CDOC) 588 
concentration over time (a and b), the CDOC:DOC mass flux ratio (c), and the CDOC:DOC concentration 589 
ratio (d). Solid lines through each time series represent the Theil-Sen’s slope regression and the dashed 590 
lines represent the confidence interval of each regression (Hollander et al. 2013).  (c) does not have a 591 
significant trend (p<0.1) over time. The shaded region is the model ensemble prediction mean ± 1 592 
standard deviation. 593 
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 595 

Figure 8 Decadal change (%) in hindcast winter (November – April), spring (May - June), and summer 596 
(July – October) dissolved organic carbon (DOC) and chromophoric dissolved organic carbon (CDOC) 597 
annual mass flux and annual mean concentration and annual total river discharge (Q). Theil-Sen’s slope 598 
significance levels indicate the mean of the trend distribution is significantly different than 0 which 599 
would indicate no trend. +=p<0.1, *=p<0.05, **=p<0.01, ***=p<0.001. 600 
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