
1.  Introduction
Dissolved forms of carbon represent a significant portion of the global carbon pool (Cole et al., 2007). Dis-
solved inorganic carbon (DIC) exists as carbonate species in water and is the major contributor to alkalinity 
in most natural waters (Stumm & Morgan, 1996), although it is important to note non-carbonate species can 
contribute to alkalinity in some cases (Golub et al., 2017; Hunt et al., 2011). DIC exchanges with carbon di-
oxide in the atmosphere and can be converted to and from dissolved organic matter (DOM) through a vari-
ety of processes (Granéli et al., 1996; Ward et al., 2017). DOM is a mixture of biologically derived molecules 
that are diverse in their molecular composition, size, and properties. The composition of DOM depends on 

Abstract  Dissolved organic matter (DOM) is a complex mixture of many compounds and its 
composition dictates numerous reactions in the environment. Large lakes and marine coastlines receive 
DOM from watersheds that differ widely in their land cover, with potential implications for both the 
quantity and composition of carbon inputs. Seasonal variation in DOM quantity and composition may 
also differ among tributaries and be mediated by land cover. Here, we quantify spatially (i.e., among 
tributary) and seasonal variation in DOM concentration, DOM composition based on ultraviolet-visible 
spectroscopy, and alkalinity across 101 tributaries of Lake Michigan, one of the world's largest lakes, 
using a synoptic sampling approach. Wetland land cover has the largest effect on DOM, producing 
high concentrations of DOM that are more aromatic and larger in apparent molecular weight. Seasonal 
variation is also pronounced, with concentrations and aromaticity of DOM peaking in fall across most 
tributaries. Watershed lithology and land cover both affect alkalinity, with higher values associated 
with the geography of carbonate bedrock and urbanized watersheds. Watershed land cover has a larger 
effect than season on all organic carbon parameters. However, seasonal variation is especially important 
for DOM composition. This disparity suggests that the environmental processing of DOM within river 
channels mediates its composition more than its concentrations. Considering the wide range of land 
cover and lithology around Lake Michigan and other large water bodies, accounting for both spatial and 
seasonal dynamics is essential for understanding controls on DOM delivery.

Plain Language Summary  Tributaries carry important inputs of water, nutrients, and 
contaminants to the Great Lakes. We sampled >100 tributaries of Lake Michigan in each season to 
determine how the type of land surrounding each tributary affects the carbon it brings to Lake Michigan. 
We considered organic carbon concentration and composition, as well as alkalinity. Wetlands had 
the largest effect on organic carbon with tributaries from wetland-dominated areas having a higher 
concentration of organic carbon and organic carbon composition consistent with that originating from 
the land. Both land cover and geology impact alkalinity with the amount of carbonate species underlying 
the watershed increasing the alkalinity in the tributary. The season of sample collection is significant for 
organic carbon but not for alkalinity. Additionally, the season of sample collection has a greater impact on 
organic carbon composition than it does on concentration. These results yield information about how the 
broader carbon cycle may be affected as a result of changing landscape types.
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its original source (i.e., allochthonous inputs of terrestrial plant matter vs. autochthonous material from al-
gae and microbes), as well as processing via chemical (Gonsior et al., 2009) or biological reactions (D’Andril-
li et al., 2015). Anthropogenic pollution such as leaching from impervious surfaces or wastewater discharge 
can further diversify DOM composition (Bodhipaksha et al., 2017; Hosen et al., 2014).

DOM plays many key roles in aquatic environments, such as fueling microbial metabolism (Lovley 
et al., 1996; Ward et al., 2017) and absorbing ultraviolet light entering the water (Steinberg et al., 2004). It 
also mediates reactions that affect the fate of metals and organic contaminants through physical, chemical, 
and biological processes (Aiken et al., 2011; Raeke et al., 2017; Zhao et al., 2017). For example, DOM in 
surface waters can both decrease and enhance photochemical reactions that degrade persistent chemicals 
(Remucal, 2014). Importantly, the composition of DOM affects the rates and extent of many of these reac-
tions (Berg et al., 2019; Maizel et al., 2017). The composition of DOM also represents an important compo-
nent of water quality as a whole. DOM in drinking water sources can be problematic because reactions with 
disinfectants such as chlorine and chloramine from toxic by-products (Bulman & Remucal, 2020). Evidence 
shows these reactions are selective and the composition of DOM in source water affects by-product forma-
tion (Lavonen et al., 2013; Milstead & Remucal, 2021).

Despite being among the largest lakes on Earth (Forsyth et al., 2016), the Laurentian Great Lakes (here-
after Great Lakes) are strongly influenced by inflows of nutrients and carbon from tributaries (Marcarelli 
et al., 2019). Moreover, vast differences among tributaries in watershed land cover, discharge, and chemistry 
can create substantial differences in loads along the coastline of large lakes and seas (Gloege et al., 2020; 
Mooney et al., 2020). Indeed, the observed spatial heterogeneity of nearshore nutrients and microbial me-
tabolism within the Great Lakes is at least partially attributable to disparities in tributary inputs (Marcarelli 
et al., 2019; Stephens & Minor, 2010). Recent work has addressed both spatial and temporal variation in 
the tributary loading of nutrients across many Great Lakes tributaries revealing that small watersheds can 
have an outsized influence on nearshore chemistry (Gloege, et al., 2020; Mooney et al., 2020). In contrast, 
variation in the quantity and composition of dissolved organic carbon inputs and in alkalinity has received 
less attention across the spectrum of land cover, bedrock geology, and seasonal dynamics.

The concentration of dissolved organic carbon ([DOC]) is much more commonly reported in surface wa-
ters than measurements of its composition. For example, previous research reports [DOC] in studies that 
take place over multiple years (Jane et al., 2017; Strock et al., 2017), as a result of spatial variability (Frost 
et al., 2006; Mulholland & Hill, 1997), as a function of the season (McCabe & Arnold, 2016), or variability 
due to a changing climate (Freeman et al., 2004; Schelker et al., 2012; Weyhenmeyer & Karlsson, 2009). 
However, only a subset of existing [DOC] studies also include measurements of DOM composition (e.g., 
Dalmagro et al., 2017; Table S1 in Supporting Information S1). While these studies provide useful data, an 
understanding of the variability in DOM composition across a wide spatial scale is critical for assessing its 
environmental reactivity.

Here we use ultraviolet-visible (UV-vis) spectroscopy to characterize DOM composition in tributaries of 
the Great Lakes. This technique is simple and inexpensive compared to other methods (Minor et al., 2014), 
allowing us to consider differences in DOM composition across our large data set. Additionally, UV-vis 
spectroscopy is the most commonly used technique for evaluating DOM composition and makes our results 
easily comparable to other studies (Chin et al., 1994). Furthermore, the development of relationships be-
tween more complex DOM characterization (e.g., high-resolution mass spectrometry and nuclear magnetic 
resonance spectroscopy) and UV-vis measurements make UV-vis analysis even more informative (Keller-
man et al., 2015; Nebbioso & Piccolo, 2013).

Here we evaluate patterns of the concentrations and composition of dissolved organic carbon and of al-
kalinity reaching Lake Michigan during each season from 101 tributaries spanning its >2,000 km circum-
ference that drain watersheds of vastly different size and land cover, likely making the relationships dis-
covered in this study more applicable to other sites. Our primary objectives are to test how land cover and 
seasonality give rise to spatiotemporal heterogeneity in DOM and to investigate how land cover, seasonality, 
and lithology affect alkalinity. We hypothesize that land cover influences concentrations of both organic 
carbon concentration and composition, while alkalinity will additionally be affected by both land cover 
and geology. By sampling seasonally, we can evaluate whether land cover effects override major swings in 
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temperature and organic carbon inputs to control both the quantity and composition of DOM. Our goal is to 
use these broad gradients in watershed context and seasonal conditions to disentangle the drivers of DOM 
composition from [DOC] and alkalinity, thereby yielding generalizable insights.

2.  Materials and Methods
2.1.  Materials and Sample Collection

Tributaries surrounding Lake Michigan were sampled in July (n = 97) and October (n = 99) of 2016 and 
January (n = 63) and March (n = 99) of 2017. We used a synoptic sampling approach to maximize our 
spatial coverage while minimizing the temporal variability among individual tributaries in each season. 
This allowed us to capture broad differences in seasonal controls (e.g., overland flow, riparian vegetation, 
soil temperature) over spatial variability of carbon concentration and composition. Discharge was generally 
highest in the spring and fall and lowest in the summer during the sampling period relative to means for 
2016–2018. However, because of the massive extent of the Lake Michigan coastline, there was inherent 
temporal variability among tributaries within a season that we could not control. The number of tributaries 
sampled during each season varied due to shifts inaccessibility (e.g., ice cover during January). Surface wa-
ter was collected from the main stem of each tributary at the road crossing closest to the mouth using bridge 
sampling methods (Decker & Simmons, 2013). Samples were immediately filtered through 0.45 μm glass 
fiber filters and stored in amber glass vials at 4°C. All chemical analyses were performed within one month 
of sample collection except where noted.

All glassware was combusted at 450°C for 8 hr to mineralize any trace amounts of organic carbon. Potas-
sium hydrogen phthalate (ACS grade) and sulfuric acid (concentrated, ACS grade) were purchased from 
Fisher Scientific and used as received. All dilutions or blanks were prepared with ultra-pure water from a 
Milli-Q water purification system maintained at 18.2 MΩ cm.

2.2.  Analytical Techniques

A Shimadzu total organic carbon analyzer was used to measure [DOC]; the instrument was calibrated using 
known concentrations of potassium hydrogen phthalate as standards that were analyzed throughout the 
sequences. Each sample was injected four times and the results of the last three injections were averaged 
after confirming that the coefficient of variance was less than 10% for each sample. Similarly, deviations be-
tween standards and instrument response ranged from 2% to 10%. Alkalinity was measured using a Mettler 
Toledo G20 autotitrator that was calibrated with standards obtained from Aqua Solutions. Alkalinity was 
quantified by measuring the amount of 0.1 N H2SO4 required to reach an endpoint of pH 4.5 and is reported 
as CaCO3 equivalents (Yakushev, 1999); the coefficient of variance of triplicate measurements was less than 
5% using this technique. Ultraviolet-visible spectroscopy was used to measure the amount of light absorbed 
by the sample from 200 to 800 nm. A Shimadzu 2401PC recording spectrophotometer was used and spectra 
were collected in 1 nm intervals using a quartz cuvette with 1-cm pathlength. Water samples were refer-
enced to ultra-pure water with absorbance from 700 to 800 nm subtracted. Samples whose absorbance val-
ues exceeded 1.5 at any wavelength were diluted with ultra-pure water. E2:E3 was calculated as the ratio of 
the absorbance at 250 nm to the absorbance at 365 nm and is inversely proportional to direct measurements 
of average molecular weight (Helms et al., 2008). Specific ultraviolet absorbance at 254 nm (SUVA254) was 
calculated by dividing the absorbance at 254 nm by the concentration of dissolved organic carbon. SUVA254 
is positively correlated to the aromaticity of DOM measured by nuclear magnetic resonance spectroscopy 
(Weishaar et al., 2003).

It was necessary to rerun a subset of [DOC] samples that had been collected in the spring due to instrument 
malfunction. These samples had been frozen and thawed. To determine the effects of freezing and thawing 
on DOM analysis, 15 samples that had been successfully analyzed for both [DOC] and UV-vis spectroscopy 
in the spring were rerun after freezing and thawing and compared to their original values. Linear regression 
was performed that was then applied to the samples that only had their concentrations quantified after 
freezing and thawing. Further details and a demonstration of no preferential loss of carbon or change in 
optical properties is included in Text S1 in Supporting Information S1.
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2.3.  Data Analyses

We determined the watershed area, % agricultural, % barren, % herbaceous, % forest, % shrubland, % urban, 
and % wetland for each of the 101 tributaries in the study with the Great Lakes Aquatic Habitat Framework 
(GLAHF; Forsyth et al., 2016). A multiple linear regression (MLR) model was fitted to variation in each of 
our four carbon parameters: [DOC], alkalinity, SUVA254, and E2:E3. Prior to any analysis, the four measure-
ment types (i.e., [DOC], alkalinity, SUVA254, and E2:E3) and watershed area were log10 transformed to meet 
model assumptions and to normalize the data. Each model included terms for the watershed area and three 
major land cover types (i.e., % agricultural, % urban, % wetland, which showed only modest collinearity and 
low variance inflation factors) as continuous independent variables. The season of sample collection was 
treated as a categorical independent variable to test for main effects of the season (e.g., differences in [DOC] 
between summer and winter), as well as interactive effects between season and continuous independent 
variables (e.g., percent agriculture within a watershed). When using a categorical independent variable 
with multiple levels in multiple linear regression, one of the levels is inherently set as the reference level 
for comparison (i.e., the fall season in this analysis; Greenacre & Primicerio, 2014). Only those tributaries 
that were sampled in all four seasons were included in this analysis (n = 56, 59, 55, and 53 for [DOC], E2:E3, 
SUVA254, and alkalinity, respectively). Interactions were included to test whether the effects of each land 
cover type varied with watershed area or season. Bayesian information criterion (BIC) was used to select a 
final reduced model for each carbon parameter.

Simple linear regressions of all data from each carbon parameter against every land cover type were used 
to make our results comparable to previous studies. We used Tukey's HSD to test for significant differences 
among seasons.

To specifically address the hypothesis that geology plays an important role in driving alkalinity in tributaries 
of Lake Michigan, we characterized the proportion of bedrock as carbonate using geological maps from the 
GLAHF (Wang et al., 2015). We used MLR to test whether the watershed area, season, and lithology have 
effects on alkalinity. We represented lithology using a binary classification of whether carbonate bedrock 
underlies >50% of the watershed. This approach was selected because most watersheds were made up of 
either predominantly carbonate or non-carbonate (e.g., shale, sandstone) bedrock.

To directly compare spatial and seasonal variations of each of the four-carbon parameters, we calculated 
coefficients of variation for the standard deviation of untransformed means from each season across all 
tributaries (CVseasonal) and compared them to coefficients of variation for untransformed means of each 
tributary calculated across all four seasons (CVspatial; Equations 1 and 2). Further details of this calculation 
are described in Text S2 in Supporting Information S1.


spatial

standard deviation of tributarymeans
CV

mean of entire data set 100
� (1)


seasonal

standard deviation of seasonal means
CV

mean of entire data set 100
� (2)

To prevent bias, only those tributaries that were sampled in all four seasons were included in this analysis. 
All calculations and statistical analyses were performed in R.

3.  Results and Discussion
3.1.  Watershed Information

The watersheds surrounding Lake Michigan are diverse in terms of their size (3.1  km2 to 16,469  km2), 
predominant land cover, and geology. The three dominant types of land cover were urban (1.6%–79.1%), 
agricultural (0%–91.2%), and wetland (0.1%–78.9%); forest (0.9%–63.1%) and herbaceous (0%–21.4%) were 
sometimes common, while barren (0%–8.6%) and shrubland (0%–6.1%) classes were always rare. Generally, 
watersheds with extensive wetlands are located around the northwestern part of Lake Michigan, while 
agriculture and urban land cover dominate the southern and eastern areas (Figure 1). Underlying geology 
includes crystalline igneous (0%–38.3%), carbonate (0%–100%), crystalline metamorphic (0%–28.5%), iron 
formation (0%–0.1%), sandstone (0%–100%), shale (0%–100%), and water (0%–3.6%).
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3.2.  Dissolved Organic Carbon

3.2.1.  Spatial Variability

Dissolved organic carbon concentrations measured in the tributaries vary in space and by season. [DOC] 
ranges from 1.62 to 48.45 mg-C L−1 with a mean of 13.1 mg-C L−1 (n = 382). Generally, the highest [DOC] 
values are observed in the tributaries draining into the northwestern part of the lake (Figure 1a). Our [DOC] 
measurements fall within the ranges previously reported for tributaries of Lake Michigan (Frost et al., 2006; 
McElmurry et al., 2014) and other Great Lakes (Berg et al., 2019; Minor & Stephens, 2008).

Multiple linear regressions show that both land cover and the season of sample collection influence [DOC] 
in tributaries. Our reduced model includes terms for % agriculture, % urban, and % wetland in the water-
shed, as well as the season (Table S2 in Supporting Information S1). The % wetland in the watershed has 
the most significant positive effect on [DOC] (Figure 2a; Table S2 in Supporting Information S1). Slope 
coefficients for urban and agricultural land cover are nearly an order of magnitude less than that of wetland 
land cover (Table S2 in Supporting Information S1). The key contribution of wetland land cover to [DOC] 

Figure 1.  Maps of Lake Michigan tributaries and watersheds. Points represent tributaries sampled where the color corresponds to mean values of (a) dissolved 
organic carbon concentration in mg-C L−1, (b) E2:E3, and (c) alkalinity in units of mg L−1 as CaCO3 for all samples collected. Shading of the watersheds 
represents the (a) % wetland land cover, (b) % agricultural land cover, and (c) % carbonate of the quaternary geology.

Figure 2.  (a) Dissolved organic carbon concentration, (b) specific ultraviolet absorbance at 254 nm, and (c) E2:E3 versus % wetland in the watershed. Colors 
indicate the season. Only tributaries sampled in all four seasons are included in this plot. Slopes, intercepts, and statistics for these plots are given in Tables S3–
S5 in Supporting Information S1.
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is confirmed using simple linear regression; other land cover types were weakly negatively associated with 
[DOC] (Figure S3 in Supporting Information S1). Watershed area is not a significant predictor of [DOC] 
across tributaries (Table S2 in Supporting Information S1).

The primacy of wetlands as a source of DOM in watersheds is well established in the literature (e.g., Caw-
ley et al., 2014; Clark et al., 2004; Dalmagro et al., 2017; Dillon & Molot, 1997; Eckhardt & Moore, 1990; 
Flint & McDowell, 2015; Frost et al., 2006; Hanley et al., 2013; Kortelainen & Saukkonen, 1995; Mattsson 
et al., 2005; Palviainen et al., 2016; Xenopoulos et al., 2003). It is noteworthy that this trend is also observed 
in this data set given the wide range of watershed sizes and landcover types considered, suggesting that 
this relationship may be universal in freshwater systems. Water draining from wetlands draws upon car-
bon fixed in both terrestrial and aquatic ecosystems, and the slow rates of flow through saturated soils and 
shallow standing waters allows ample opportunity for dissolution. There is less consensus about the role 
of other land cover types. We observe positive relationships between [DOC] and agriculture in the MLR 
model, in agreement with some studies (Graeber et al., 2012; Shang et al., 2018) but not others (McElmurry 
et al., 2014). Similarly, the positive relationship between [DOC] and urban land cover in our MLR models 
aligns with some earlier findings (Aitkenhead-Peterson et al.,  2009; Alvarez-Cobelas et al., 2012; Hosen 
et al., 2014) but not others (McElmurry et al., 2014). The MLR in this study does not consider forest land 
cover, but there is no obvious association of [DOC] with forest (Figure S3 in Supporting Information S1). In 
other studies, % forest has been both positively (McElmurry et al., 2014) and negatively correlated to [DOC] 
(Frost et al., 2006; Graeber et al., 2012).

These inconsistencies across studies may be attributable to differences in sampling design, setting, and 
extent of comparisons (Table S1 in Supporting Information S1). For example, McElmurry et al. (2014) sam-
pled surface runoff rather than stream channels. In addition, the types of statistics applied across data 
sets vary substantially with some groups using simple linear regressions (Aitkenhead-Peterson et al., 2009; 
Cawley et al., 2014; Eckhardt & Moore, 1990) and others using MLR (Alvarez-Cobelas et al., 2012; Clark 
et al., 2004; Dillon & Molot, 1997; Flint & McDowell, 2015; Frost et al., 2006; Graeber et al., 2012; Hanley 
et al., 2013; Mattsson et al., 2005; McElmurry et al., 2014; Shang et al., 2018; Xenopoulos et al., 2003). Even 
among the studies using MLR, the independent predictors tested and model selection methods vary widely 
(Table S1 in Supporting Information S1).

3.2.2.  Seasonal Variability

Seasonality is also an important factor for [DOC], which in the tributaries increases in the order of win-
ter < summer < spring < fall (Figure 3a; Table S10 in Supporting Information S1) with mean values of 10.6, 
11.9, 13.5, and 15.5 mg-C L−1, respectively. Median [DOC] values for the same seasons are 8.3, 7.5, 10.3, and 
10.6 mg-C L−1, respectively. MLR, which accounts for many additional factors, indicates that [DOC] in the 
summer and winter is significantly lower than in fall (Table S2 in Supporting Information S1). The different 
slopes of [DOC] among land cover types also affirm the importance of seasonality; the effect of wetlands 
was maximal in the fall compared to other seasons (Figure 2a).

Elevated [DOC] is frequently observed in the fall (Aulló-Maestro et al., 2017; Dawson et al., 2011; Flint & 
McDowell, 2015; Liu et al., 2014; Mattsson et al., 2015; McCabe & Arnold, 2016; Mulholland & Hill, 1997; 
Oni et al., 2014; McDowell & Fisher, 1976) as organic compounds leach from leaf litter and other plant de-
tritus in the water following the growing season. In these tributaries, elevated discharge during the fall may 
also have contributed to higher [DOC]. The fall activities of fungi and bacteria may also contribute to re-
leasing DOM into the water (Mulholland & Hill, 1997). Increases in the relative amount of terrestrial DOM 
are consistent with these hypotheses but cannot be assessed fully considering [DOC] alone. For example, 
the smaller amount of [DOC] observed in the winter samples may be consistent with either lower terrestrial 
inputs during this season or decreased microbial activity from autotrophs during the colder months.

3.3.  DOM Composition

3.3.1.  Spatial Variability

We observe a wide range of SUVA254 values (0.35–4.95 L mg-C−1 m−1) across Lake Michigan tributaries. The 
highest SUVA254 values (i.e., >3.0 L mg-C−1 m−1) are observed in tributaries draining into the northwest 
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part of the lake, where wetland land cover dominates (Figure S4 in Supporting Information S1). These high 
values are generally indicative of terrestrially-derived DOM that has not been heavily processed (Weishaar 
et al., 2003), although there are some cases of microbes producing DOM with SUVA254 values of ∼3.0 L mg-
C−1 m−1 under limited conditions (Thompson & Cotner, 2020). We also observe a wide range of E2:E3 values 
(3.6–12.0), where the upper end of the spectrum suggests either DOM originating from aquatic ecosystems 
or heavily processed terrestrially-derived molecules (Helms et al., 2014). E2:E3 is highest in tributaries lo-
cated on the eastern and western sides of the lake (Figure 1b). In the remainder of this manuscript, we will 
refer to DOM composition as determined using optical parameters as proxies for aromaticity and molecular 
weight; no direct or molecular level analyses were performed.

The preferred MLR model for SUVA254 includes season, % agriculture, % urban, and % wetland, along with 
interaction terms between the watershed area and both % urban and % wetland (Table S6 in Supporting 
Information S1). Wetland has the strongest positive effects on SUVA254 (Figure 2b; Table S6 in Supporting 
Information S1). Interestingly, agricultural and urban land cover also lead to increased SUVA254, which may 
be attributable to terrestrially-derived DOM and/or limited opportunities for microbial processing. How-
ever, the negative interaction terms indicate that these relationships become less important as the size of 
the watershed, and therefore hydraulic residence time, increases (Table S5 in Supporting Information S1).

The strongest patterns in E2:E3 are attributable to seasonality, but wetland land cover and watershed size 
are significant correlates as well (Table S7 in Supporting Information  S1). E2:E3 increases with wetland 
dominance in the MLR, which is contradictory to the hypothesis that wetland DOM is high in apparent 
molecular weight and is opposite the negative trends observed in simple linear regressions between E2:E3 
and % wetland (Figure 2c and Figure S7 in Supporting Information S1). However, this positive term is an 
order of magnitude lower than any of the seasonal terms and there is also a significant negative interaction 
between wetlands and watershed areas, suggesting that the influence of wetlands on E2:E3 is attenuated in 
large watersheds (Figure 2c; Figure S7 and Table S7 in Supporting Information S1).

Figure 3.  Differences (Δ) for (a) dissolved organic carbon concentration, (b) specific ultraviolet absorbance at 254 
nm, (c) E2:E3, and (d) alkalinity calculated for the values in each season relative to the mean value in each individual 
tributary. Only data from tributaries sampled in all four seasons are included. Different letters indicate significant 
differences based on Tukey HSD comparisons.
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SUVA254 and E2:E3 are generally inversely proportional to one another (Fichot & Benner, 2011), and that is 
the case for Lake Michigan tributaries. When considered by land cover classes, the expected inverse rela-
tionship applied to all types except the herbaceous land cover, which was uncommon in these watersheds 
(Figures S5 and S6 in Supporting Information S1). This opposing relationship is not obvious considering the 
MLR results alone as the MLR for SUVA254 and E2:E3 include different terms (Tables S6 and S7 in Supporting 
Information S1). This result may be attributable to the fact that optical properties depend on both the source 
of the carbon and the extent of the environmental processing of DOM.

Overall, the optical properties describing the composition of DOM show less spatial variability than [DOC]. 
The literature supports our observation that terrestrially-sourced DOM is consistently and positively corre-
lated to % wetland using UV-vis spectroscopy (Hanley et al., 2013) or fluorescence spectroscopy (Graeber 
et al., 2012; Singh et al., 2017; Williams et al., 2010). This observation is due to a large amount of plant-de-
rived (i.e., allochthonous) carbon present in wetlands that are transferred into stream water. In addition, 
this organic carbon is fresh and therefore has had little opportunity to undergo environmental processing, 
which generally results in lower aromaticity and molecular weight (Helms et al., 2013; Minor et al., 2007). 
Terrestrially-sourced DOM has also been correlated to other land cover types in the literature including % 
agriculture using UV-vis (McElmurry et al., 2014) and fluorescence spectroscopy (Graeber et al., 2012), as 
well as to % forest using UV-vis (McElmurry et al., 2014) and fluorescence spectroscopy (Singh et al., 2017). 
Microbially-sourced (i.e., autochthonous) DOM or more environmentally processed DOM, which is repre-
sented with low SUVA254 and high E2:E3 values in this study, has been correlated to % forest with fluores-
cence spectroscopy (Heinz et al., 2015), to % urban with both UV-vis (McElmurry et al., 2014) and fluores-
cence spectroscopy (Chen et al., 2017; Hosen et al., 2014; Lu et al., 2014), and to % agriculture with UV-vis 
spectroscopy (Shang et al., 2018; Table S1 in Supporting Information S1).

3.3.2.  Seasonal Variability

Seasonality has important effects on both SUVA254 and E2:E3. SUVA254 values increase in the order of 
spring < fall < summer < winter (Figure 3b; Table S11 in Supporting Information S1), with mean values 
of 1.98, 2.49, 2.95, and 3.10 L mg-C−1 m−1, respectively. The MLR for SUVA254 similarly demonstrates that 
values in the spring are lowest and values in summer and winter are higher than those in the fall (Table 
S6 in Supporting Information S1). E2:E3 values increase in the order of summer < fall < winter < spring 
(Figure 3c; Table S12 in Supporting Information S1), with seasonal mean values of 5.70, 5.92, 6.02, and 
6.71, respectively. In the MLR, values in spring are lower than those in the fall (Table S7 in Supporting 
Information S1).

Ours is among the first studies to analyze the seasonal dynamics of organic matter composition in parallel 
with a concentration across a wide range of streams (Table S1 in Supporting Information S1), particularly 
across such a large spatial scale, and shows clear evidence of seasonal variation in DOM composition as well 
as concentrations. Previous reports of seasonal variation in DOM composition have been mixed, ranging 
from no effects observed using fluorescence spectroscopy (Heinz et al., 2015), to decreasing SUVA254 over 
the warm months (i.e., spring to fall; McCabe & Arnold, 2016; Müller et al., 2014), increasing absorbance 
during the spring snowmelt (Cao et al., 2016; Macdonald & Minor, 2013), and higher E2:E3 in the winter as 
compared to summer (Yates et al., 2016). Most likely, these variable seasonal patterns are due to complex 
interactions between land cover and climatic seasonality.

The seasonal dynamics of DOM optical properties may reflect a combination of carbon sources, environ-
mental processing of organic carbon, and dilution by hydrological fluctuations. The relative variations in 
optical properties do not follow fluctuations in discharge, which were highest in the spring and fall and 
lowest in the summer relative to mean discharge for 2016–2018, but higher temporal resolution data is 
needed to thoroughly evaluate these relationships. High SUVA254 values in the fall can be partially explained 
by leaching from newly-arrived leaf litter (Mulholland & Hill, 1997), though only a modest proportion of 
watershed area in Lake Michigan tributaries is vegetated with deciduous trees. Conversely, we observe high 
E2:E3 and low SUVA254 in the spring when new plant growth is only just starting in this region, leaving DOM 
pools dependent on older, more processed forms of organic carbon. We also see the signature of microbial 
activity in the DOM composition proxies. Both heterotrophic respiration of DOM and autotrophic produc-
tion of DOM generally produces DOM with lower molecular weight (i.e., higher E2:E3) and lower aromatic-
ity (i.e., lower SUVA254; Bai et al., 2017; Mulholland & Hill, 1997; Zhou et al., 2019), and we see these shifts 
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across most tributaries in the spring when terrestrial inputs are minimal but microbes are able to resume 
their activity under warming temperatures. Photobleaching could also result in decreased SUVA254 and in-
creased E2:E3 (Aulló-Maestro et al., 2017; Brinkmann et al., 2003; Cory et al., 2007; Helms et al., 2008, 2014; 
Macdonald & Minor, 2013; Minor & Stephens, 2008; Vodacek et al., 1997) and could be most influential 
around the time of our spring sampling when there is little canopy cover. However, if additional light ex-
posure due to lack of canopy cover were the primary driving factor, low SUVA254 and high E2:E3 would also 
be expected in the winter in tributaries without ice cover. Our winter results are also interesting because 
both optical properties showed high values, which could reflect either the dominance of small, aromatic 
compounds or large compounds that are not aromatic. Since no new terrestrial inputs are expected during 
the winter, these compounds are likely either microbially-derived or other highly recalcitrant compounds.

3.4.  Alkalinity

Alkalinity is a measurement of the buffering capacity of water. Alkalinity is sometimes used as a proxy for 
dissolved inorganic carbon because carbonate species are the main buffering components in natural waters 
(Stumm & Morgan,  1996), particularly in highly alkaline systems with slightly alkaline pH values (i.e., 
along the western shore of Lake Michigan). However, non-carbonate species can contribute to alkalinity in 
some cases (Golub et al., 2017; Hunt et al., 2011) and it is important to note that alkalinity and DIC are not 
necessarily interchangeable terms.

In this study, alkalinity ranges from 11.6 to 468 mg L−1 as CaCO3, with a mean of 197 mg L−1 as CaCO3. 
Alkalinity significantly correlates with certain land cover types (Figure S8 in Supporting Information S1). 
The best MLR model includes terms for % agriculture, % urban, watershed area, and an interaction term 
between agriculture and watershed area (Table S8 in Supporting Information S1). We observe the highest 
alkalinity values along the western side of Lake Michigan (Figure 1c), where urban land cover predomi-
nates. The positive association between alkalinity and urban land cover may be augmented by weathering 
of concrete (Kaushal et al., 2017).

In addition to the influence of land cover on alkalinity, bedrock lithology also plays a mediating role because 
bicarbonate (i.e., the dominant buffer in most natural waters) can originate from watershed mineral weath-
ering (Raymond & Hamilton, 2018). Watersheds that are dominated by carbonate bedrock have significant-
ly higher alkalinity than those where shale and sandstone predominate (Table S9 in Supporting Informa-
tion S1), in keeping with previous findings (Mosher et al., 2010). We find a negative statistical interaction 
between watershed area, which generally increases alkalinity, and our binary carbonate variable, presum-
ably resulting from the diversity of bedrock lithologies in large watersheds (Figure 1c). Interestingly, there 
are some wetland-dominated watersheds located on the northern end of Lake Michigan that have high % 
watershed carbonate but low alkalinity (Figure 1c). These sites may have their limestone bedrock capped 
by sediment that limits dissolution and exchange with stream water. Collectively, these results demonstrate 
that carbonate weathering is an important control of alkalinity in tributaries.

Alkalinity increases in the order of spring < summer < winter < fall (Figure 3d; Table S13 in Supporting 
Information S1). However, the best MLR model does not include seasonal effects, nor were pairwise differ-
ences statistically significant. This further suggests that geology, rather than land cover or seasonality, is the 
main driver of alkalinity (Tables S8 and S9 in Supporting Information S1). The emergence of urban land 
cover as a correlate of alkalinity is presumably attributable to the dissolution of concrete, which appears to 
have no strong seasonal signal. In addition, in the geology MLR, carbonate material is positively correlated 
to alkalinity which also does not change with the season.

3.5.  Spatial/Seasonal Comparison

One of the primary objectives of this study is to compare spatial versus seasonal variation in both concen-
tration and composition of DOM and alkalinity in Lake Michigan tributaries. Our MLR models suggest 
that differences among watershed land cover have the most predictable effect on concentration parame-
ters (i.e., [DOC] and alkalinity), while seasonality has a more consistent influence on DOM composition 
(i.e., SUVA254 and E2:E3). In fact, only seasonal effects were statistically significant for E2:E3 when complex 
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interaction terms are excluded. To further assess organic carbon and alka-
linity variation among watersheds and seasons, we compare coefficients 
of variation associated with our spatial versus seasonal observations.

For all four parameters tested, CVspatial > CVseasonal (Figure 4). However, 
the difference in magnitude between spatial and seasonal CV is modest 
for the compositional parameters SUVA254 and E2:E3. Thus, we infer that 
seasonal variation across sites creates almost as much variation in DOM 
composition as the myriad differences in the watershed area, land cover, 
human population density, and other factors. In contrast, dissolved or-
ganic concentrations and alkalinity are primarily a reflection of dispari-
ties among watersheds and show limited seasonal signals.

The differential partitioning of spatial and seasonal variation between 
carbon concentrations and composition is an important insight arising 
from our comprehensive synoptic sampling approach and underscores 
the distinction between carbon sourcing and carbon processing. Con-
trasts in carbon source among watersheds are presumably stable across 
seasons, such that land cover and its correlates drive most variation in 
DOM concentrations, and bedrock lithology and urban concrete strongly 
influence alkalinity. We recognize that microbial and plant production 
of DOM varies widely throughout the year due to temperature, seasonal 
tissue senescence (e.g., leaf fall), water availability, and other factors, so 
it is interesting that such seasonal dynamics create only modest signals 
in [DOC].

The comparable magnitude of seasonal- and watershed-scale variation in 
DOM composition suggests that substantial seasonal variation in the pro-

cessing of DOM in aquatic environments is overlaid on the seasonality of carbon inputs. Our optical proxies 
for the aromaticity and size of organic carbon molecules show the clear seasonal variation that accords with 
differences in molecular weight and aromaticity. Although we have no data on process rates in these tribu-
taries, the seasonal shifts in DOM composition are large enough to signify more than just fluctuations in the 
magnitude and source of inputs. A host of biological and chemical reactions convert DOM from one form to 
another, which would result in minor shifts in overall [DOC] but substantial changes in SUVA254 and E2:E3. 
For instance, conversion of newly leached allochthonous DOM into more recalcitrant DOM could be im-
portant in the fall season when there are relatively large inputs of leaves from deciduous trees. Our seasonal 
measurements across the tributaries suggest that such DOM processing produces a strong signature in the 
annual cycle of dissolved carbon availability and composition across the Lake Michigan basin.

4.  Conclusions and Implications
We have documented extensive spatial and seasonal variation in both the concentration and composition 
of carbon forms across Lake Michigan tributaries. Our results show that land cover, lithology, and other 
differences among watersheds play a strong role in dictating dissolved organic carbon concentrations, the 
optical properties of DOM, and alkalinity. In contrast, seasonal dynamics affect the composition of DOM 
more strongly than its abundance or alkalinity. By extending our sampling through all four seasons, we also 
detect complex interactions between watershed attributes and seasonality that will require further work 
to understand. Taken together, our extensive survey captures strong signals of both spatial and seasonal 
drivers of stream carbon dynamics, underscoring the fact that local-scale variation must be interpreted in 
light of both landscape and seasonal context. Nonetheless, the parallel patterns of land cover and seasonal 
influences across so many discrete watersheds suggest a strong capacity for generalization within this ge-
ographic region. Further, while our synoptic approach captured broad seasonal patterns of spatial carbon 
dynamics for nearly 100 tributaries, determining specific temporal drivers of carbon concentration and 
composition (e.g., discharge-concentration relationships for individual tributaries) would build upon the 
temporal patterns we have discussed. While challenging across the spatial scale of a Great Lake, increased 

Figure 4.  Coefficients of variation, CVspatial, and CVseasonal, for dissolved 
organic carbon concentration, alkalinity, specific ultraviolet absorbance 
at 254 nm, and E2:E3 measured in tributaries that were sampled in all four 
seasons. CVspatial is calculated as the standard deviation of tributary means 
divided by the mean of the entire data set. CVseasonal is calculated as the 
standard deviation of seasonal means divided by the mean of the entire 
data set.
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temporal frequency of sampling could further resolve the complex spatial and temporal controls on carbon 
concentration and composition (Wayland et al., 2003). Integrating carbon variability across all stages of a 
tributary hydrograph under other seasonal biotic and abiotic controls, such as riparian vegetation and soil 
temperature, respectively, would further our understanding of carbon dynamics in regions that experience 
seasonal climatic shifts.

As the land cover and weather seasonality are shifting across the globe, there is a pressing need to under-
stand the implications for carbon processing (Williams et al., 2015). The dynamic and interactive effects of 
spatial (i.e., between watershed) and seasonal factors documented in this study underscore the complexity 
of environmental controls on aquatic carbon, yet the strong signals of land cover and seasonal succession 
also offer hope for interpreting and predicting future carbon processing. Both land cover and climate are 
changing throughout much of the Great Lakes basin (D’Orgeville et  al.,  2014; Radeloff et  al.,  2012), so 
corresponding changes in dissolved carbon concentrations and composition are to be expected. The strong 
influence of wetland areas on DOM is particularly noteworthy because these extensive, water-saturated 
environments are sensitive to climate change and local human activities. Ultimately, we must also consider 
the net effect of these changes on the Great Lakes themselves, whose coastal ecosystems are strongly af-
fected by the chemistry of inflowing tributaries (Mooney et al., 2020). Indeed, the seasonal swings in DOM 
concentrations documented here should be sufficient to measure by remote sensing, creating the possibility 
of higher-frequency observations than are feasible using extensive field surveys like ours. Integrating mech-
anistic perspectives and large-scale observational studies, whether in situ or remotely sensed, is a critical 
frontier in predicting the dynamics of dissolved carbon sources and processing across heterogenous land-
scapes like the Lake Michigan basin.
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