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Abstract As human-dominated landscapes have
expanded, the diversity of organic matter (OM)
sources to rivers has increased, and knowledge of
the composition and quality of these sources is lack-
ing. It is important to characterize novel forms of
OM that can affect retention, transport, and transfor-
mation of OM within watersheds. We collected fine
particulate OM (FPOM) and dissolved OM (DOM)
in four watersheds of Northeast Utah with a mixture
of urban, forest, and agricultural land cover. We used
the natural abundance of 13C, 1N, and ?H isotopes in
mixing models to quantify the proportion of terres-
trial, autochthonous, and anthropogenic OM. We also
used spectroscopic properties of DOM to characterize
OM composition. Percent land cover within a water-
shed did not account for the anthropogenic influence
of wastewater treatment plants (WWTP) or grazing
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and recreation activities. OM was primarily derived
from terrestrial sources, except at sites influenced by
wastewater, and autochthonous sources at sites influ-
enced by grazing and recreation activities. Sites influ-
enced by WWTPs had more homogenous DOM that
was consistently composed of 35% protein-like DOM,
while all other sites had greater variability in DOM
composition. Further study is needed to understand
landscape drivers of DOM composition in watersheds
with WWTPs, and such studies should incorporate
samples directly from of WWTP effluent.
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Introduction

Organic matter (OM) in aquatic and terrestrial eco-
systems is a complex mixture of thousands of organic
molecules and exists in every compartment of the
hydrologic cycle. The identification of OM sources is
a challenge due to the multiple origins of OM in riv-
ers such as inputs from terrestrial and anthropogenic
sources, as well as OM produced in situ through pri-
mary production. OM produced in-stream, referred to
as autochthonous OM, is considered more bioavail-
able (i.e., labile) to microbes compared to terrestrial
sources. This is because microbial activity associated
with photosynthesis produces exudates of simple,
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low molecular weight compounds that are easy for
microbes to consume (Guillemette et al., 2013).
Autochthonously derived OM has proportionally
more nitrogen-rich compounds (e.g., amino acids,
DNA) than terrestrial sources and therefore is consid-
ered high-quality OM that is preferentially consumed
in nutrient limited conditions (Guenet et al., 2010;
Knapik et al., 2015).

With increased urbanization and other land-use
changes, the diversity of anthropogenic OM inputs to
rivers has increased (Fork et al., 2018; Xenopoulos
et al., 2021) adding to the complexity, and difficulty,
of characterizing OM sources and composition. For
example, wetland or forest conversion to agriculture
was shown to destabilize fossil-aged soil OM, which
contributed large OM loads to the Sacramento River
(Sickman et al., 2007) and mobilization of a greater
proportion of small, microbially available DOM in
the Congo Basin (Drake et al., 2019). However, the
same indicators of fossil soil OM (radiocarbon val-
ues) may also signify the contribution of anthropo-
genic sources of petroleum products from wastewater
effluent, urban runoff, or pesticides (Sickman et al.,
2010; Butman et al., 2015). Other anthropogenic
sources of OM include detergents, pharmaceuticals
(Kolpin et al., 2002), microplastics (McCormick
et al.,, 2016), leaky sewage pipes and septic tanks
(Kaushal and Belt 2012), grass clippings, and pet
waste (Mallin et al., 2006). Many of these anthropo-
genic sources are discharged from wastewater treat-
ment plants (WWTPs), which are not equipped to
remove pharmaceuticals and petroleum products
(Bridgeman et al., 2014). The ‘ecological footprint’
of wastewater effluent on downstream OM processing
and production is not well understood and would help
illuminate the ecological consequences of anthropo-
genic sources of OM to downstream lakes and estuar-
ies (Wassenaar et al., 2010; Hansen et al., 2016).

The ability to link OM sources and composition
to OM bioavailability is an exciting frontier in OM
research. Traditional methods to assess bioavailability
with bioassays that measure dissolved organic carbon
(DOC) decay, biochemical oxygen demand (BOD),
or bioavailable dissolved organic carbon (BDOC),
are informative but labor intensive. Development of
spectrofluorometers that can rapidly analyze DOM
samples and produce 3-dimensional fluorescence
excitation—emission matrices (EEMs) has driven
advancements in characterizing DOM character and
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function (Shutova et al., 2014). EEMs produce peaks
over a range of excitation and emission wavelengths,
and depending on peak location, DOM can be char-
acterized as humic-like or protein-like (Coble, 1996).
The percent protein-like DOM in a sample has been
directly correlated to DOC decay rate (Parr et al.,
2015), BOD (Baker & Inverarity, 2004), and BDOC
(Petrone et al., 2011; Hosen et al., 2014), making
spectrofluorometry an inexpensive and efficient tool
to describe DOM bioavailability.

Numerous studies have aimed to describe OM
sources and bioavailability in watersheds with dif-
ferent land covers and gradients of human impact.
Fine particulate OM (FPOM), OM between 0.45 and
1000 um (Hutchens et al., 2017), was more autoch-
thonously derived in agricultural and urban water-
sheds compared to watersheds with less human influ-
ence (Newcomer et al., 2012; Imberger et al., 2014;
Lambert et al., 2017). Dissolved OM (<0.45 um) in
urban watersheds was more bioavailable (Hosen et al.,
2014), autochthonous (Petrone et al., 2011; Parr et al.,
2015) and had greater proportions of hydrophobic
OM (e.g., petroleum; McElmurry et al., 2013) than
DOM in non-urban watersheds. Agricultural land use
was associated with less complex, more microbially
derived OM compared to forest land cover (Wilson
& Xenopoulos, 2008; Lambert et al., 2017; Drake
et al., 2019; Pisani et al., 2020). But, only one study
has successfully distinguished DOM associated with
urban versus agricultural land cover, and differences
were dependent on the scale of comparison, and type
of waterbody (e.g., lake vs. river, Williams et al.,
2016).

Our first objective was to identify sources of
FPOM and DOM in watersheds with varying land
covers including urban, forest, shrub/scrub, and
agriculture. We hypothesized that OM at sites with
urban or agricultural influence would have a greater
proportion of autochthonously derived DOM due to
increased inorganic nutrient concentrations and pri-
mary production, compared to forest and shrub/scrub
land covers. We used two types of stable isotope
mixing models to characterize and quantify poten-
tial sources of FPOM and DOM among four water-
sheds, the Stable Isotope Mixing Model in R pack-
age (SIMMR) and a graphical gradient-based mixing
model. We expected carbon, nitrogen, and hydrogen
stable isotope values of autochthonous (algae, bio-
films, macrophytes), terrestrial (soil and leaves), and
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anthropogenic-derived sources (e.g., wastewater efflu-
ent or agricultural runoff) to differ enough to use the
SIMMR model to estimate the proportional contri-
bution of each source to DOM and FPOM pools. A
graphical gradient-based mixing model used stable
isotope values of dissolved inorganic carbon (DIC-
813C) and deuterium of river (water-8°H) regressed
against carbon and hydrogen stable isotopes of OM
to characterize FPOM and DOM as primarily autoch-
thonously derived or not autochthonously derived.
Our second objective was to use water quality met-
rics of Chlorophyll a (Chla), dissolved organic carbon
(DOC), and total dissolved nitrogen (TDN) as well as
spectroscopic properties of DOM to infer DOM com-
position and relative lability at sites with varying land
use.

Materials and methods
Study sites and land cover

Four watersheds located in the Central Basin and
Wasatch Mountain Ecoregions (Woods et al., 2001)
were sampled in Northeastern Utah, USA (Fig. 1).
The Logan River, Provo River, and Red Butte Creek
watersheds all transition from forested, nationally
protected areas (e.g., US Department of Agriculture
National Forest and Wilderness Areas) to downstream
reaches surrounded by either urban or suburban/rural
land covers (Hall et al., 2015). The Jordan River
flows north through the Salt Lake Valley metropoli-
tan area which includes 2,125,000 people according
to the 2018 USA Census Estimate (Census.gov). The
source of the Jordan River is Utah Lake, a shallow,
eutrophic lake that receives wastewater effluent from
six WWTPs in the Orem, Provo, and Spanish Fork
urban areas (Hogsett, 2015). The Jordan River also
receives effluent from three WWTPs located 22, 37,
and 50 km downstream of Utah Lake. It also receives
runoff from six major tributaries with headwaters in
the Wasatch Range (Epstein et al., 2016). There were
eight to nine sampling sites within each of the four
watersheds (Fig. 1). Nine sites were sampled on the
Jordan River, two of which were above and below
a WWTP on Mill Creek, a Jordan River tributary
37 km downstream of Utah Lake. Study site locations
were chosen to sample river reaches that represented
arange of natural and developed land covers.

Watersheds and sub-watersheds were delineated
for each site in ArcGIS (version 10.4.1; Environ-
mental Systems Research Institute, Redlands, Cali-
fornia) and the USGS StreamStats web application
(https://water.usgs.gov/osw/streamstats). Land cover
metrics were derived from the 2011 National Land
Cover Dataset (NLCD; Homer et al., 2015); 18 land
covers present in Northeast Utah were reduced to
six types expected to explain OM concentrations
and composition at a site (Petrone et al., 2011; Wil-
liams et al., 2016). Final land cover classes used in
analysis were forest (deciduous+ evergreen+ mixed
forest), scrub-grassland (shrub/scrub + grassland/her-
baceous), wetland (woody+emergent herbaceous),
pasture, cultivated crops, and urban development
(open urban + low intensity + medium intensity + high
intensity). Percent land cover was calculated for each
of the seven land cover classes for the area above each
site as a proportion of total watershed area above the
site.

Study design and statistical approach

A principal components analysis (PCA) of percent
land cover within a sub-watershed was run to iden-
tify sites along a gradient of land cover from low to
high human influence from both agriculture (pasture
or cropland) and urban development. The goal was to
identify land cover types that could explain organic
matter composition along a gradient of human influ-
ence, for example, through increased percent land
cover of urban or agricultural development or through
decreased forest or wetland land cover. The PCA was
conducted with the FactoMineR package (L& et al.,
2008) and visualized with the factoextra package
(Kassambara, 2015).

We used three isotope tracers (613C, 8N, 62H)
in the SIMMR model to estimate the proportional
source contributions to FPOM and DOM. SIMMR
incorporates variability of endmembers into the
model, and can estimate source contributions to a
mixture regardless of the number of isotope tracers
(Parnell & Inger, 2016). A total of eight potential
sources were evaluated: macrophytes, biofilm, algae,
tree leaves, soil, benthic OM, and DOM and FPOM
collected in a stream directly below a wastewater
effluent outfall (WWTP-DOM, WWTP-FPOM). The
interquartile range (IQR) of 813C, 8N, and &°H
values was evaluated prior to conducting SIMMR
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Fig. 1 Eight to nine sites were sampled in each of four water-
sheds in Northeast Utah (red box). The Provo River (green
line) flows to Utah Lake and has two large reservoirs. The Jor-
dan River (blue line) flows out of Utah Lake, and Red Butte

models to evaluate whether different autochthonous
and terrestrial forms should be averaged together or
included separately in the model. If the IQR of all
three isotope values overlapped among autochthonous
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creek is a tributary to the Jordan River (orange line). The
Logan River (black line) flows into the Bear River (not shown)
which flows into the Great Salt Lake

or terrestrial endmembers, then these sources were
averaged together in the SIMMR model (e.g., algae-
biofilm isotope values were averaged together as once
source). We also did not know if benthic OM would
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be a primarily terrestrial, autochthonous, or have a
unique isotopic signature as it is presumably a mix-
ture of terrestrial and senesced autochthonous sources
so it was included as a distinct potential source of
FPOM and DOM in the SIMMR model. A gradient
of land use reflective of the human influence was not
identified among sites (see results), so OM composi-
tion and quality at each site were analyzed and char-
acterized by watershed and not land cover. Signifi-
cant differences among source contributions for each
watershed were assessed by comparing the 95% high-
est density intervals (HDI) of the posterior probabil-
ity densities of each source. Parameter values within
the HDI have higher probability density than values
outside the HDI, and the total probability of values in
the 95% HDI is 95% (Kruschke, 2018).

The graphical, gradient-based mixing model can
partition OM as derived from either autochthonous
or non-autochthonous sources (Mohamed & Tay-
lor, 2009; Rasmussen, 2010; Wilkinson et al., 2013).
Prevoius gradient-based mixing models assumed
if OM was primarily derived from autochthonous
sources, the 8'3C and 8?H values would vary linearly
with inorganic isotope values of aqueous DIC-§'*C or
water-6°H since autochthonously derived OM (e.g.,
algae) would have been created through carbon fixa-
tion with water (Wilkinson et al., 2013). Non-autoch-
thonously derived OM was assumed to be terrestrial,
and therefore, OM isotope values would yield a flat
line with a y-intercept at average terrestrial OM iso-
tope values. Similar to previous graphical, gradient-
based models, we predicted if OM was primarily
autochthonously derived there would be a linear rela-
tionship between inorganic and organic 8'°C and 8°H
values. Unlike previous models, we assumed non-
autochthonously derived OM could be from either
terrestrial or anthropogenic sources such as agricul-
tural runoff or WWTP OM sources, and 8'°C and §*H
values would yield a flat line with a y-intercept within
the range of terrestrial or anthropogenic sources.

To better describe potential sources of DOM, spec-
troscopy was used to build a parallel factor analysis
(PARAFAC) model and calculate spectroscopic indi-
ces of DOM that generally describe it as humic-like
versus protein-like or terrestrially versus microbi-
ally derived. Spectroscopic indices and the percent
of humic-like or protein-like fluorescing DOM were
then correlated to water quality metrics including

chlorophyll a (Chla), DOC, total dissolved N (TDN),
and DOC:TDN.

FPOM and DOM isotope samples

FPOM and DOM were collected at 34 sites among
four watersheds (Fig. 1). Samples were collected dur-
ing baseflow in September and November of 2014,
and November of 2015. FPOM for 8’H samples was
collected instream with a one-liter, high-density poly-
ethylene bottle from each site and transported back to
the laboratory for filtering. FPOM was collected on
0.45 um nylon filters (Whatman polyamide membrane
filters, Maidstone, UK) then backwashed into deion-
ized water, and dehydrated at 50 °C in a drying oven
(Wilkinson et al., 2013). This material was packed in
tin capsules. FPOM for 8'*C and 8'°N isotope analy-
sis was collected instream with a drill-pump (Kelso
& Baker, 2015) and filtered onto a 25-mm diameter
glass fiber filter of 0.7 um pore size (Whatman GF/F,
Maidstone, UK). Filters were transported back to the
laboratory in foil, dried at 50 °C, rewet with deion-
ized water, and acidified by fumigation in a desicca-
tor with 25% HCI for six hours (Brodie et al., 2011)
before being packed into silver capsules.

DOM for isotope analysis was collected with two,
one-liter grab samples at each site and filtered in the
laboratory through 0.7 um glass fiber filters (What-
man GF/F, Maidstone, UK). One liter was acidified to
pH 2.5-3 with concentrated HCI to remove inorganic
carbon. Acidified DOM was then evaporated in 8-inch
diameter glass dishes at 50 °C, residue was scraped
from plates (Wilkinson et al., 2013) and stored in coin
envelopes or scintillation vials. DOM was then freeze
dried, packed in silver capsules, and sent for 83C and
8N analysis. One liter of non-acidified DOM was
also dehydrated in glass dishes, stored in coin enve-
lopes or scintillation vials, and residue was sent to be
packed and analyzed for & 2H analysis. The >N con-
tent of DOM samples was corrected for >N of nitrate
(Online Resource 1).

OM samples for carbon and nitrogen isotope anal-
ysis were sent to the Stable Isotope Facility (SIF) at
University of California Davis and analyzed on a PDZ
Europa ANCA-GSL elemental analyzer interfaced to
a PDZ Europa 20-20 isotope ratio mass spectrome-
ter (Sercon Ltd., Cheshire, UK). Deuterium analysis
was conducted at the Colorado Plateau Stable Isotope
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Laboratory (CPSIL) at Northern Arizona University
following Doucett et al. (2007).

Endmember isotope samples

OM endmembers were collected in all watersheds
throughout the three sampling efforts. The goal of
endmember sampling was to characterize autochtho-
nous, terrestrial, and anthropogenic source of FPOM
and DOM in all four watersheds. Primary producers
within streams develop into complex physical struc-
tures and matrices that include bacteria and fungi
(Lowe and LaLiberte 2007). Therefore, it was not
realistic to sample autochthonous endmembers by
taxonomy, or to separate algae from phytoplankton,
or even algae from other heterotrophs. Autochthonous
sources were therefore categorized by broad morpho-
logical characteristics that appeared to be dominated
by photosynthesizing organisms and associated with
common stream habitats present in all watersheds
(e.g., riparian edge habitat, benthic habitat, and the
water surface). Large submerged aquatic vegetation
was classified as macrophytes, biofilm was scraped
from benthic rocks, and algae were collected from
green mats floating on the water surface. Live and
senesced Elm tree leaves (Ulmus pumila) were sam-
pled as a proxy for terrestrial vegetation because elm
trees were a deciduous tree present in all four water-
sheds (Hall et al., 2015). Benthic OM was collected
by sinking a stovepipe five to ten cm into river sedi-
ment, agitating with a meter stick, and then, a 100 ml
sample of the sediment—water mixture was col-
lected, transported back to the laboratory, and filtered
through 0.7-um glass fiber filters. Soil was collected
by inserting a 10X 1-inch soil auger into soil at the
riparian zone of sites and removing the bottom 1 inch
of soil from the auger. WWTP-FROM and WWTP-
DOM were collected instream from the WWTP efflu-
ent outfall on the Mill Creek tributary of the Jordan
River. WWTP OM was processed for isotopes as
described for all FPOM and DOM isotope samples.
In the laboratory, all isotope samples were dried for at
least 48 h in a drying oven at 50 °C, ground in a cof-
fee grinder, and packed for isotope analysis.

Water quality metrics

We collected samples for analysis of chlorophyll a
(Chla) dissolved organic carbon (DOC) and total
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dissolved nitrogen (TDN) concurrently with organic
matter sampling described above. DOC and TDN
samples were filtered through 0.7-um glass fiber fil-
ters into 40-mL amber vials and acidified with HCI to
a pH of 2.5 for storage until carbon analysis. Acidi-
fied DOC and TDN samples were run on a Shimadzu
TOC-L analyzer via catalytic oxidation combustion at
720 °C (DOC MDL 0.2 mg/l, TDN MDL 0.1 mg/l;
Shimadzu Corp., Kyoto, Japan). Chla was collected
on glass fiber filters, in-stream, with a drill-pump,
wrapped in foil, frozen, and subsequently analyzed on
a Turner handheld fluorometer (Turner Designs, Sun-
nyvale, CA) following Steinman et al. (2007).

DOM spectroscopic and water quality data analysis

Filtered water from each site and sampling effort were
analyzed for DOM spectroscopic properties obtained
from excitation—emission matrices (EEMs) collected
on a Horiba Aqualog spectrofluorometer (Horiba
Scientific, Edison, New Jersey; Online Resource 2).
EEMs were used to create a PARAFAC model which
decomposes a collection of EEMs into groups of
organic compounds with similar fluorescence char-
acteristics (Murphy et al., 2013). PARAFAC results
are then used to identify humic- and protein-like fluo-
rescent components of DOM to elucidate differences
in DOM that varied by watershed and water quality.
The drEEM toolbox was used to create a PARAFAC
model in MATLAB™ (Murphy et al., 2013; Online
Resource 2). In addition to PARAFAC components,
EEMs were used to calculate six spectroscopic indi-
ces: the fluorescence index (FI), Yeomin fluorescence
index (YFI), freshness index or biological index
(BIX), humification index (HIX), peak T to peak C
ratio (TC), and specific UV absorbance at 254 nm
(SUVA). See Online Resource 2 for detailed descrip-
tion of spectroscopic index calculations.

Multi-way ANOVAs of water quality metrics,
spectroscopic indices, and percent PARAFAC com-
ponents were conducted in R to elucidate differences
in DOM quality and character by watershed. Metrics
included four water quality variables (DOC, TDN,
DOC:TDN, and Chla), six indices (BIX, FI, YFI,
HIX, SUVA, and TC), and four PARAFAC compo-
nents (C1, C2, C3, and C4). Pearson’s correlations
were conducted among water quality metrics, spec-
trofluorimetric indices, and PARAFAC components
for DOM grouped by watershed to identify variables
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that revealed the source or character of DOM among
watersheds. Correlations were conducted with the
GGally package using all DOM samples and grouped
by watershed (Schloerke et al., 2014). Correlations
were considered significant when correlation coef-
ficients were greater than 0.35 (Rohlf & Sokal,
1995). A PCA was also conducted with all spectro-
scopic indices, PARAFAC components, Chla, and
DOC:TDN. DOC and TDN concentrations were
excluded from the PCA to emphasize DOM com-
position and not concentration. Prior to conducting
the PCA, all variables were Z-score standardized.
The PCA was conducted with using the FactoMineR
package (L€ et al., 2008) and visualized with the fac-
toextra package (Kassambara, 2015).

Results
Watershed characteristics and land cover

The Jordan River had the maximum average water-
shed size (1578 km?) and maximum percent land
cover associated with human development including
urban development (mean 26.1%), crop (mean 2.1%),
and pasture (mean 4.6) land covers (Table 1; Online
Resource 3). The Provo and Logan Rivers had similar
watershed area, 725 km? and 893 km?, respectively,
and Red Butte Creek was the smallest watershed
40 km?; Table 1). The Logan, Provo, and Red Butte
Creek watersheds all had less than 5% mean urban
development, crop, and pasture land cover within
a sub-watershed and were dominated by forest and
scrub-grassland land covers.

Correlations of percent land cover among the
34 sites sampled revealed land covers associated
with human influence were positively correlated in

all watersheds except in the Jordan River (Online
Resource 4). Among all four watersheds, percent
crops and agriculture were positively correlated
(r=0.97), and therefore, we summed pasture and crop
land covers to create a total agricultural land cover for
the PCA a percent land cover across all sites. Percent
forest and agricultural land cover were negatively
correlated in all watersheds (crops r=— 0.88; pasture
r=— 0.92) as were percent forest and percent scrub-
grassland (r=- 0.37).

The first three components of the land cover PCA
explained 68%, 21%, and 7% of variation among per-
cent urban development, agriculture (crop + pasture),
forest, scrub-grassland, and wetland within the water-
shed for all 34 sites (Online Resource 5). Principle
Component 1 (PC1) was negatively correlated with
forest land cover (r=0.98) and positively correlated
with all other land covers (Online Resource 5). Per-
cent scrub-grassland was positively correlated with
Principle Component 2 (PC2; r=0.86), and urban
development was negatively correlated with PC2
(r=— 0.56). Ninety-five percent confidence interval
ellipses of sites grouped by watershed indicated that
difference among sites was greater by watershed than
by gradients of any of the five land covers included in
the PCA. Therefore, a gradient of land use reflective
of the human influence within a sub-watershed was
not identified among sites, and further analysis of OM
composition and quality at each site were analyzed
and characterized by watershed and not land cover.

Bayesian and gradient-based mixing models
Potential sources input into SIMMR mixing models

To determine if autochthonous or terrestrial sources
should be averaged together for inclusion in the

Table 1 Watershed land
cover and water quality

metrics among sub-
watersheds within each
watershed. The first value
is the average land cover
among sub-watersheds
within a watershed and
standard deviation is in
parenthesis

Jordan Logan Provo Red Butte
Number of sites 9 9 8 8
Mean sub-watershed area (km?) 1578 (1024) 725 (501) 893 (655) 40 (60)
Mean % Urban Development 26.1 (7.4) 1.4 (0.8) 3.0(1.2) 4.2 (7.6)
Mean % Crop 2.1(1.3) 0.2 (0.3) 0.8 (0.5) 0.0 (0.0)
Mean % Pasture 4.6 (2.8) 0.5 (0.6) 2.8 (1.5) 0.1 (0.1)
Mean % Forest 37.2(17.7) 68.7 (4.2) 71.0 (5.9) 79.0 (10.6)
Mean % Scrub-Grassland 22.1(10.3) 284 (3.1) 18.9 (5.7) 16.5 (3.4)
Mean % Wetland 1.1 (0.8) 0.2 (0.1) 0.4 (0.3) 0.1 (0.1)
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SIMMR mixing model, we assessed overlap in the
IQR within potential autochthonous (macrophyte,
biofilm, algae) and terrestrial (soil, tree leaves)
sources. The IQR of 83C, 8N, and &*H values
of biofilm and algae overlapped (Fig. 2, Online
Resource 6) so these sources were averaged together
(algae-biofilm) when input into the SIMMR isotope
mixing model. However, macrophyte &°H values
were more positive (IQR — 207.9 to — 190.5%o)
than algae (IQR — 269.2 to — 240.3%0) and biofilm
&%H values (IQR — 262.9 to — 240.8%¢) so macro-
phytes were evaluated as a distinct autochthonous
source from algae-biofilm. Similarly, the IQR of
tree leaves and soil 8'°C and 8'°N values over-
lapped, but soil 8H values were more positive (IQR
— 140.6 to — 125.4%0) than tree leave 8°H values

(IQR — 181.8 to -— 170.3F%¢) so soil and tree
leaves were considered distinct terrestrial sources
when input into SIMMR. We did not assume ben-
thic OM was primarily an autochthonous or terres-
trial source, so it was included as a distinct source
in the SIMMR models. Wastewater-derived OM
has nitrogen isotope values that are much more
positive compared to other freshwater sources of
OM (Cabana and Rasmussen, 1996; Archana et al.,
2016). Therefore, we assumed WWTP-FPOM and
WWTP-DOM were distinct potential sources of
FPOM and DOM, respectively. Thus, there were six
potential endmembers included in each of the DOM
and FPOM SIMMR mixing models: algae-biofilm,
macrophytes, tree leaves, soil, benthic OM, and
WWTP-DOM or WWTP-FPOM.

WWTP FPOM ﬁ
WWTP DOMH ~[I:| :

Tree Leaves

[0}
2 .
3 Soil - 4 . — :
%)
=
c
2 o | . . .
S Benthi | o s . . o P It
o enthic OM el P <|EH.~ —
Macrophyte | — —— Z|——x —ﬂ],f' = ii bt
Biofilm { ~|£H— ) B : JoE—
. . 14 .
s R [I} : : -
40 30 20 10 0 0 10 20 30 40 50 -300 250 -200 -150  -100

(o

Fig. 2 Carbon, nitrogen, and deuterium isotope values of
potential sources of organic matter. Boxes represent the inter-
quartile range and whiskers represent the 1.5 times the inter-
quartile range. WWTP FPOM and DOM were collected from

@ Springer

N&'s H62

a wastewater effluent outfall on the Jordan River. Tree leaves,
soil, benthic organic matter (OM) macrophytes, biofilms,
and algae were collected at multiple sites throughout the four
watersheds. For raw endmember values, see Online Resource 6
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As a result of sample loss related to issues associ-
ated with isotope preparation (e.g., insufficient mate-
rial for FPOM analysis or DOM moisture reabsorp-
tion), DOM and FPOM SIMMR models included 50
and 75 OM samples, respectively. Isotope processing
losses also resulted in a different number of FPOM
and DOM samples analyzed for gradient mixing
models with DIC-8"°C for DOM (n=55) and FPOM
(n=49), and gradient mixing models with water-8*°H
for DOM (n=81) and FPOM (n=59).

FPOM isotope mixing models

The FPOM SIMMR mixing model indicated FPOM
in the Jordan River was primarily derived from
WWTP sources, and to a lesser extent was sourced
from a mixture of autochthonous sources and ben-
thic OM (Fig. 3). FPOM in all other watersheds was
primarily from terrestrial sources such as tree leaves,
except the Logan River had greater variability in esti-
mated contributes from algae-biofilm and benthic
OM. Contributions of WWTP-FPOM for the Jordan
River ranged from 19 to 61% (95% HDI) and ranged
from 1 to 20% (95% HDI) for other watersheds. The
Logan River had the highest estimate of autochtho-
nous FPOM sources as algae-biofilm (95% HDI 2

Fig. 3 Percent feasible
contributions of six sources E3 Macrophyte
to 75 FPOM samples col- BE Benthic OM
lected in all watersheds. E $°" .

H o ree Leaves
The algae-biofilm source 75%{ 58 WWTP.FPOM
was the average or algae
and biofilm isotope values.
WWTP-DOM was DOM
collected directly below a
wastewater treatment plant
effluent discharge. Boxes
represent 75% high density
interval (HDI) and whiskers
represent the 95% HDI

B3 Algae-Biofilm

50%

Percent contribution to FPOM

25%

0%

to 28%) with similar estimates for the Jordan River
(95% HDI 1 to 22%); the lowest estimates for autoch-
thonous sources were in Red Butte Creek. Estimates
of autochthonous sources from macrophytes were
lower than algae-biofilm estimates in all watersheds
except the Provo.

Graphical gradient-based isotope mixing model
results indicated FPOM was primarily terrestri-
ally derived across watersheds except for the Jordan
and Logan River. FPOM 8'3C and §'*C-DIC iso-
tope values were positively correlated for the Jor-
dan (r=0.76) and Logan River (r=0.53) suggesting
FPOM was autochthonously derived (Fig. 4a, Online
Resource 7). Provo and Red Butte Creek FPOM 8'3C
values were not positively correlated, and were within
the 8'3C value range of tree leaves and soil suggesting
primarily terrestrial FPOM sources. In contrast to the
carbon graphical gradient-based model, there were no
positive relationships between FPOM and water 8§°H
values in any watershed (Fig. 4b). Jordan, Provo, and
Red Butte Creek FPOM &°H values were within the
range of tree leaves, soil, and WWTP FPOM &%H val-
ues, suggesting a mixture of sources. While there was
not a positive correlation among FPOM and water
8°H values within the Logan watershed, sample size
was limited (n=6) and some values were within the

L

Jordan

Logan Provo Red Butte
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range of macrophyte 8’H values (— 190.5 to — 207.9
8*H; Online Resource 6), and the range of tree leaf
8°H values, suggesting a mixture of tree leaves
and autochthonous sources of FPOM in the Logan
watershed.

DOM isotope mixing models
According to the SIMMR model, DOM in the Jor-

dan River was primarily WWTP-derived, with
potentially significant terrestrial sources such
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as soil and tree leaves (Fig. 5). DOM in all other
watersheds was primarily from terrestrial sources,
and the Logan River had the highest variability in
potential contributions from autochthonous sources.
The 95% HDI of WWTP-derived DOM ranged from
3 to 87% in the Jordan River and ranged from 1 to
16% in all other watersheds. Tree leaves were the
most likely source of DOM in the Logan watershed
(95% HDI 6 to 74%). Tree leaves or soil were the
most likely source of DOM in the Provo and Red
Butte Creek watersheds. Maximum autochthonous



Hydrobiologia (2022) 849:2663-2682

2673

Fig. 5 Percent feasible
contributions of six sources E3 Macrophyte
to 50 DOM samples col- BE Benthic OM
lected in four watersheds. E3 Soil

The algae-biofilm source 75% W9 Trao Loaves
was the average or algae B WWTP-DOM
and biofilm isotope values.
WWTP-DOM was DOM
collected directly below a
wastewater treatment plant
effluent discharge. Boxes
represent 75% high density
interval (HDI) and whiskers
represent the 95% HDI

B3 Algae-Biofilm

50%

Percent contribution to DOM

25%

T

0%

o

Jordan

contributions were estimated for the Logan River
(95% HDI macrophytes 1 to 48%, 95% HDI algae-
biofilm 2 to 30%) with lower estimates in all other
watersheds for both macrophytes (95% HDI 1 to
24%) and algae-biofilm (95% HDI 0 to 14%). Esti-
mated contributions of benthic OM were similar to
estimates of autochthonous sources across water-
sheds likely due to similar ranges of 8'3C, 5'°N, and
82H values among these sources (Fig. 2).

DOM-8'3C and DIC-8'3C values were not posi-
tively correlated within any watersheds (Fig. 6a,
Online Resource 7), and DOM-8"3C values from all
watersheds overlapped with the interquartile range
of WWTP-derived DOM, tree leaves, and soil sug-
gesting DOM was not autochthonously derived
in any watershed. DOM-8’H and water-5°H were
not positively correlated within any watersheds
(Fig. 6b; Online Resource 7). Ten of the 17 Logan
DOM samples were in the range of macrophyte
8°H values (— 190.5 to — 207.9 8°H). Seven of the
Logan 8*H samples, and most of the Provo and
Red Butte Creek watersheds had DOM-8?H values
within the ranges of all non-autochthonous sources.
The majority of Jordan River DOM &”H values were
more positive than all non-autochthonous source
values.

Logan Provo Red Butte

DOM spectroscopic and water quality analysis
DOM by watershed analysis

To better understand variability in DOM composi-
tion among watersheds, we assessed differences in
water quality, spectroscopic indices, and PARAFAC
components with multi-way ANOVAs and a PCA. A
four component PARAFAC model was resolved and
validated with split-half analysis (Online Resource
8). In this study, components 1 and 2 (C1, C2) were
humic-like, and components 3 and 4 (C3, C4) were
protein-like (see Online Resource 8 for previous
studies that identified similar components). Percent
protein-like fluorescing DOM was the sum of per-
cent C3 and percent C4. DOC, TDN, and Chla were
significantly higher for the Jordan River than all other
watersheds (Online Resource 9). The FI, YFI, BIX,
percent humic-like C1, and percent protein-like C3
were also higher for the Jordan River than all other
watersheds. The Provo River had the highest HIX
(7.4+1.5 SD) and lowest percent protein (27.1+3.8
SD) compared to all other watersheds, and tended to
have high SUVA values (3.2+1.0 SD) compared to
all watersheds except for Red Butte Creek (Online
Resource 9).
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The first three components of the PCA explained
45%, 21%, and 10% of variation among DOM water
quality metrics, spectroscopic indices, and PARA-
FAC components (Fig. 7, Online Resource 10).
Indicators of humic DOM such as percent humic-
like C2, HIX, DOC:TDN, and SUVA had signifi-
cant negative correlations with PC1, and indicators
of microbially derived DOM such as the YFI, BIX,
percent protein-like C3, TC, and FI had significant
positive correlations with PC1. The FI and percent
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humic-like C1, which were greatest in the Jordan,
were positively correlated with PC2. The TC and
percent protein-like C4 were negatively correlated
with PC2. Chla and percent C3 were positively
correlated with PC3, and FI values were nega-
tively correlated with PC3 (Online Resource 10).
PC3 appeared to distinguish Jordan River DOM
collected below Utah Lake, with high percent C3,
Chla and positive PC3 coordinate values from Jor-
dan River DOM collected below WWTP influenced
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Fig. 7 Principle components 1(PC1) and 2 (PC2) of a PCA
with 82 DOM samples from 34 sites (A). The larger symbol at
the center of the 95% confidence ellipses represents the mean
of PC1 and PC2 values within a watershed. If 95% confidence
ellipses do not overlap, DOM composition between watersheds
was different. Covariates inlcuded two humic-like flourescent

sites with high FI values and negative PC3 coordi-
nate values.

Microbial versus autochthonous DOM sources

We expected microbial-like DOM to be derived from
autochthonous DOM, and therefore expected a posi-
tive relationship between Chla and microbial indices
of DOM (e.g., “FI, YFI”), Chla, and percent protein-
like DOM. In contrast to this expectation, Chla and
“FI, YFI” microbial indices were negatively cor-
related for the Jordan River (r=— 0.69, r=— 0.62),
and there were no strong relationships between Chla
and “FI, YFI” in other watersheds (Fig. 8; Online
Resource 11). Also counter to our expectation,
there was a positive relationship between Chla and
DOC:TDN for the Jordan River, but DOC:TDN was
extremely low for the Jordan River (mean 0.9, SD 0.6)
compared to all other watersheds (mean 6.1, SD 4.9).
Chla and percent protein-like DOM were positively
correlated in the Jordan River (r=0.52), but this rela-
tionship was driven by one sample with a very low
Chla concentration (0.45 pg/l) collected at the site
directly below WWTP effluent discharge. We rea-
soned autochthonous sources were present at WWTP
sites, but a different microbial source also contributed
to a significant portion of DOM at WWTP sites.

1.0 b perce':ntC1
0.5
2 HIX i
N 0.07-F----mo- - -
C 4 :
ercentC2
-0.5 ;
ipercentC4
1.0 P
6 -1.0 -0.5 0.0 0.5 1.0
PC1 45%

components (percent Cl1 and C2), two protein-like compo-
nents (percent to C3 and C4), Chla concetrations, the ratio of
DOC:TDN concentrations, and spectroscopic indices of micro-
bial derived DOM (FI, BIX), protein-like peak T to humic-like
peak C ratio (TC), and humic DOM (SUVA, HIX)

Discussion

NLCD land-use metrics, such as percent developed
land cover within a watershed, did not explain dif-
ferences in FPOM and DOM across watersheds. OM
composition was significantly different in the Jordan
River due to the influence of WWTP effluent. FPOM
in the Jordan River was primarily derived from
WWTP FPOM or benthic organic matter, and Jordan
River DOM was characterized as a consistent source
of microbial derived, highly labile, protein-like DOM
likely derived from WWTP effluent. OM sources in
the Provo, Red Butte Creek, and Logan watersheds
were primarily terrestrial; however, OM sources in
the Logan were more variable with some influence
from autochthonous or other microbially derived
sources. Greater variability in OM composition in
forested sub-watersheds of the Logan River may have
been associated with cattle grazing or recreational
activities that were not accounted for by NLCD land
cover.

Land cover metrics did not capture variability in OM
composition

We did not identify a human land cover metric
that could adequately predict OM composition or
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Fig. 8 Correlations between chlorophyll @ (Chla) and fluores-
cence indices of microbially derived DOM (FI, YFI), dissolved
organic carbon to totoal dissolved nitrogen ratio (DOC:TDN),
and percent protein-like DOM. Chla concentrations were log
transformed because they were not normally distributed. Per-
cent protein was the sum of percent C3 and C4 PARAFAC
components. For pearson’s correlation significance results, see
Online Resrouce 11
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bioavailability. Despite numerous studies, it remains
difficult to detect differences in OM composition in
response to gradients of urban development, and
across multiple land covers. Studies of DOM quality
among multiple land covers (e.g., agriculture, wet-
land, urban, forest) (Petrone et al., 2011; McElmurry
et al., 2013; Parr et al., 2015; Williams et al., 2016;
Lambert et al., 2017), and watersheds that included
WWTP effluent, or leaky sewage infrastructure, have
found human impact increased DOM lability (New-
comer et al., 2012; Hosen et al., 2014; Lambert et al.,
2017). But, only one study has successfully distin-
guished the effect of agricultural versus urban land
cover on DOM composition, and results were depend-
ent on landscape scale of analysis (Williams et al.,
2016). Several studies have anecdotally mentioned
WWTP OM as a possible influence on OM compo-
sition and lability, but WWTP effluent was not con-
sidered in the initial study design (Newcomer et al.,
2012; Hosen et al., 2014). Many studies have identi-
fied WWTP effluent as a major source of inorganic
nutrients and labile OM within urban and agricultural
land cover matrices (Sickman et al., 2007; Petrone
et al., 2011; Hossler and Bauer 2012; Lambert et al.,
2017; Yates et al., 2019a), but WWTP effluent was
not directly sampled and considered as a distinct end-
member. We acknowledge that many studies have
collected and characterized the composition and bio-
availability of WWTP effluent (Westerhoff & Anning
2000; Griffith et al., 2009; Yates et al., 2019b), but
few studies have directly sampled DOM from WWTP
effluent to compare to OM collected in catchments
with mixed land covers. Duan et al. (2014) com-
pared wastewater OM stable isotopes to surrounding
urban, non-urban, and storm water DOM, and found
terrestrial derived OM was replaced by wastewater
and autochthonous sources of DOM. We had similar
results to Duan et al. (2014), but ours is the first study
to report proportional contributions of autochtho-
nous, terrestrial, and WWTP sources in watersheds
with multiple land covers. Proportional estimates
of OM sources can inform OM reduction strategies
that focus on WWTP effluent versus autochthonous
sources, non-point sources from agriculture, or terres-
trial sources within a watershed.

DOM composition of freshwaters in wet, temperate
ecoregions is controlled by different landscape-scale
drivers than in the arid west U.S. For example, wetland
land cover is a strong driver of DOM composition in
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the Eastern U.S. and is also influenced by reservoirs,
legacy land cover, and differences in urban growth pat-
terns (Grimm et al., 2000). Wetland land cover is less
extensive in the west (4% of sites sampled by EPA in
2011) compared to eastern ecoregions (EPA 2016). In
this western U.S. study, percent and total area of wet-
land land cover was near zero, and therefore had lit-
tle influence on DOM composition. Regardless of the
reason for low wetland cover in west, wetlands appear
to play a smaller role in DOM composition in the arid
west U.S. compared to regions such as the Canadian
Great Lakes (Wilson & Xenopoulos, 2008; Williams
et al., 2016), the boreal forest (Kothawala et al., 2014),
eastern U.S. (Newcomer et al., 2012; Parr et al., 2015),
and coastal ecosystems (Sickman et al., 2007; Fellman
etal., 2011).

We also did not consider how storms or seasonal
changes in hydrology could influence DOM source
and bioavailability. The effect of storms in urban water-
sheds may supersede the influence of urban land cover
as storms may replace autochthonous derived OM with
terrestrial OM (Imberger et al., 2014; Smith & Kaushal,
2015). In general, lower flows in summer result in more
autochthonous OM compared to terrestrial OM in other
seasons (Kendall et al., 2001; Hudson et al., 2007,
Hosen et al., 2020). In contrast, terrestrial sources are
greater in spring runoff in snowmelt-driven ecosystems
with little deciduous riparian cover (Hornberger et al.,
1994; Hood et al., 2005) and during high flow stages
in temperate watersheds (Hosen et al., 2020). The
influence of WWTP effluent can increase during low
flows in summer due to decreased dilution from other
sources (e.g., tributaries and groundwater), and results
in greater autochthonous OM production (Wassenaar
et al., 2010; Duan et al., 2014). While there has been
extensive research on the effect of seasonal hydrology
or land cover metrics on OM sources and composition,
studies of the interacting effects of season, hydrology,
and land cover at large spatial scales that include mul-
tiple aquatic ecosystem types (e.g., streams, reservoirs,
lakes) will help elucidate anthropogenic controls on
OM composition (Spencer et al., 2012; Williams et al.,
2016).

FPOM characterization and source composition by
watershed

We concluded WWTP-FPOM was the dominant
source of FPOM in the Jordan River, followed by

benthic OM. In contrast, FPOM in the Provo and Red
Butte Creek watersheds was dominated by terrestrial
sources and was a mixture of multiple sources in the
Logan watershed. Greater variability in FPOM source
estimates for the Logan River could have been due to
cattle grazing or recreation activity in publicly acces-
sible forested reaches of the watershed. Forested sites
along the Logan River were historically grazed by
cattle from 1935 to 2005, and currently have cattle
trailed up tributaries of the river each fall (Hough-
Snee et al., 2013). In addition, the U.S. Department
of Agriculture National Forest property composes
the majority of the middle and upper watershed and
includes networks of trails and dirt roads used for
recreation throughout the year. Cow manure, sedi-
ment from dirt roads or exhaust from vehicles could
contribute to inorganic nutrient runoff at forested
sites along the Logan River. Inorganic nutrients and
sediment disturbance associated with these activities
could stimulate microbial activity and autochthonous
production explaining increased variability in sources
of FPOM in the Logan watershed.

DOM characterization and composition by watershed

The composition of DOM at sites influenced by
WWTP effluent was of high quality for microbial
assimilation and mineralization, and therefore char-
acterized as extremely labile. DOM in the Jordan
River was characterized by high values for indi-
ces of microbially derived DOM including FI, YFI,
BIX, and had very low DOC:TDN values indicat-
ing it was more bioavailable than DOM of other
watersheds. It is important to note that FI values are
based on the assumption that OM concentration var-
ies proportionally with fluorescence intensity, which
is generally true except at high DOC concentrations
(e.g.,>5 mg/l), and FI values above two are rarely,
if ever, reported for non-human impacted water bod-
ies. Several studies have reported FI values greater
than two from samples of algal leachate and WWTP
effluent (Dong & Rosario-Ortiz, 2012; Hansen et al.,
2016; Ateia et al., 2017), and one study described
DOM with FI values above 1.8 as entirely micro-
bially derived DOM. Similar to other studies that
investigated DOM in urban watersheds influenced by
WWTP effluent, we concluded DOM from the Jordan
River was dominated by microbially derived DOM,
some from Utah Lake and some from wastewater
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effluent, but unlike previous studies, we were able to
estimate the proportional contributions of autochtho-
nous versus wastewater derived microbial DOM.

While some extremely bioavailable DOM in the
Jordan River was likely derived from autochthonous
sources, such as primary production in Utah Lake,
several lines of evidence suggest significant sources
of microbially derived DOM from WWTP efflu-
ent influenced sites was not from autochthonous
sources. First, Chla was negatively correlated to the
FI and WWTP effluent sites along PC3. Second, in
the Jordan River, Chla was negatively correlated
with FI, and YFI, and positively correlated with the
DOC:TDN ratio. Percent protein was significantly
correlated to Chla for the Jordan River, but percent
protein never exceeded 35% in that watershed. Thus,
we characterized DOM at WWTP sites as a more
consistently produced, protein-like, homogenous
source of microbial DOM compared to other water-
sheds that had a wider range of DOM composition
(e.g., greater range in percent protein; Inamdar et al.,
2012). We posit DOM at WWTP sites was derived
from a consistent, homogenous, microbial derived
source, such as lysed microbes or microbial exudates
from a “microbe factory” like a WWTP.

Management implications

It is important to characterize organic matter sources
and bioavailability so watershed managers can under-
stand the origins of OM loads and infer its relative
bioavailability. The quality of OM in rivers regulates
functions such as decomposition and nutrient assimi-
lation that affect material retention and transport
within watersheds. Excessive labile OM and inor-
ganic nutrient loads to rivers can saturate microbial
demand for high-quality OM, thereby reducing trans-
formation and retention of semi-labile OM (Woll-
heim et al., 2018). Consequently, OM and associated
nutrients and pathogens are transported downstream
to lakes and estuaries causing pollution and eutrophi-
cation which pose significant public health risks and
increase the cost of drinking water treatment (Chow
et al., 2005; Shutova et al., 2014). Therefore, describ-
ing the sources and composition of OM in rivers can
inform management strategies aimed at improving
water quality in both rivers and downstream water
bodies.
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Identifying relative proportions of OM sources can
also help to characterize the quality of OM, or bio-
availability to microbes. Constituent removal, a com-
mon goal of watershed management is tightly linked
with OM supply and demand (Wollheim et al., 2018)
which also depends on OM quality. For example, the
ratio of dissolved iron and copper to DOM increases
with increased aromatic DOM content (Kikuchi et al.,
2017). Therefore, management practices aimed at
reducing labile OM inputs (e.g., WWTP effluent or
autochthonous sources) would not sufficiently address
iron and copper constituent transport and accumu-
lation. Similarly, if reduced algal and macrophyte
growth is the primary management goal, targeted
reduction of labile OM is likely necessary, and iden-
tification of primary labile OM sources, e.g., point
sources versus instream production, would be cru-
cial. Thus, management aimed at constituents of con-
cern and reduced autochthonous production within
a watershed can be improved through knowledge of
OM source, composition, and quality.

Conclusions

As human-dominated landscapes increase, it will
become more important to understand the sources
and quality of OM in rivers. Depending on source
and composition, OM can increase or decrease river
ecosystem functions such as constituent removal
and retention. With increased human development,
impervious surfaces, dams, and diversions, sources
of OM to rivers will increase and become more vari-
able (Kaushal & Belt, 2012). Scientists and watershed
managers need access to information that describes
OM composition in rivers with varying land cover
to predict how OM composition will influence eco-
system functions such primary production, decom-
position, pollutant transport, and nutrient retention
and transformation. Land cover in this study did not
account for stark differences in DOM quality due to
the influence of WWTPs. Therefore, we recommend
all OM studies in watersheds with WWTP effluent
obtain a representative WWTP sample and incorpo-
rate wastewater OM into study designs that compare
land cover across watersheds.
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