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Abstract Landcover changes have altered the natu-
ral carbon cycle; however, most landcover studies
focus on either forest conversion to agriculture or
urban, rarely both. We present differences in dissolved
organic carbon (DOC) concentrations and dissolved
organic matter (DOM) molecular composition within
Upper Mississippi River Basin low order streams and
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rivers draining one of three dominant landcovers
(forest, agriculture, and urban). Streams draining
forest and urban landcovers have greater DOC
concentrations, likely driven by differences in carbon
sourcing, microbial processing, and soil disturbance.
Using Fourier transform-ion cyclotron resonance mass
spectrometry, 24% of assigned molecular formulae are
common across all landcovers. Relative abundances of
N-,S- heteroatomic formulae (CHON, CHOS,
CHONS) are higher for agricultural and urban
streams, with agricultural stream DOM having more
N-containing formulae compared to urban stream
DOM, which has more S-containing formulae. Higher
N-,S- heteroatomic formulae abundance, along with
enrichment in aliphatic, N-aliphatic, and highly
unsaturated and phenolic (low O/C) compound
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categories within agricultural and urban stream DOM
are likely to result from increased anthropogenic
inputs, autochthonous production, and microbial pro-
cessing associated with agricultural and urban
impacts. Reduced N-,S- heteroatomic formulae abun-
dances in forested stream DOM, along with enrich-
ments in condensed aromatics, polyphenolics, and
highly unsaturated phenolic (high O/C) compound
categories, likely reflect greater contributions from
surrounding organic-rich forest soil and vegetation.
Overall, landcover change from forested to agriculture
lowers DOC concentrations and changes from forested
to agriculture or urban increases autochthonous, and
presumably more biolabile, DOM contributions with
ramifications for stream biogeochemical cycling.

Keywords Dissolved organic matter - Dissolved
organic carbon - FT-ICR MS - Landcover -
Agriculture - Urbanization

Introduction

An increase in global human population from
~ 2.5 billion in 1950 to over 7 billion in 2020 has
led to significant landcover alteration, converting
historically forested lands into areas dominated by
agriculture and urban uses. Currently, around 40% of
global land surface is used for crop production and
pasture (Alexandratos and Bruinsma 2012). Although
urban areas make up a relatively small fraction of
Earth’s surface, they are, on average, expanding faster
than population growth (Seto et al. 2011). With a
potential to reach 12.6 billion people globally by 2100
(KC and Lutz 2017), continued expansion of agricul-
tural and urban areas will likely lead to irreversible
biophysical changes to the environment.

Dissolved organic matter (DOM) has been the
subject of many studies looking at the effects of
landcover on freshwater systems because its compo-
sition integrates upstream biogeochemical processes.
Previous studies indicate streams draining predomi-
nantly agricultural (Wilson and Xenopoulos 2009;
Tsui and Finley 2011; Stanley et al. 2012; Lu et al.
2014; Graeber et al. 2015; Heinz et al. 2015; Giicker
et al. 2016; Spencer et al. 2019) and/or urban
landcovers (Sickman et al. 2007; Aitkenhead-Peterson
et al. 2009; Silva et al. 2011; Tsui and Finley 2011;
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Kaushal and Belt 2012; Hosen et al. 2014; Parr et al.
2015; Giicker et al. 2016) display a range of DOM
compositions and dissolved organic carbon (DOC)
concentrations distinct to streams draining forest
landcover, reflecting agricultural and wastewater
treatment practices and associated terrestrial and
aquatic carbon cycling (Guo and Gifford 2002;
Stanley et al. 2012; Giicker et al. 2016). These DOM
land use studies have typically addressed differences
in DOM centered on one anthropogenic landcover
type (e.g., agricultural or urban) versus forested
watersheds, and the majority have focused on bulk
DOM properties (e.g., DOC concentration and optical
measurements such as absorbance and/or fluores-
cence). Thus, to-date it is still uncertain how agricul-
ture and urbanization within the same watershed will
change the composition and biogeochemical fate of
exported DOM. Understanding how DOM composi-
tion changes with landcover ultimately informs the
fate of stream organic matter and in-stream organic
carbon (OC) respiration as both are closely linked to
composition (Fasching et al. 2014; D’ Andrilli et al.
2019).

Here we improve our understanding of anthro-
pogenic landcover impacts on fluvial DOC concen-
tration and DOM composition by comparing streams
draining agriculture, urban, and forested/wetland
landcovers (referred to hereon as forest or forested
streams for simplification) together in the Upper
Mississippi River Basin (UMRB). Distinct landcover
variability within sub-basins of the UMRB make it an
ideal temperate study area in the United States to
compare landcover effects on DOC concentration and
DOM molecular composition. Landcover changes in
the UMRB since the mid-20th century has been
dominated by cropland expansion (Ramankutty and
Foley 1999; Schnitkey 2013; Wright and Wimberly
2013) and sustained population growth (3.8% between
2000 and 2009; Eathington 2010) has led to increased
urbanization, both of which are likely to continue (e.g.
DeFries et al. 2004; Tilman et al. 2001; Rajib and
Merwade 2017). We hypothesize stream DOC con-
centrations within UMRB streams will reflect land-
cover variation based on differences in organic-rich
soil and vegetation contributions between landcovers
as well as differences with soil disturbance. Using
Fourier transform-ion cyclotron resonance mass spec-
trometry (FT-ICR MS) to fingerprint the molecular
composition of stream DOM, we hypothesize the
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composition of DOM in streams draining agricultural
and urban landcovers will reflect higher autochtho-
nous DOM production compared to DOM in streams
draining forested landcovers, which are hypothesized
to have higher allochthonous DOM inputs.

Methods
Site description and sample collection

The Upper Mississippi River Basin is defined here as
the area drained by the Mississippi River at Wabasha,
MN (Fig. 1). The UMRB is more than 800 km
upstream of the confluence of the Missouri and Ohio
Rivers to the Mississippi River and is more sensitive to
seasonal variations and source contributions compared
to the downstream reaches of the Mississippi River
(Voss et al. 2017). Streams and rivers within the
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UMRB cut though geologies of variable glacial
influence (e.g., Kelley et al. 2006; Blumentritt et al.
2009) and drain a wide range of landcover (forested,
agriculture, wetland, and urban areas; Table S1).
While forested landcovers tend to have less anthro-
pogenic influence than urban and agricultural land-
covers, much of the forested area in the UMRB was
logged during the mid 1800s to early 1900s and is now
covered by secondary forest growth (Stark et al. 2000).
Agricultural lands within the UMRB are used to
produce row crops, such as corn and soybeans, and
many agricultural processes associated with these
lands have been linked to alterations in river dis-
charge, including tile drainage, fertilizer use, irriga-
tion, tillage practices, and changes in crop type
(Raymond et al. 2008).

Nine streams with varying drainage area in the
northern portion of the UMRB were sampled (Fig. 1)
and assigned a landcover classification based on
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Fig. 1 Study region. Inset map shows region outlined in black
and the full length of the main stem Mississippi River outlined in
blue. The streams/rivers and their watersheds are labeled as
follows: (A) Allequash Creek (forest); (B) Flambeau River
(forest); (C) Chippewa River (forest); (D) Como Creek (agri-
culture); (E) Trout Creek (agriculture); (F) Red Cedar River

T T T T

(agriculture); (G) Bassett Creek (urban); (H) Minnehaha Creek
(urban); (1) Shingle Creek (urban). The forest landcover
classification for sites is based on the combined forest and
wetland areas (light green and dark green colors; see Table S1).
(Color figure online)
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percent landcover (Table S1). Most sampling sites are
within 1 km of a U.S. Geological Survey (USGS)
stream gage (Table S2). Only Bassett Creek and Como
Creek do not have discharge data from the study
period. Landcover was analyzed using QGIS 3.10
software and was based on the 2016 National Land
Cover Database (Yang et al. 2018), with watershed
shapefiles acquired from the USGS StreamStats
program (US Geological Survey 2012). A threshold
percentage of 40% was used to indicate whether a
stream had a significant portion of land as agriculture
or urban landcover to be classified as agriculture or
urban streams, respectively. This is consistent with
findings from previous studies that examine DOC and
DOM changes along gradients of agricultural (e.g.
Wilson and Xenopoulos, 2009) and urban (e.g.
Aitkenhead-Peterson et al. 2009; Hosen et al. 2014)
landcovers. Three streams draining the Minneapolis—
Saint Paul metropolitan area are dominated by urban
landcover (Bassett Creek, Minnehaha Creek, and
Shingle Creek); three streams/rivers in rural Wiscon-
sin are dominated by agricultural landcover (Como
Creek, Trout Creek, and Red Cedar River); and
another three streams/rivers drain predominantly
forested landcover (Allequash Creek, Chippewa
River, and Flambeau River; Table S1). The streams
draining agricultural and forested landcover are within
watersheds previously characterized as outwash plains
from recently glaciated areas while streams draining
urban landcovers are in watersheds that were charac-
terized as previously glaciated terrain (Schilling
et al. 2015). Watershed soils, determined using
NHDPIlus Version 2.1 (Wieczorek et al. 2018), are
predominantly composed of sands (> 50%) for all
sites, with silt being the second-most dominant grain
size (9-40%) followed by clays (4—17%; Table S1).
Streams were sampled 45 times seasonally: in Fall
2015 (October and November), Winter 2016 (Febru-
ary with one early April), Spring 2016 (late April and
May), Summer 2016 (August), and Fall 2016 (October
and November; Table S2). The winter sample for
Allequash Creek was collected in early April, which is
still appropriate given lakes are usually still ice-
covered at this time. Two sites do not have a Fall 2015
sample, Allequash Creek and Como Creek; however,
Allequash Creek has an additional Fall 2016 sample
taken during a storm event to capture DOM compo-
sition and DOC concentration during high discharge
conditions. Samples from the larger rivers (Chippewa
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River, Flambeau River, Red Cedar River) were
collected midchannel from a powerboat, and samples
from the smaller streams (all other sites) and all winter
samples were collected from the streambank. Water
was collected ~ 0.25 m below the surface using a
peristaltic pump and was filtered in the field through a
pre-rinsed 0.45 pm capsule filter (Geotech Versapor
membrane filter) into acid-cleaned polycarbonate or
high-density polyethylene sample bottles. Samples
were kept cool (4 °C) and in the dark until freezing
(within 12 h of collection) and kept frozen until
further processing.

Dissolved organic carbon concentration

DOC samples were defrosted and acidified in the lab to
a pH of 2 using 12 N analytical-grade HCl. Samples
were analyzed using high temperature catalytic com-
bustion on a Shimadzu TOC-L CPH using the non-
purgeable OC method, with sample sparging at 75 ml/
min for 8§ min to remove dissolved inorganic carbon.
DOC concentrations are calculated as the mean of at
least three injections with a coefficient of variance of
<2%.

Dissolved organic matter composition

DOM samples were defrosted and acidified to pH 2
then prepared for FT-ICR MS analysis by solid-phase
extraction on 100 mg Bond Elut PPL (Agilent Tech-
nologies) cartridges (Dittmar et al. 2008). Sample
volumes used for extraction were adjusted to extract a
target C concentration of 50 ug mL~" in HPLC-grade
methanol eluate. Molecular composition of extracted
DOM was determined using a 21-tesla FT-ICR MS at
the National High Magnetic Field Laboratory
(NHMFL; Tallahassee, Fl; Hendrickson et al. 2015;
Smith et al. 2018). Negative ions were generated by
direct infusion electrospray ionization at a flow rate of
700 nL min~'. Mass spectra for each sample were
generated as the sum of 100 scans.

Molecular formulae were assigned to signals > 6c
root mean square baseline noise (Fievre et al. 1997;
Stenson et al. 2002; Kujawinski et al. 2002) using
custom software (PetroOrg; Corilo 2014). Formulae
with elemental combinations of Ci_4sH;_9oNg_4-
01_255¢_» with a mass accuracy of < 300 ppb were
assigned (e.g. Stenson et al. 2003; Koch et al. 2007;
Sleighter et al. 2008) and then classified based on their
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elemental stoichiometries. The number of formulae
detected here, constrained by our techniques, is
referred throughout as molecular richness. The mod-
ified aromaticity index (Al,,0q) Was calculated for each
formula following Koch and Dittmar (2006, 2016),
with values of 0.5-0.67 and > 0.67 classified as
polyphenolic and condensed aromatic structures,
respectively. Other compound classes include: highly
unsaturated and phenolic (HUP) (low oxygen) (Al,0q
< 0.5, H/IC < 1.5, O/C < 0.5), HUP (high oxygen)
(AlLq < 0.5, H/IC < 1.5, O/C > 0.5), aliphatics (H/
C > 1.5-2.0,0/C < 0.9, N = 0), and N-aliphatics (H/
C > 1.5-2.0,0/C < 0.9, N > 0) (Stenson et al. 2003;
Santl-Temkiv et al. 2013; Kellerman et al. 2015).
Although the formulae assigned to these compound
classes can occur in alternate isomeric arrangements,
and thus do not necessarily indicate the presence of a
structural entity in the DOM sample, we utilize this
classification as it provides an overview of the likely
basic structural features of the identified molecular
formulae. This compound classification technique is
supported by other studies that link molecular infor-
mation with DOM structural properties (e.g., Koch
and Dittmar 2006, 2016; Hertkorn et al. 2013).

Relative abundance was calculated by dividing
peak signal magnitudes by the sum of all assigned
signals. Percent contribution of compound classes was
then calculated based on the percent relative abun-
dance of each class to the summed abundance of all
formulae. Relative abundance of compounds with
only C, H, and O (CHO), compounds with N (CHON)),
compounds with S (CHOS), and compounds with N
and S (CHONS) were also calculated.

Statistical analysis

Statistical analyses were carried out in R (R Core
Team 2020), including analysis of variance
(ANOVA), t-tests, balanced bootstrap sampling, prin-
cipal component analysis (PCA), and Spearman rank
correlation. DOC and DOM parameters are reported
throughout as means =+ standard deviations (Tables 1
and 2). One outlier was identified and removed from
N-aliphatic compounds using the interquartile range
method (see “Dissolved organic matter characteriza-
tion” and “Agriculture and urban landcover differ-
ences” sections for further elaboration). Effects of
landcover (forested, agriculture, and urban) and/or
seasonality (Fall, Winter, Spring, Summer) on DOC

concentration and/or molecular composition of DOM
were primarily determined using two-way ANOVA
when the groups of data being compared displayed
normal distribution for its residuals and equal vari-
ances. Levene’s test was used to check for the
homogeneity of variances and the Shapiro-Wilk test
was used to validate that residuals displayed normal
distributions. In both tests, a p-value < 0.05 indicates
either non-normal residual distribution or non-equal
variances and would thus nullify any significance
found for the two-way ANOVA testing. ANOVA
results were considered significant if they reported a p-
value < 0.05. Data that did not satisfy the assumption
of equal variances and normal residual distributions
(CHOS, condensed aromatics, and aliphatics) were
tested for significance using a balanced bootstrap
approach with 10,000 iterations, giving 95% confi-
dence intervals (CI) of the bootstrapped means for
each landcover and season. Values are significantly
different if their 95% CI do not overlap, equivalent to a
p-value < 0.05.

We further assessed the combined impacts of
landcover and seasonality on overall DOM quality
using a PCA on all samples and parameters (DOC
concentration and FT-ICR MS compound classes).
New relationships may be revealed between samples
with different landcovers and seasons since PCA
considers correlations among all measured variables at
the same time. Sample scores and variable loadings for
the first two principal components are plotted against
each other for all samples and all DOM parameters
measured in this study to investigate potential land-
cover and seasonality effects. Additionally, sample
scores were tested with two-way ANOVA to quanti-
tatively determine if there are significant (p < 0.05)
differences among samples belonging to different
landcovers and/or seasons.

To investigate the potential of landcover and
seasonality on individual molecular formulae, we
examined the relationship of each molecular formula
with DOC concentration, and percent forest, agricul-
ture, and urban coverage (Table S1) using Spearman’s
rank correlations. Significant correlations (p < 0.05)
were plotted in a van Krevelen diagram for visualiza-
tion. t-tests were used to determine if correlations and
elemental ratios (H/C and O/C) significantly differed
between heteroatomic and CHO formulae.

@ Springer
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Table 1 Mean and standard deviations for forest, agriculture,
and urban landcover %, dissolved organic carbon (DOC)
Concentrations, and percent relative abundance (% RA) of

Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) parameters

Parameter Forest (1) Agriculture (2) Urban (3)

n 15 14 15

% Forest 83 +3 34 + 14 11 £ 8

% Agriculture 5+6 61 £ 16 6+8

% Urban 34+03 424+ 12 734 + 24.1
DOC (mg/L)'*>? 9.7 + 3.8 37+ 1.1 7.3 +2.90
Formulae (#)>>>! 11,604 + 1284 16,161 + 2007 16,087 + 2836
Mass (Da)'*>3 562 £ 6 564 + 4 550 + 9
INE 0.34 + 0.01 0.32 + 0.01 0.27 + 0.02
CHO (% RA)>?3 83 +2 68 + 4 61 +6
CHON (% RA)>*! 11+1 23 + 4 19+2
CHONS (% RA)¥>%! 0.6 + 0.2 2.0+ 05 25+ 06
CHOS (% RA)™>%! 5+1 7+1 18+ 6
HUP, High O/C (% RA)">%3 61 £2 56 + 3 55+ 6
HUP, Low O/C (% RA)>*! 2142 2743 29 + 4
Polyphenolics (% RA)'>>3 1341 10+ 1 7+£2
Cond. Aromatics (% RA)"1?73 26+ 04 25404 1.6 £ 0.8
Aliphatics (% RA)*>%! 22+ 04 3.0 £0.7 71419
N-Aliphatics (% RA)*>*>! 0.05 + 0.03 0.29 + 0.15 0.52 + 0.19

Al,,q modified aromaticity index, Da dalton, DOC dissolved organic carbon, Cond. condensed, HUP highly unsaturated and

phenolic

*Indicate significant differences found by bootstrapping, where the assumptions for ANOVA of normality and equal variances were

not met

Superscripts next to parameters indicate significant differences using two-way ANOVA (see Table S3), with > indicating the former
landcover(s) is(are) significantly greater (p < 0.05) than the latter landcover(s). 1 = Forest, 2 = Agriculture, 3 = Urban

Results
Discharge

Discharge varied among sites and landcover, having a
wide range in drainage area (Fig. S1; Table S2).
Normalizing discharge to drainage area, the lowest
normalized mean discharge and low flow occurred in
the urban sites (n = 2; Table S2). The normalized low
discharge and the normalized mean discharge for
forest (n = 3) and agriculture (n = 2) sites were an
order of magnitude greater than at the urban sites.
Several samples were collected during periods of high
discharge, defined here as at least 1.5 times the mean
discharge for that creek/river, including the Fall 2016
storm event for Allequash Creek (forested), the Fall
2016 sample for Minnehaha Creek (urban), the
Summer 2016 sample for Shingle and Minnehaha
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Creeks (both urban), and the Spring 2016 samples for
Chippewa River (forested), Flambeau River
(forested), Red Cedar River (agriculture), and Shingle
Creek (urban; Fig. S1).

Dissolved organic carbon concentration variability
among landcovers and seasons

DOC concentrations were significantly higher in
forested (9.7 & 3.8 mg C L p < 0.005) and urban
streams (7.3 £ 29 mg C L' p <0.05) than in
agricultural streams (3.7 &+ 1.1 mg C L~ Table I;
Fig. 2). Greatest mean DOC concentrations were
measured in the fall (7.8 = 4.2 mg C L_l), followed
by summer (7.2 +35mg C L7'), spring
(6.8 + 3.1 mg C L"), and winter (5.2 + 3.6 mg C
Lfl), which had the lowest concentrations. These
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Table 2 Mean and standard seviations for fall, winter, spring, and summer dissolved organic carbon (DOC) Concentrations, and
percent relative abundance (% RA) of Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) parameters

Parameter Fall (F) Winter (W) Spring (Sp) Summer (Su)
n 17 9 9 9

DOC (mg/L) 7.8+ 42 52436 6.8 £+ 3.1 72435
Formulae (#)SP-S4>F: Su=W 13,503 + 2462 13,526 + 3288 15,721 + 2819 16,536 + 2894
Mass (Da) 556 + 8 559 + 11 562+ 9 560 + 8
N 0.31 £ 0.04 0.30 £ 0.04 0.32 4+ 0.03 0.32 + 0.03
CHO (% RA) 71 £ 10 70 £ 12 71 £ 10 69 + 11
CHON (% RA) 18+6 18+7 17+5 18+6
CHONS (% RA) 1.6 + 0.9 1.7+ 1.0 1.7+ 09 1.8 4+ 0.9
CHOS (% RA) 10 £ 6 11+7 10 £7 11+7
HUP, High O/C (% RA) 58 +4 58 +7 58 + 4 55+5
HUP, Low O/C (% RA) 26 + 4 27+5 25+3 25+ 4
Polyphenolics (% RA)FSPSw=W 11+4 943 1142 1242
Cond. Aromatics (% RA)™SPS" > W 224038 17407 24 +04 27404
Aliphatics (% RA) 38 +23 39425 42429 49 +29
N-aliphatics (% RA) 0.27 £ 0.26 0.26 + 0.23 0.30 + 0.27 031 + 0.21

AlL,,q, modified aromaticity index, Da dalton, DOC dissolved organic carbon, Cond. condensed, HUP highly unsaturated and phenolic

*Indicate significant differences found by bootstrapping, where the assumptions for ANOVA of normality and equal variances were

not met

Superscripts next to parameters indicate significant differences using two-way ANOVA (see Table S3), with > indicating the former
season(s) is(are) significantly greater (p < 0.05) than the latter season(s). F = Fall, W = Winter, Sp = Spring, Su = Summer

differences in DOC concentration between seasons
were not significant (Table 2).

Dissolved organic matter characterization

There were 27,400 molecular formulae assigned for
the study sample set, with ~ 24% (n = 6489) found in
all samples. Within the formulae common to all
samples, most (69%) were in the highly unsaturated
and phenolic (HUP) compound class. Other dominant
compound classes include polyphenolics (13%),
aliphatics (8%), condensed aromatics (6%), and
N-aliphatics (4%). Most shared formulae were CHON
compounds (41%), while 27% were CHO, 24% were
CHOS, and 8% were CHONS. Most of the assigned
molecular formulae were not ubiquitous (76%,
n =20911) across all samples, with the majority
(64%) of these being N-,S- heteroatomic compounds
(CHON, CHOS, and CHONS).

The molecular richness (number of formulae) of
DOM was significantly higher for agricultural

(16,161 £ 2007) and urban streams
(16,087 4+ 2836) compared to forested streams
(11,604 &+ 1284; p < 0.005 for both; Table 1;
Fig. 2). Molecular richness was significantly higher
in summer (16,536 + 2894) compared to both fall
(13,503 4+ 2462) and winter (13,526 + 3288;
p < 0.05 for both; Table 2). Spring (15,721 4 2819)
also had significantly higher molecular richness than
fall (p < 0.05). The modified aromaticity index
(Alhoq), which is a measurement of the relative
aromaticity expected for compounds (Koch and
Dittmar 2006, 2016), was highest in forested streams
(0.34 £ 0.01), intermediate in agricultural streams
(0.32 £0.01) and Ilowest in urban streams
(0.27 £ 0.002; p < 0.005; Table 1; Fig.?2). The
Al 0q Was significantly higher in spring and summer
(0.32 £ 0.03 for both) than winter (0.30 + 0.04;
p < 0.05), which had the lowest Al,,,,q of all seasons
(Table 2). The weight-abundance average molecular
weight was significantly higher in forested (562
Da 4+ 6 Da) and agricultural streams (564 Da £ 4

@ Springer
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urban (gray) landcover. a Dissolved organic carbon (DOC)
concentrations (mg L™Y; b Number of assigned formulae (x
103); ¢ the modified aromaticity index (Al,,nq); d Average mass
(Da, dalton). Solid circles and the thick horizontal lines

Da) compared to urban streams (550 Da + 9 Da;
p < 0.005 for both; Table 1; Fig. 2).

CHO formulae were most abundant (by relatively
abundance, RA) in forested streams (83% =+ 2%),
intermediate at agricultural streams (68% =+ 4%) and
lowest at urban sites (61% + 6%; p < 0.005 for all
comparisons; Table 1; Fig. 3). Conversely, heteroa-
tomic formulae (CHON, CHOS, and CHONS) had an
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represent the mean and median, respectively, for each land-
cover. Significance letters above each box plot are based on
significance testing using two-way analysis of variance
(ANOVA), with letters indicating which groups are statistically
different from one another. (Color figure online)

overall higher RA in agricultural and urban streams
compared to forested streams (Table 1; Fig. 3).
CHON RA was the highest in agricultural streams
(23% + 4%), intermediate in urban streams (19% =+
2%) and lowest in forested streams (11% =+ 1%;
p < 0.005 for all comparisons). CHOS relative abun-
dances, using the balanced bootstrap approach to test
for significance, were significantly highest at urban
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O-, and N-containing compounds (CHON; % RA); ¢ RA of C-,
H-, O-, and S-containing compounds (CHOS; % RA); d RA of
C-, H-, O-, N-, and S-containing compounds (CHONS; % RA).

streams (18% =+ 6%), intermediate at agricultural
streams (7% =+ 1%) and lowest at forested sites (5% +
1%; p < 0.05, for all comparisons; Table 1; Fig. 3).
CHONS relative abundances were significantly higher
at urban (2.5% =4 0.6%) and agricultural (2.0% =+
0.5%) streams compared to forested streams (0.6% =+
0.2%; p < 0.005 for both; Table 1; Fig. 3), and urban

Solid circles and the thick horizontal lines represent the mean
and median, respectively, for each landcover. Significance
letters above the CHO, CHON, and CHONS box plots is based
on significance testing using two-way ANOVA. Significance
letters above CHOS box plots is based on significance testing
using balanced bootstrapping. (Color figure online)

streams were significantly higher in CHONS than
agricultural streams (p < 0.05). CHO, CHON, CHOS
and CHONS relative abundances did not differ
significantly between seasons (Table 2).

HUP with low O/C were significantly higher in
agricultural (27% =+ 3% RA) and urban (29% + 4%
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RA) streams compared to forested streams (21% % 2%
RA; p < 0.005 for both; Table 1; Fig. 4a). Aliphatics,
using a balanced bootstrap approach to test for
significance, were highest in urban streams (7.1% +
1.9%), at intermediate RA in agricultural streams
(3.0% =+ 0.7%) and lowest RA forested streams (2.2%

+ 0.4%; p <0.05 for all comparisons; Table 1;
Fig. 4b). N-aliphatic compounds were highest in RA
in urban streams (0.52% =+ 0.19%), intermediate in
agricultural streams (0.29% =+ 0.15%), and lowest for
forested streams (0.05% =+ 0.03%; p < 0.05; Table 1;
Fig. 4c). One outlier was removed from N-aliphatic
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Fig. 4 Box plots for forest (green), agriculture (orange), and
urban (gray) landcovers. a relative abundance (RA) of highly
unsaturated and phenolic (HUP) low O/C (% RA); b RA of
aliphatics (% RA); ¢ RA of N-aliphatic (% RA); d RA of HUP
high O/C (% RA); e RA of polyphenolics (% RA); f RA of
condensed aromatics (% RA). Solid circles and the thick
horizontal lines represent the mean and median, respectively, for
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each landcover. Significance letters above HUP (low O/C),
N-aliphatic, HUP (high O/C), and polyphenolics is based on
significance testing using two-way ANOVA. Significance
letters above aliphatics and condensed aromatics box plots is
based on significance testing using balanced bootstrapping.
(Color figure online)



Biogeochemistry

compounds as it was greater than the 75th percentile
by a factor of 1.5 times the interquartile range of all
N-aliphatics. This sample was found in an agricultural
winter sample (Trout Creek). There were no signifi-
cant differences in HUP with low O/C, aliphatics, or
N-aliphatic compounds between seasons (Table 2).

Formulae classified as HUP with high O/C were
significantly higher in forested streams (61% =+ 2%
RA) compared to urban (55% £ 6% RA; p < 0.005)
and agricultural streams (56% =+ 3% RA; p < 0.05;
Table 1; Fig. 4d). Polyphenolic RA was highest in
forested streams (13% =+ 1%), intermediate in agri-
cultural streams (10% + 1%), and lowest in urban
streams (7% =+ 2%; p < 0.005 for all comparisons;
Table 1; Fig. 4e). Polyphenolic RA (9% =+ 3%) was
higher in the fall (11% =+ 4%; p < 0.05), spring (11%
+ 2%; p < 0.05), and summer samples (12% + 2%;
p < 0.005; Table 2) compared to the winter. Con-
densed aromatics RA, using a balanced bootstrap
approach, was higher in forested (2.6% =+ 0.4%) and
agricultural streams (2.5% =+ 0.4%) compared to
urban streams (1.6% =+ 0.8%; p < 0.05 for both
comparisons; Table 1; Fig. 4f). Condensed aromatic
RA exhibited some seasonal variation and were
significantly higher in the summer (2.7% =+ 0.4%)
and spring (2.4% =+ 0.4%), than in the fall (2.2% =+
0.8%) and winter (1.7% =% 0.7%; p < 0.05 for both;
Table 2).

Principal component analysis

A PCA was used to further assess impacts of landcover
and seasonality on DOM amount and quality. Princi-
pal component 1 (PC1) explained 56.0% of the data
variance and DOC concentration, average mass,
Alhog, CHO, HUP (high O/C), polyphenolics, and
condensed aromatics had positive loadings (Table 3;
Fig. 5). In contrast, PC1 had negative loadings with
molecular richness (number of formulae), heteroa-
tomic formulae (CHON, CHOS, and CHONS), HUP
(low O/C), aliphatic, and N-aliphatics. The PC1 scores
varied significantly with landcover, from highest in
forested streams (PC1: 0.87 £ 0.16), intermediate in
agricultural streams (— 0.10 &= 0.36), and lowest in
urban streams (— 0.77 & 0.39; p < 0.005 for all;
Fig. 5).

Table 3 Principle component analysis structure matrix for
dissolved organic carbon (DOC) concentration data and
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) parameters

Parameter PC1 PC2
DOC (mg/L) 0.56 — 0.68
Formulae (#) — 0.96 0.70
Mass (Da) 0.69 0.84
Alod 1.14 0.49
CHO (% RA) 1.27 —0.19
CHON (% RA) — 0.85 0.72
CHONS (% RA) —1.26 0.26
CHOS (% RA) —1.10 —0.35
HUP, High O/C (% RA) 0.97 — 041
HUP, Low O/C (% RA) —1.16 0.09
Polyphenolics (% RA) 1.07 0.45
Condensed aromatics (% RA) 0.75 0.78
Aliphatics (% RA) — 1.13 - 0.37
N-aliphatics (% RA) —0.57 0.50
% Variance explained 56.0 16.3

Al modified aromaticity index, Da dalton, HUP highly
unsaturated and phenolic, PCI principal component 1,
PC2 principal component 2

Principal component 2 (PC2) explained 16.3% of
the data variance and had positive loadings for
molecular richness, average mass, Al,,q, CHON,
CHONS, polyphenolics, condensed aromatics, and
N-aliphatics (Table 3; Fig. 5). PC2 had negative
loadings associated with DOC concentration, CHO,
CHOS, HUP (high O/C), and aliphatic compounds.
Both landcover and seasonality varied significantly
with PC2. Scores were significantly higher in agricul-
tural streams (0.84 £ 0.48) than in forested
(— 0.24 + 0.22) and urban streams (— 0.54 + 0.64;
p < 0.005 for both; Fig. 5). There is no significant
difference between forested and urban PC2 scores. For
seasonality, only summer (0.34 £ 0.51) and fall
samples (— 0.19 £ 0.73; p < 0.05) were significantly
different (Fig. 5). Spring and winter samples were not
significantly different from the other seasons.

Spearman rank correlations
Spearman rank correlations were used to examine the

relationship of the 27,400 formulae to DOC concen-
tration, percent forest coverage, percent agriculture
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Fig. 5 Dissolved organic carbon (DOC) concentration and
dissolved organic matter (DOM) characteristics data principal
component analysis. a sample scores labeled by landcover
(agriculture = orange, forest = green, urban = gray) and season
(circle = fall, triangle = spring, solid rectangle = summer, dia-
mond = winter); b variable loadings (see Table 3 for variable
loading values). CHO C-, H-, O-containing formulae,
CHON C-, H-, O-, N-containing formulae, CHOS C-, H-, O-,
S-containing formulae, CHONS C-, H-, O-, N-, S-containing
formulae, AvgMass average mass, Almod the modified aro-
maticity index, Formulas formulae abundance, HUP highly
unsaturated and phenolic. (Color figure online)

coverage, and percent urban coverage (Fig. 6a—d).
There were significant correlations (p < 0.05) for
3374 formulae (12%) with DOC concentration which,
when plotted in a van Krevelen space, showed two
distinct groupings of Spearman’s rank correlation
coefficients that separated along the O/C axis
(Fig. 6a). Of the 3374 formulae with significant
correlations to DOC concentration, only 341 had
significant positive correlations, a majority of which
were CHO formulae (94%; Fig. S2a). Formulae with
significant negative DOC correlations (n = 3033)
mostly contained N-, S-heteroatoms (89%; Fig. S3a).

Percent forest (16,862 significant correlations,
62%; Fig. 6b) and percent urban landcover (13,408
significant correlations, 49%; Fig. 6d) exhibited an
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inverse pattern within the van Krevelen. Formulae
with significant positive correlations (n = 3915) to
forest landcover had significantly lower H/C
(0.84 £ 0.21) and higher O/C (0.61 % 0.14) ratios
compared to formulae with significant negative cor-
relations (n = 12,947, H/C = 1.22 + 0.28; O/C =
0.47 £ 0.14; p <0.005 for both). Most of the
formulae that positively correlated with forest land-
cover were CHO formulae (81%; Fig. S2b). Most of
the formulae that negatively correlated to forest cover
contained N-, S- heteroatoms (85%; Fig. S3b), with a
majority (60%) of these heteroatomic formulae con-
taining S (Fig. S4b).

The opposite trend is seen with urban landcover
where formulae with significant positive correlations
to urban landcover (n = 9168) had significantly higher
H/C (1.28 £ 0.27) and lower O/C (0.48 £ 0.15)
compared to formulae with significant negative cor-
relations to urban landcover (n = 4,240; H/C = 0.82

+ 0.20; O/C =0.58 + 0.14; p < 0.005 for both).

Most of the formulae with positive correlations to
urban landcover were N-,S- heteroatomic formulae
(81%; Fig. S3d), highly enriched in S (Fig. S4d).
Formulae negatively associated with urban landcover
were mostly CHO-formulae (65%; Fig. S2d), with
some formulae containing N (Fig. S5d).

Percent agriculture landcover had 5604 formulae
with significant correlations and most were positive
(n = 5402) with formulae containing a wide range of
H/C and O/C values (Fig. 6¢). Most (99%) of the
formulae with positive correlations to agriculture
cover contained N (Fig. S5c), with a few also
containing S. Most of the 202 formulae with negative
correlations to agriculture landcover were CHO for-
mulae (80%; Fig. S2¢). The remaining formulae with
negative correlations to agriculture landcover were
mostly S-containing formulae (Fig. S4c).

Unique formulae

Another way to explore whether there are clear
separations of landcover and/or season with formulae
is to examine whether samples from different land-
cover or season contain unique molecular formulae
(e.g. Spencer et al. 2019). None of the seasons had
unique formulae; however, fourteen unique formulae
were present in all agricultural samples, eight unique
formulae present in all urban samples, and one unique
formula present in all forested samples (Table 4;
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Fig. 6 Spearman-rank correlations between the relative abun-
dance of assigned molecular formulae and a dissolved organic
carbon (DOC) concentration; b % forest in the watershed; ¢ %
agriculture in the watershed; d % urban in the watershed. Axes
represent the atomic ratios of H:C (H/C) and O:C (O/C). Colors
represent the correlation coefficient (p;) between the relative
abundance of each formula and the respective variable with

Fig. 7a). Nearly all of these unique formulae had RAs
greater than the average formula RA (for all formulae)
for their respective landcover (average formula RA for
agriculture, urban and forest is 0.31, 0.31, and 0.30,
respectively; Table 4), with the only exception being
the formula unique to the forest landcover samples.

0.0

o/C

05 1.0

warmer color formulae indicating positive correlations and
cooler color formulae exhibiting negative correlations. Scale-
bar represents the range of correlation coefficient values. Lines
approximately delineate compound groups. CA condensed
aromatic compounds, HUP highly unsaturated and phenolic
compounds, PP polyphenolic compounds. (Color figure online)

The unique tracers of agriculture were all N-contain-
ing formulae classified as either polyphenolics or HUP
(both high and low O/C), while urban tracers were a
combination of S-containing HUP (both high and low
O/C) and S-containing aliphatics. The single unique
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Table 4 Unique formulae

Unique to Formula Mass (Da) Average Sample Relative Abundance (% RA)
found in single landcovers
(Agriculture, Urban, Forest) Agriculture  Cy4H;;0,N3S, 332 1.04
piisimee Do gelwe CLLONS, M Ls
abundances (% RA) for all Agriculture C17H16010N4So 435 0.69
samples of their respective Agriculture C7H;707N3S, 374 1.43
landcover. The average Agriculture C17H907N3S, 376 1.65
formula RA for all formulae .
in agriculture, urban and Agriculture C,3H60oN,4So 431 0.85
forest landcovers is 0.31, Agriculture Ci9H;6010N4So 459 0.75
0.31, and 0.30, respectively Agriculture  CyH 60oN4sS, 483 0.62
Agriculture C,1H500,0N4So 487 1.01
Agriculture CyHisO011N3Sy 496 0.83
Agriculture CyoHigO1N4Sy 497 0.58
Agriculture Cy4H5,010N4So 525 0.54
Agriculture C,5H40,0N4So 539 0.63
Agriculture Cy6H,1011N3S, 550 0.52
Urban C13H405N0S;4 291 0.74
Urban C1gHz609N0S, 449 0.91
Urban C1gH2300N0S, 451 0.66
Urban C19H6010NS, 477 0.72
Urban C19H28010NS, 479 0.69
Urban C9H308N(S, 447 0.62
Urban Cy0H26010NoS> 489 0.65
Urban Cy0H2609N0S> 473 0.81
Forest C3,H40,5N0Sg 807 0.30

forest formula was a CHO formula classified as HUP
(high O/C).

Discussion

Landcover effects on dissolved organic carbon
concentration

The concentration of DOC in all sampled UMRB
streams and rivers (Table 1; Fig. 2a) fell within the
typical range of DOC for streams and rivers globally
(0.5-50 mg C L~!; Mulholland 2003), and for streams
in urban and agricultural areas of central and southern
Minnesota (~ 2-13 mg C L™'; Tsui and Finley
2011). Previous studies comparing streams dominated
by agriculture (e.g. Stanley et al. 2012; Lu et al. 2014;
Graeber et al. 2015; Heinz et al. 2015; Giicker et al.
2016; Spencer et al. 2019) and urban landcovers (e.g.
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Sickman et al. 2007; Aitkenhead-Peterson et al. 2009;
Hosen et al. 2014) to those dominated by forest
landcovers had shown variable differences in DOC
concentrations between landcovers. In this study,
agricultural streams in the UMRB had significantly
lower DOC concentrations than forested and urban
streams (Table 1; Fig. 2a).

Higher DOC concentrations in the forested streams
are likely due to differences in the quantity of DOC
inputs. High DOC concentrations found in forested
streams (Table 1; Fig. 2a) are associated with the
surrounding  organic-rich terrestrial ecosystem,
including vascular plants (leaching, rhizodeposition,
fragmented plant material, and litterfall), and the
leaching and erosion of accumulated OM in riparian
soils along the stream channel (Thurman 1984; Hope
et al. 1994; Meyer et al. 1998; Ledesma et al. 2018).
The agricultural streams may have received less
terrestrial OC from the watershed, reflective of
possible lower vegetation productivity and less litter
accumulation (Guo and Gifford 2002) combined with
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Fig. 7 Unique molecular formulae found solely in forest
samples (green), agriculture samples (orange), and urban
samples (gray) for a the Upper Mississippi River Basin (this
study) and b forested and agricultural tributaries of the Amazon
River (Spencer et al. 2019). Axes represent the atomic ratios of
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compound groups. CA condensed aromatic compounds, HUP
highly unsaturated and phenolic compounds, PP polyphenolic
compounds. (Color figure online)

smaller surface soil OC stocks (Ogle et al. 2005;
McLauchlan 2006; Nagy et al. 2018). Smaller surface
soil OC stocks along agricultural streams are associ-
ated with lower OC inputs, increased decomposition
with intensified soil disturbance (Reicosky et al. 1995;
Guo and Gifford 2002), and accelerated soil erosion
(Van Oost et al. 2007; Giicker et al. 2016). Addition-
ally, the loss of above-ground vegetation structure and
litter in agricultural landcovers compared to forested
landcovers can increase soil temperatures (Geiger
et al. 1995), which leads to increased in situ OC
decomposition (Nagy et al. 2018). While synthetic
nitrogen (N) addition to agricultural systems can
increase vegetation inputs to the soil, N fertilization
can also increase soil OM decomposition rates result-
ing in either a net loss (e.g. Khan et al. 2007) or no
change in soil OC concentrations (e.g. Halvorson et al.
2002).

Significantly greater DOC concentrations in urban
streams compared to agricultural streams may relate to
higher OC inputs associated with human activity. This
human activity includes wastewater from leaky sewer
lines or septic drainage fields (Westerhoff and Anning
2000; Verstraeten et al. 2005; Sickman et al. 2007;
Pennino et al. 2016), use of petroleum products (oil
and gas from vehicles, tar from roads and shingles;
Spiker and Rubin 1975), engineered headwaters (e.g.
road asphalt, roadside gutters, subsurface pipes; Fork
et al. 2018; Niles et al. 2020), imported vegetation and
soil, pet waste, and runoff from turf grass in open
urban areas (e.g. golf courses and parks; Wright et al.
2005). Increased nutrient inputs associated with these
urban sources can also increase DOC concentrations in
urban surface waters by stimulating algal and bacterial
production (Bernot et al. 2010). Impervious surfaces
associated with urban environments promote the
export of OM into aquatic systems by impeding
DOM interactions with high sorption capacity soils
(Hobbie et al. 2014; Bratt et al. 2017; Fork et al. 2018).

Landcover impacts on molecular signatures
of stream dissolved organic matter

Landcover impacts on molecular richness

The number of molecular formulae assigned in this
study (27,400) is higher compared to other FT-ICR
MS studies, such as Spencer et al. (2019), which
assigned ~ 15,000 formulae to tropical streams
draining forest and agriculture landcovers. This higher
number of assigned formulae is likely driven by a
diverse sample set (each sample had at least 10,000
formulae assignments and both the agriculture and
urban landcovers had high molecular richness;
Fig. 2b) as well as the inclusion of an additional
landcover (urban) with formulae characterized by
different classes as those found in the other two
landcovers. A majority of the molecular formulae in
this study shared across all samples were highly
unsaturated and phenolic (HUP) compounds, which
have been found to dominate DOM globally (Riedel
etal. 2016; Kellerman et al. 2018; Spencer et al. 2019).
Common formulae present in all samples suggests
they all share a common DOM pool produced by
similar sources that has gone through comparative
diagenetic processes during transport into and through
streams and rivers (Jaffé et al. 2012; Wagner et al.
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2015; Harfmann et al. 2019). This processed pool of
DOM may represent a more stable pool of OM as the
more labile DOM would be removed through micro-
bial processing (Wickland et al. 2007) and/or pho-
todegradation (Cory et al. 2014; Wagner et al. 2015).

Most of the assigned molecular formulae (76%)
were not shared across all samples, driven by
contrasting types of N-,S- heteroatomic formulae
associated with each landcover. Molecular richness
of DOM (Table 1; Fig. 2b), attributed here to
increased presence of N-,S- heteroatomic formulae,
was significantly greater in agricultural and urban
streams compared to forested streams. These N-,S-
heteroatomic formulae dominated the formulae with
positive Spearman’s correlations associated with
urban (n = 7409 compared to 1759 for CHO formulae)
and agricultural landcovers (n = 5347 compared to 55
for CHO formulae; Fig. S3c/d), demonstrating a
potential commonality between agriculture and urban
landcover. In contrast, only 23% of formulae with
positive Spearman’s correlations with forested cover
contained N-,S- heteroatoms. Higher abundances of
N-containing molecular formulae in agricultural and
urban landcovers may be linked to large anthro-
pogenic nutrient inputs (Mattsson et al. 2005; Wilson
and Xenopoulos 2009; Wagner et al. 2015; Hertkorn
et al. 2016). Nutrients are elevated in agricultural
streams in the UMRB due to fertilizer use and animal
manure production, and in urban streams due to
wastewater inputs (Turner and Rabalais 1991, 2003;
Stark et al. 2000; Houser et al. 2015; Voss et al. 2017).
Sulfur is less studied in the UMRB but is also
associated with the use of fertilizer, the production
of sewage, and enhanced oxidative weathering of
sulfur-bearing organic materials linked with agricul-
tural practices (Killingsworth and Bao 2015; Wagner
et al. 2015; Hertkorn et al. 2016).

Greater allochthonous contributions in streams
draining forest landcovers

We found forested streams were more enriched in
HUP (high O/C), polyphenolic, and condensed aro-
matic compounds compared to streams draining
agriculture and urban landcovers (Table 1; Fig. 4d,
f) and had significantly more positive scores along
PC1 compared to agricultural and urban streams
(Fig. 5a). Enrichment in the aforementioned com-
pound groups is characteristic of terrestrial carbon
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sources (e.g. fresh litter layers and organic-rich soil
horizons) found in other stream DOM studies (e.g.
Stubbins et al. 2010; Williams et al. 2010; Wagner
etal. 2015; Kellerman et al. 2018; Spencer et al. 2019).
Terrestrial carbon sources typically produce DOM
formulae with high O/C and low H/C values (D’ An-
drilli et al. 2015; Lu et al. 2015; O’Donnell et al.
2016), and these compounds had positive Spearman’s
rank correlations with percent forest landcover
(Fig. 6b). In contrast, autochthonous DOM contribu-
tion appears to be lower within forested streams than
in agricultural and urban streams as evident by lower
HUP (low O/C), aliphatic, and N-aliphatic formulae
(Table 1; Fig. 4). Lower autochthonous contributions
to forested stream DOM are likely driven by dilution
from large allochthonous DOM inputs to the stream,
quick mineralization of autochthonous DOM within
the streams, and/or low autochthonous DOM produc-
tion that may be driven by lower nutrient concentra-
tions and heavy in-stream shading by riparian
vegetation (Webster and Meyer 1997; Bernot et al.
2006; Voss et al. 2017).

Greater autochthonous contributions in streams
draining agriculture and urban landcovers

Agricultural and urban streams are characterized by
greater autochthonous DOM contributions to stream
DOM compared to forested streams. This is supported
by significantly higher relative abundance of aliphatic,
N-aliphatic, and HUP low O/C compounds (Table 1;
Fig. 4a—c) as well as lower O/C and higher H/C ratios
in formulae with significant positive Spearman’s
correlations to agriculture and urban landcover (com-
pared to formulae associated with forest landcover,
Fig. 6b—d). The above associations are indicative of
high autochthonous DOM production (e.g. algae and
bacteria) and microbial processing (Williams et al.
2010; Graeber et al. 2015; Kellerman et al. 2018)
within agricultural and urban streams, as well as
possible wastewater inputs to urban streams (e.g. Ye
et al. 2019). The association of these compounds with
agriculture and urban landcovers is further supported
by the more negative scores for these landcovers along
PC1 (Fig. 5a) coinciding with the negative loadings on
PC1 for these autochthonous-produced compounds
(Table 3; Fig. 5b).

High relative contributions of autochthonous-
derived compounds in streams draining agriculture
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and urban landcovers may relate to high nutrient
inputs from anthropogenic activity (Delong and
Brusven 1992; Corkum 1996; Reche et al. 1998;
Bernot et al. 2010) as well as increased light
availability and warmer temperatures in smaller,
anthropogenically-impacted UMRB streams as a
result of reduced shading from the removal of riparian
vegetation (Bernot et al. 2006). Higher light exposure
also stimulates photodegradation of allochthonous
DOM (Spencer et al. 2009; Catalan et al. 2013) and
anthropogenically-derived DOM (Meng et al. 2013),
leading to increased relative contributions of auto-
chthonous DOM. Autochthonous compounds in
streams are typically more bioavailable and more
rapidly utilized compared to allochthonous com-
pounds (D’Andrilli et al. 2015; Graeber et al. 2015;
Riedel et al. 2016; Textor et al. 2018). Thus, not only
does anthropogenic alteration of the landscape
through agricultural development likely lead to sig-
nificant DOC concentration reductions in the UMRB,
but agricultural and urban development in the UMRB
also significantly alters the DOM composition to make
it more biolabile. An increase in biolability has
significant  ecosystem  implications including
increased CO, production and emissions (Battin
et al. 2008; Graeber et al. 2015; Drake et al. 2019),
alterations to food web dynamics (Giicker et al. 2011),
and alterations to nitrogen uptake and denitrification
(Bernhardt and Likens 2002; Newcomer et al. 2012).

Agriculture and urban landcover differences

Although agricultural and urban streams both have
larger autochthonous DOM contributions compared to
forested streams, there are several distinct differences
in DOM composition between them. The separation
between agricultural and urban stream scores in the
PCA (Fig. 5) is driven by significantly greater contri-
butions from CHON compounds in agricultural
streams (Table 1; Fig. 3b). CHON compounds had
more positive PC1 and PC2 loadings (Fig. 5b) com-
pared to compounds that were more prevalent in
urbanized streams (CHONS, CHOS, and aliphatics;
Table 3). This, along with agricultural landcover
having significant positive Spearman’s correlations
with N-containing formulae (Fig. S5c), suggests
agricultural streams have greater relative abundances
of CHON compounds compared to urban streams.
Additionally, the urban (Minnehaha Creek) and

forested (Chippewa River) sites with the greatest
agricultural cover (Table S1) had significantly
(p < 0.05) higher relative abundances of CHON
compounds compared to the other urban and forested
sites, respectively. Similarly, the agricultural site with
the lowest percent agriculture (Red Cedar River,
Table S1) had significantly lower CHON and CHONS
relative abundances (p < 0.05) compared to another
agricultural site with a higher percentage of agricul-
tural landcover (Trout Creek). The variation of
compound classes within sites belonging to a single
landcover further supports the influence of agricultural
landcover on CHON abundances. In contrast to the
agricultural streams, urban streams had significant
positive Spearman’s rank correlations with S-contain-
ing formulae (Fig. S4d) and had greater contributions
from CHOS and CHONS compounds (Table I;
Fig. 3c, d), suggesting urban streams have greater S
contributions.

The S-containing compounds within urban streams
of the UMRB are likely associated with anthropogenic
S sources such as fossil fuel emissions (e.g. vehicle
combustion sources) and subsequent atmospheric
deposition, sewage, groundwater usage and building
construction (Killingsworth and Bao 2015). S-con-
taining compounds can also be associated with
agricultural practices (Hinckley et al. 2020); however,
as seen previously for the Mississippi River basin
(Goolsby et al. 1999), agricultural lands do not appear
to contribute the highest S fluxes. The highest relative
N contributions in agricultural streams are likely due
to fertilizer use, animal manure production, soil
organic N contribution, and in-stream primary pro-
ductivity fueled by anthropogenic nutrient inputs
(Stark et al. 2000; Panno et al. 2006; Houser and
Richardson 2010; Voss et al. 2017). Although urban
streams had lower relative abundances of CHON, N
concentrations are likely to still be elevated from
wastewater inputs, which are commonly associated
with elevated concentrations of organic N compounds
(Stark et al. 2000; Wasley 2000; Houser and Richard-
son 2010).

DOM associated with agriculture and urban land-
covers can also be differentiated by compound H/C
and O/C elemental ratios. Formulae with significant
positive Spearman’s correlations to urban landcover
also had the lowest O/C and highest H/C values of all
three landcover correlations (Fig. 6d). The lower O/C
and higher H/C ratios for urban formulae in the UMRB
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may suggest the DOM in urban streams is more
characteristic of microbially-derived, bioavailable
material (e.g. lipids, proteins, amino sugars; Gonsior
et al. 2011; D’Andrilli et al. 2015; Parr et al. 2015;
Wagner et al. 2015; Kellerman et al. 2018) compared
to agricultural streams.

The low number of formulae negatively associated
with streams draining agricultural landcover in the
UMRB (Fig. 6¢) contrasts with the abundance of high
O/C, low H/C formulae with negative associations in
tropical agricultural streams (Drake et al. 2019;
Spencer et al. 2019). UMRB agricultural streams had
a high abundance of formulae with H/C ratios < 1,
similar to the formulae associated with DOM in
UMRB forested streams. Thus, while agriculture
landcover in the UMRB likely increases autochtho-
nous DOM contributions to stream DOM, many
formulae within agricultural stream DOM are similar
to forest/wetland DOM contributions. This is likely
due to the non-trivial contribution of forested area
(34 £ 14%) in agricultural watersheds in this study
(Table 1), remnants from forest/wetland soils before
conversion to agricultural land, and/or from similar
DOM produced by agriculture and forest vegetation.

When only formulae found in streams draining
agriculture and urban landcovers (removing formulae
found in forested streams) are compared, the number
of formulae unique to agricultural streams (i.e. not
found in urban streams) increased to 27 (4+ 13) while
the number of formulae unique to urban streams (i.e.
not found in agriculture streams) only increased to 9
(+ 1). This supports the occurrence of similar formu-
lae in streams draining agriculture and forested
landcovers. Likewise, when only comparing formulae
present in forested and agricultural streams (removing
urban streams), the number of formulae unique to
agricultural streams (not present in forest) increased to
156 but the number of unique forest formulae (not
present in agriculture) did not change. DOM in urban
streams is thus not compositionally similar to DOM in
forested streams, but there is more compositional
overlap between agricultural and urban stream DOM.

While DOM composition for the three landcovers is
broadly distinct, two samples fell outside the land-
cover clusters formed in the PCA. First, was an urban
sample collected in spring from Bassett Creek that fell
between the forest and agriculture landcover group-
ings in the PCA (Fig. 5a). The Bassett Creek sampling
site is just upstream from where the creek discharges
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to the mainstem Mississippi River and is likely to
experience some backflow from the Mississippi River
during spring high discharge events. Upstream of
Bassett Creek, the Mississippi River drains a mix of
forest and agriculture landcovers, potentially giving
this Bassett Creek sample a more forest and agricul-
ture signal. Second, a winter agriculture sample from
Trout Creek had a more negative loading along PCl1
and a more positive loading along PC2 compared to
the other agriculture samples (Fig. 5a). This Trout
Creek sample was also the outlier previously men-
tioned for the N-aliphatic formulae, which may have
driven the higher molecular richness and higher
CHON relative abundances for this sample. High
N-aliphatic relative abundance for this winter agricul-
tural sample may relate to livestock manure applica-
tions on agricultural fields, which is commonplace in
the Midwest United States (Gupta et al. 2004; Loecke
et al. 2012) and has been associated with enrichment
of N-containing peptides in soils (Mao et al. 2008).
Winter application of manure combined with snow-
melt could carry manure-derived DOM from these
lands to groundwater and surface waters of adjacent
waterways (e.g. Lewis and Makarewicz 2009; Zopp
et al. 2019). The concurrent low discharge observed
during winter months (Fig. S1) means manure-derived
DOM may become relatively more concentrated and
may give agricultural streams like Trout Creek a DOM
signature similar to that of urban streams, which
recorded the highest N-aliphatic abundances (Table 1;
Fig. 4c).

Global patterns in landcover effects on dissolved
organic matter composition

The DOM compositional differences we observed in
the temperate UMRB are similar to compositional
differences, also derived from FT-ICR MS analysis of
DOM, for tropical streams (Drake et al. 2019; Spencer
et al. 2019) and other temperate streams (Lu et al.
2015) draining forest and agriculture landcovers. In
these study areas, DOM within forested streams also
had greater relative allochthonous, terrestrial contri-
butions with greater CHO- and aromatic compound
relative abundances, compared to agricultural streams
with comparatively higher autochthonous contribu-
tions and greater CHON and aliphatic compound
relative abundance. These similarities in landcover
effects on stream DOM between different climatic
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regions and localities suggests FT-ICR MS character-
ization of DOM can help elucidate how global patterns
of stream DOM composition relate to upstream
catchment landcover.

Global patterns in DOM composition with land-
cover is also reflected by the types of unique formulae
associated with each landcover in two separate
climatic regions. The single unique formula associated
with all stream samples draining UMRB forested
landcover (Table 4; Fig. 7a) was a HUP (high O/C)
CHO formula, as were the nineteen formulae that were
unique to the tropical forest streams (Fig. 7b; Spencer
et al. 2019). The fourteen unique formulae associated
with UMRB agricultural streams were HUP and
polyphenolic CHON formulae (Table 4; Fig. 7a),
which was the same classification as the four unique
formulae seen for tropical agricultural catchments
(Fig. 7b; Spencer et al. 2019). These HUP CHON
formulae likely derive from autochthonous DOM
inputs (e.g. Hanley et al. 2013) or degraded proteins
(Kujawinski et al. 2004; Schmidt et al. 2009). The
streams draining urban landcovers in the UMRB had
eight unique formulae all classified as HUP and
aliphatic CHOS formulae with high H/C ratios
(Table 4; Fig. 7a). There is no comparable data from
tropical urban streams, but CHOS formulae have been
associated with DOM sourced from wastewater and
septic-impacted groundwaters (Gonsior et al. 2011;
Arnold et al. 2014). Overall, the similarities between
unique formulae found in temperate and tropical
climates suggest landcovers in other regions may
produce distinct formulae belonging to different
formulae classifications. Expanding the characteriza-
tion of DOM to other climatic zones and landcovers
will improve these interpretations.

Seasonal effects on dissolved organic matter
composition

Although landcover appears to be the primary driver
for DOC concentration and DOM composition, dif-
ferences in seasonality have a secondary impact on
contributions of DOM sources. Spring and summer
samples had significantly greater molecular richness,
Al,04, and greater relative abundances of polypheno-
lics and condensed aromatics compared to winter,
partially fall, samples. These characteristics all had
positive loadings along PC2, which corresponds with
the significant positive scores seen for the summer and

the non-significant positive scores for the spring on
PC2. Overall, this points to greater relative contribu-
tions of terrestrial, allochthonous DOM in streams in
the spring and summer seasons compared to the
winter, and partially compared to the fall. In contrast
to the terrestrial, allochthonous contributions, relative
autochthonous DOM contributions do not appear to
significantly vary by season due to the lack of
significant differences in the autochthonous-associ-
ated compounds (e.g. HUP low O/C, aliphatics,
N-aliphatics) between seasons (Table 2).

There are several possibilities for this difference in
terrestrial, allochthonous DOM contributions between
seasons. First, the increases in terrestrial DOM
contributions in the spring correspond to seasonal
increases in discharge, as seen for all forested streams
in the spring and for some agricultural and urbanized
streams (Fig. S1). Increases in discharge within the
UMRB have previously been associated with greater
mobilization of terrestrial soil material in streams and
diminished autochthonous production (Voss et al.
2017). Additionally, lowered discharge during winter
months, with subsequently less mobilization of ter-
restrial soil DOM, likely increased groundwater DOM
contributions to stream DOM during winter months
compared to non-winter months (Voss et al. 2017). In
contrast to the terrestrial soil DOM, groundwater
DOM is leached from deeper soils and is typically
dominated by plant-derived degraded compounds and
microbial metabolites (Inamdar et al. 2011; Shen et al.
2015; Lambert et al. 2017). It is thus expected that the
winter stream DOM reflects this more-degraded
groundwater signature with lower relative abundances
of condensed aromatics, as well as polyphenolic
compounds. Groundwater DOM stream contributions
have been characterized by an increase in HUP
compounds (e.g. McDonough et al. 2020); however,
HUP was insignificantly higher in the winter com-
pared to all other seasons in the UMRB streams.
Finally, increased terrestrial, allochthonous contribu-
tions in the summer may result, or partially result,
from the summer coinciding with the peak growing
season for forest landcover vegetation in the northern
United States (e.g. Xiao et al. 2004; Sims et al. 2006)
and to maximum gross primary production for crop-
land and grassland ecosystems (Guanter et al. 2014).
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Conclusions

This study is one of the first to apply FT-ICR MS to
characterize DOM compositional differences within
streams of the same region that drain different
landcovers (forest, agriculture, and urban) during four
different seasons (winter, spring, summer, and fall).
Streams and rivers draining agriculture and urban
landcovers in the temperate UMRB had lower DOC
concentrations than those draining forest landcover.
Agriculture and urban stream DOM was also more
heteroatomic and contained greater contributions from
formulae associated with autochthonous carbon
sources, driven by anthropogenic inputs from fertiliz-
ers and sewage. Despite this, agricultural stream and
forested stream DOM had some common molecular
formulae, suggesting the existence of an allochtho-
nous DOM pool in agriculture-dominated watersheds
either from patches of riparian vegetation and/or
remnant soils of former forest and wetland landcover.
Changes in allochthonous DOM inputs from sur-
face soils and vegetation, as well as increased
autochthonous DOM contributions, to streams drain-
ing agriculture and urban landcovers have major
implications for in-stream biogeochemical cycling.
Autochthonous DOM is generally more biolabile and
could contribute to an increase in CO, production and
emissions (Drake et al. 2019). As a result, downstream
transport of DOM to higher order streams and rivers
may be reduced for streams draining urban and
agriculture landcovers. Furthermore, the DOM con-
tributions to waters downstream of urban and agricul-
tural landcover could become increasingly
characterized by highly-degraded and highly-
stable DOM, warranting further investigation of
downstream impacts of landcover alterations. High-
resolution molecular-level techniques, such as those
we utilized here, have the potential to trace the transfer
of headwater stream DOM to larger-order streams and
rivers to better understand the consequences of
changing landcover in DOM and carbon cycling.
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