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In aquatic systems, dissolved organic matter (DOM) has important ecological and biogeochemical
functions, where the molecular composition of DOM has larger-scale implications for climate change
and global carbon cycles. However, there is limited information about the relationships between
landscape characteristics and human disturbance that influence the molecular composition of DOM
changes in watersheds. In this study, we collected water samples from 22 sites across a gradient of
topographically characterized agricultural land coverage and community infrastructure development in
the Kawartha region in Ontario, Canada. We employed a combination of Fourier Transform lon-
Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) and absorbance spectroscopy to investigate
changes in the molecular composition of DOM with increasing agricultural and community development
disturbance on the optical and molecular characteristics of DOM. We found that dissolved organic
carbon (DOC) concentrations in disturbed (>75%) watersheds ranged from 3.67-32.8 mg L~* and were
significantly higher than in watersheds with more abundant forest coverage (3.78-9.13 mg LY. In
addition, watersheds with higher phosphorus concentrations had more negative nominal oxygenation
state of carbon (NOSC) values, suggesting biologically processed DOM correlating with increased
phosphorus levels in aquatic systems. To relate the molecular properties of DOM to landscape metrics,
we used Spearman's correlation analysis to reveal that agriculturally impacted and community
developments enhanced the molecular signature of unsaturated hydrocarbon. In addition, we identified
65 dissolved organic phosphorus (DOP) molecules that significantly increased in abundance with
disturbance, likely due to microbial mineralization of existing DOM with the addition of phosphorus to
form larger, biologically inaccessible molecules. The overall recalcitrance of the identified molecules can
serve as molecular signatures when evaluating the level of disturbance of a watershed.
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Environmental significance

The molecular composition of dissolved organic matter has important ecosystem functions like impacting contaminant transport, carbon sequestration
potential, and microbial metabolism. As human disturbances continue to change natural biogeochemical cycles, it is important to understand changes in DOM
at the molecular level to understand how ecosystem functions are changing. In this work, we show how disturbances at the landscape level impact the molecular
composition of DOM in agriculturally dominated watersheds. Together, we demonstrate how agriculture disturbance shifts the DOM pool towards favouring
highly unsaturated and decomposed dissolved organic phosphorus molecules that can be used as molecular signatures in future work.

freshwater sources via streams, lakes, and tributaries, has crit-
ical roles in regulating water quality and carbon sequestration
across inland watersheds.'® While DOM concentration is
important for determining carbon flux from terrestrial to
aquatic systems, the chemical composition of DOM is also
important to consider since the chemical characteristics of
DOM are related to reactivity and functions within aquatic

1 Introduction

Dissolved organic matter (DOM) is a mixture of heterogenous
carbon-based molecules that is an essential component of the
global carbon cycle. The movement of DOM, particularly in
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systems.*® The overall source, reactivity, and composition of
DOM have essential roles in meeting the heterotrophic nutrient
needs of microorganisms and serve as a critical link in the
global carbon cycle by connecting abiotic to biotic carbon.®
DOM of relatively lower molecular weight generally originates
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from autochthonous sources and comprises proteinaceous and
aliphatic fractions.” In contrast, allochthonous DOM external to
the aquatic system originates from vegetation and humic frac-
tions of soils that are less biologically accessible for microbial
consumption and often persist longer than autochthonous
DOM.? In addition, the molecular composition of DOM can
influence the binding and transport of inorganic contaminants
throughout aquatic systems and the biogeochemical fate of
these contaminants.®*’

Disturbance to freshwater ecosystems via urbanization and
agricultural land use has implications for the quality of DOM in
streams and runoff channels.” In addition, the chemical
transformations caused by microbial decomposition and
photochemical degradation further alter the chemical compo-
sition of DOM and the overall reactivity.'>** Agricultural land
use can significantly change the overall quality of DOM by
altering hydrological flow pathways, reducing vegetation inputs,
and the proportion of microbial-transformed autochthonous
DOM.'" Hydrological changes like surface runoff, discharge
rate, and soil porosity also impact the type of DOM in agricul-
tural watersheds where low discharge periods and baseflow
conditions promote microbially-derived DOM formation.™

Excessive amounts of nutrients like phosphorus (P) and
nitrogen (N) mobilized from terrestrial to aquatic systems in
agriculturally impacted watersheds can reduce water quality
and enhance algae proliferation, leading to rapid eutrophica-
tion.” For example, fertilizer application and organic amend-
ments can also affect the quality of DOM by leading to nitrogen-
containing and proteinaceous DOM signatures associated with
more eutrophic conditions in agriculture-draining streams.'®
The increase in urbanization and agricultural land usage has
led to enhanced carbon export from soils through soil
compaction, vegetation loss, and changes in hydrology."* Prac-
tices such as tilling or employing heavy machinery can also
affect the structural integrity of soil, resulting in higher soil
organic carbon inputs that ultimately reduce soil quality and
organic carbon sequestration in soils."”

The physical characteristics of the landscape within the
watershed can also influence the transport and transformations
of DOM. For example, small streams draining forested regions
across flatter watersheds result in high residence times and
microbially processed terrestrially derived DOM, whereas
steeper watersheds can mobilize DOM faster with fewer trans-
formations.'®'® Forests, bogs, and wetlands can act as a source
of aromatic DOM with high molecular weight, and the vegeta-
tion composition further influences DOM profiles across the
watershed.?* The level of vegetation near a watershed directly
affects the carbon in the soil, with a diverse selection of plants
correlating with soil fungi and structural integrity.”* For
example, foliage in deciduous forests acts as large pools of
carbon, however, it does not exhibit the same level of carbon
storage within the soil as forests that contain mixed spruce or
coniferous trees.”*** These differences in tree coverage across
watersheds can influence the polyphenolic profile of DOM in
streams and, therefore carbon storage and downstream carbon
mineralization by microorganisms.>®

248 | Environ. Sci.: Processes Impacts, 2024, 26, 247-258

View Article Online

Paper

Traditional methods of DOM characterization involve using
absorbance and fluorescence techniques to differentiate DOM
sources® and relate agriculture land use change. While bene-
ficial for optically active DOM molecules, optical-based tech-
niques lose sensitivity in systems where non-optically active
DOM is dominant, like in agriculture-dominated systems where
microbially-derived DOM is abundant.** The development of
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry
(FT-ICR-MS) allows for a high degree of resolution and mass
accuracy to confidently discern isotopes of unique carbon
molecules with DOM and allow for untargeted approaches to
the total organic carbon pool.*® Although FT-ICR-MS is
becoming increasingly routine in characterizing DOM, there
remain limited studies incorporating approaches that elucidate
landscape-level predictors on the influence of DOM quality in
urbanized or agriculture-dominated regions.

Therefore, this study aims to identify landscape-level
predictors for DOM quality along a gradient of disturbance in
watersheds draining regions undergoing human development
with variable levels of agricultural disturbance, urbanization,
and regions with natural swamp, bog, and forest coverage. We
hypothesize that an increase in agricultural and urbanized land
use will enhance hydrogenated microbial signatures in the
DOM profile of streams, whereas DOM in streams dominated by
wetland and forested regions will contain greater abundances of
refractory and aromatic DOM. Using watershed characteristics
and land cover information from existing watershed tools, we
hope to provide relationships between the characteristics of
watersheds and species DOM molecules in streams.

2 Methods
2.1 Study area and field methods

The area administered by the Kawartha Region Conservation
Authority (KRCA), Kawartha region, is located in southcentral
Ontario. The region extends from Lake Scugog in the southwest
and Pigeon Lake in the east to Balsam Lake in the northwest
and Crystal Lake in the northeast - a total of 2563 square kilo-
metres (Fig. 1). The region is underlaid by sand on the Oak
Ridges Morain to the South, diamicton plains in the center, and
granite bedrock to the north. The diamicton plains over lime-
stone geology have resulted in an agricultural-dominated
landscape in the central region. Sites were selected based on
the existing water quality monitoring program administered by
KRCA and were characterized based on land cover characteris-
tics, i.e., =75% agricultural land use (Table S17).

Water samples were collected in August-September 2022. All
surface water sample containers were triple-rinsed with the
targeted water before sampling. Surface water samples were
collected from 0.15-0.3 m below the surface, and water quality
field parameters, including water Temperature (Temp.), pH,
Conductivity (Cond), dissolved oxygen (DO), and Turbidity
(Turb) were measured in situ with a water quality meter (Hanna
multiparameter hi9829). A combination of bridge and pole
sampling was utilized to collect water in water streams
unreachable by grab sampling. Samples for carbon analysis
were filtered into 60 mL vials using a 0.45 pm syringe filter. All
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Fig. 1 Sampling map of the 22 sampled streams and tributaries
(orange dots) in the Kawartha region.

samples were kept cool (<4 °C) for transport and storage.
Samples were sent to Caduceon Environmental Laboratories for
chemical analysis, i.e., chloride (Cl), nitrite-nitrogen (NO,-N),
nitrate-nitrogen (NO;-N), ammonia-nitrogen (NH;-N), Total
Kjeldahl Nitrogen (TKN), Total Phosphorus (TP) and Total
Suspended Solids (TSS). Samples for carbon analysis were
returned to Brock University absorbance spectroscopy and high-
resolution mass spectrometry analyses.

2.2 Solid phase extraction and high-resolution mass
spectrometry

Solid-phase extractions were conducted based on methods from
Dittmar et al., 2008. Briefly, cartridges were primed with 1
cartridge filling of HPLC grade methanol immediately before
use.” Two cartridge volumes of DOM samples were loaded onto
the SPE cartridges. One cartridge volume of 0.01 M HCI was
added to remove salts and ionization inhibitors. Sorbents were
air dried for approximately 5 minutes, and DOM was immedi-
ately eluted with 1 cartridge volume (1 mL) of methanol at a flow
rate of <2 mL min ™" directly into muffled glass ampoules. Upon
sample collection, one cartridge volume of methanol was added
to collect SPE-extracted DOM samples in clean 10 mL scintil-
lation vials. Prior to FT-ICR-MS injection, SPE extracts were
normalized to 20 ppm to ensure compositional changes were
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based on molecular composition and not due to concentration
effects across samples.

A7 T Bruker SolariX XR FT-ICR-MS (Billerica, Massachusetts)
equipped with an ESI source housed in the Trent University
Water Quality Center was used for the molecular characteriza-
tion of DOM. Before sample analysis, the instrument is cali-
brated at four different resolutions in negative ionization mode
starting from 1M, 2M, 4M and 8M by co-adding 25 scans and
measuring exact mass accuracy against 10 known compounds
within 100 ppb accuracy in a sodium trifluoroacetate (NaTFA)
tuning solution.*>** After calibration, MilliQ water and meth-
anol were used for flushing peak tubing and SPE-extracted DOM
samples were directly injected at a flow rate of 120 pL h™'. The
capillary voltage was set to 4500 V, and an ion accumulation
time ranged between 0.5-1.0 s to achieve an ion count of at least
1.0 x 10° ions per scan. A total of 200 scans were co-added for
each sample DOM sample and acquired from a m/z range of
150-700 at 8 M resolution and transformed using absorption
mode.** Duplicate and blank scans were taken after every 10 and
5 samples, respectively.

Using Bruker DataAnalysis (v 4.4), baseline, background
noise, and methanol/MilliQ subtractions and peaks below S/N
ratios of 4 were excluded. DOM molecular formulae were
determined within the elemental constraints: "*C(1_100), "H(1-
200); "°0(1-50); **N(o-2), **S(0-2) and *'P(y_,) with a mass tolerance
of +0.5 ppm. Isotopes of **C and "0 were identified for C and O
containing DOM molecules to ensure accurate formula assign-
ment to molecules. Using a method similar to Fu et al., 2020,*
we incorporated a TRFu nested loop-based MATLAB code for
formula assignments. Briefly, the optimum formula was
selected based on (1) a minimum number of formulae for the
black carbon, (2) the minimum number of N + S + P, (3)
a minimum number of S + P, and (4) the lowest mass error. We
have also calculated and included P/C ratios and ensured that
annotated P-containing DOM fit within the 0.01-0.1 range of
other studies.*® Not only has this pipeline been shown to
provide the accurate exact mass formula, but it has also been
applied to other studies that confidently identify P-containing
DOM using exact mass.** After formula assignment, atomic
ratios, aromaticity indices (Al,0q),>® and the nominal oxygena-
tion start of carbon (NOSC)**® were all calculated and exported
to R¥ for data visualization using the “ggplot2” package*® and
“corrplot” package for correlation plots and heatmap analyses.*

2.3 Absorbance spectroscopy

Each of the 22 samples collected from different watersheds was
run through the Agilent Cary 60 UV-Vis spectrometer. Absor-
bance was measured from 220 to 600 nm at 300 nm min " in
0.5 nm intervals using a quartz cuvette with a 1 cm path length.
Samples were run at room temperature, and absorbance was
baseline corrected with MilliQ water blanks. SUVA,s4nm
measurements that normalize absorbance at 254 nm to DOC
concentrations were calculated by dividing absorbance at
254 nm by DOC concentrations.*>** Spectral slopes from 275-
295 nm were calculated using the linear regression of the log-
transformed absorbance spectra as a proxy for DOM
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molecular weight.** Slope ratios (Sg) for DOM molecular weight
and source information were calculated by dividing spectral
slope values from 275-295 nm to 350-400 nm.*>**

2.4 Total organic carbon

A Shimadzu Total Organic Carbon (TOC) analyzer with an ASI-V
automated sampler housed in the University of Toronto Scar-
borough TRACES center measured TOC concentrations in
filtered stream samples. Briefly, potassium hydrogen phthalate
was used as a standard to generate a calibration curve between
1-50 mg L™ " (R* > 0.99). After calibration, 50 mL of each sample
was added to an autosampler with a carrier flow level of 150
mL min~", two injections per sample (overall standard error of
0.1 mg L"), and two washes of low TOC water between each
sample. Blanks were run after every five samples.

2.5 Statistical analyses

An analysis of variance (ANOVA) was calculated in R (v 1.2.5033)
to determine significant differences between DOC concentra-
tions and absorbance properties of DOM. A Pearson correlation
heatmap equipped with Bray-Curtis hierarchical clustering was
conducted to relate FT-ICR-MS properties, water quality
parameters, and absorbance metrics of DOM across different
watersheds. Finally, a Spearman'’s rho (p) relating the relative
abundances of different DOM molecules to watershed charac-
teristics and land cover was conducted using a custom script
R.*? A total of 999 permutations were conducted to remove false
positive findings, and significant correlations were observed
when p < 0.05. Using a van-Krevelen space, we plotted signifi-
cantly correlating molecules to relate DOM molecules changing
in abundance in relation to different watershed characteristics
and land cover properties.

3 Results and discussion

3.1 Water quality covariates, dissolved organic carbon
concentrations, and optical properties

DOC concentrations ranged from 3.67-32.8 mg L™ in water-
sheds with less than 75% agricultural land coverage and were
significantly greater (p < 0.05) than in watersheds with more
abundant natural land cover (3.78-9.13 mg L™ ") (Fig. 2). Aquatic
systems with greater agricultural land use were also the systems
mobilizing the highest concentrations of total organic carbon
including KC 4, KC 7 and KC 9, ranging from 18.1-32.6 mg L ™"
KC 3 and KC 18 had the lowest levels of DOC in streams ranging
from 3.78-4.78 mg L™, respectively. Across all sites, spectral
slopes ranged from 0.0075-0.075, suggesting up to a 10-fold
difference in proposed DOM molecular weight across sites. We
found that spectral slope values were lowest at KC 13 (0.0075),
one of the most agriculturally impacted watersheds, suggesting
that the optical DOM profile of this catchment was relatively
more aromatic DOM with higher molecular weights than other
catchments.

Overall, we found that site KC 22 (Scugog River Upstream)
had the highest weighted average m/z ratio of 547, followed by
KC 6 (Stoney Creek at Pigeon Lake Rd). Interestingly, the lowest
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Fig. 2 Total organic carbon concentrations across the 22 sites where
green bars represent regions with more than 80% of agricultural land
use to indicate more agriculture disturbances across watersheds.
Brown bars represent tributaries where agricultural land use was >75%
of agricultural land use.

molecular weight of DOM was found in KC 3 (Stoney Creek at
Settlers Rd.; m/z = 346) and KC 10 (Scugog River Downstream;
mfjz = 348), where DOM at these sites was relatively more
positive (KC 3 NOSC = —0.553; KC 10 NOSC = —0.423) than
other watersheds. The level of heteroatom content reported by
FT ICR MS also varied across watersheds and was related to the
overall m/z characteristics. For example, KC 10 (Scugog River
Downstream) also had the lowest weighted m/z and contained
the highest weighted average sulphur content of 0.44 and the
highest S/C ratio of all sites at 0.036 (ESI Dataset #1t). Notably,
KC 2 (Layton River) had the highest N (0.76) and P (2.09) content
across all watersheds with a relatively high m/z ratio of 485. We
also found that KC 13 (Blackstock Creek) and KC 14 (Nonquon
River) had the highest DBE ratios of 14 and 14.9, respectively,
and suggested the presence of highly unsaturated material.
Interestingly, these sites both have >40% natural land cover
with “fair” levels of surface water quality based on Ontario
Provincial water quality guidelines.

When relating relationships between water quality and both
optical and molecular characteristics of DOM, we found
significant (p < 0.05) correlations between nutrients, m/z, and
double bond equivalence of DOM in watersheds (Fig. 3).
Specifically, Spearman correlation values between chloride
concentrations and the overall m/z ratio of a watershed was
—0.62 (p < 0.05), indicating that as streams in the region had
greater chloride concentrations, the relative size of DOM
molecules decreased. In addition, as the abundance of DOM
molecules with greater NOSC values increased, so did the
proportion of nitrate in aquatic systems (Spearman's value =
0.75; p < 0.05). However, we observed an opposite relationship
between NOSC and P concentrations, where molecules had
lower NOSC values as P concentrations increased (Spearman's
correlation = —0.82; p < 0.05). Despite opposite patterns
towards the degree of oxygenation of DOM, both N and P
concentrations resulted in DOM with overall lower m/z ratios.

This journal is © The Royal Society of Chemistry 2024
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Fig.3 Pearson correlation plot of water quality, HRMS-derived atomic metrics and absorbance properties of DOM across all watersheds where

white asterisks indicate significant relationships (p < 0.05).

Other studies have shown a similar pattern of increased DOC
export in agriculturally impacted watersheds and greater
proportions of microbial humic compounds than in forested
streams."**** Headwater streams in North Germany* and
several agricultural streams in Australia*® also showed greater
DOC concentrations in streams with greater agricultural land
use. However, this may not be representative of all agricultural
disturbances as other studies have found comparatively low
DOC concentrations in agricultural systems,**° likely due to the
intensity and duration of agricultural land use. The increase in
NOSC values observed in this study further aligns with other
studies that found increased humification or a reduction in
DOM bioavailability in agriculturally impacted watersheds.*

3.2 Watershed specific patterns with DOM composition

We found that agriculturally impacted watersheds generally
produced a more similar DOM profile with higher molecular
weight and less biologically available carbon than DOM drain-
ing systems with greater natural land cover characteristics. A
Pearson correlation heatmap was created, linking the physical
water chemistry properties to DOM chemical characteristics
across watersheds (Fig. 4). The 22 sites were categorized into 5
groups based on Bray-Curtis hierarchal clustering, where the

This journal is © The Royal Society of Chemistry 2024

first group consisted of sites KC 6 and KC 9 where DOM had
more negative absorbance 275-295 nm values, positive NOSC
values, and DOM molecules with similar mass-to-charge ratios.
Sites KC 2, KC 19, KC 14, and KC 20 were more similar, with
sites KC 14 and KC 20 being closely related based on similar
levels of dissolved oxygen, more comparable total organic
carbon concentrations, temperature, and conductivity.

TP concentrations ranged from 0.02-0.2 mg L' and NH;-N
concentrations ranged from 0.01-0.38 mg L™ " across all sites
where Site KC 2 had the highest TP (mean = 0.20 mg L") and
NH;-N (mean = 0.38 mg L") concentrations. Groups two and
three are more alike due to their shared land coverage of human
disturbance. KC 5 and KC 17 possess comparable properties
regarding their lack of organic nitrogen molecules, high levels
of total chlorine content, high electrical conductivity, and
similar pH. The most distant relation is KC 13, which is evident
with the abundance of nitrate in the water, more negative
spectral slope values, and lower conductivity.

Groups four and five, however, are similar due to land cover
characteristics where this cluster containing KC 7, KC 10, KC 18,
and KC 22 exhibited low sulfur content in DOM but possessed
high levels of conductivity and DOM molecules with high m/z
ratios. However, DOM draining through watersheds KC 18 and
KC 22 contained more abundant organic sulfur compounds in
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Fig. 4 Pearson correlation heatmap linking water quality, DOM absorbance properties and molecular composition of DOM across 22 different

watersheds.

their water streams. The amount of total organic carbon and
quantity of DOM molecules with high m/z ratios in KC 18 and
KC 22 are nearly identical. Similar to the third sub-group, all the
sites in the fifth sub-group display relatively low levels of
nitrogen-containing DOM molecules.

The inconsistent clustering of agriculturally impacted
systems (KC 4, KC 7, and KC 9) is largely dominated by differ-
ences in sulfur in DOM and S/C ratios. These findings suggest
that while there are intrinsic differences across all watersheds
regardless of land use, specialized practices or even sulfur
containing fertilizers like ammonium sulfate, potassium
sulfate, and magnesium sulfate in maize fields*” routinely used
in this region may be impacting the degree of DOM sulfuriza-
tion in streams. These patterns of enhanced fertilizer use and
changing DOM properties have been found in rice patty fields
where enhanced sulfurization is changing the biogeochemistry
of contaminants like mercury.*®

3.3 Spearman correlation van Krevelen diagrams

To relate landscape properties to DOM in aquatic systems,
Spearman rank correlation analyses were conducted to reveal
unique patterns in the overall DOM profile after disturbances.
In watersheds where bog coverage was relatively higher, DOM
molecules within the aliphatic and highly unsaturated/phenolic
compound region increased in relative abundance (Fig. 5A).
Most of these compounds ranged between 0.25 > O/C > 0.5 and
1.25 > H/C > 2.0, suggesting that these molecules had relatively
high microbial lability resembling low-oxidized plant material.
As swamp coverage increased across the catchment area, so did
the relative abundance of DOM within the vascular plant-
derived polyphenol compound class and more oxidized highly
unsaturated and phenolic compounds (Fig. 5B). While aliphatic
molecules were present, their abundance was less than DOM
molecules, increasing in abundance as bog coverage increased.

252 | Environ. Sci.: Processes Impacts, 2024, 26, 247-258

As agricultural and land management disturbances
increased across catchment areas, the relative abundance of
oxidized phenolic DOM decreased; however, the relative abun-
dance of highly unsaturated DOM with O/C ratios < 0.25
increased in abundance (Fig. 5C and D). Interestingly, the high
degree of similarity of DOM across both forms of disturbances
suggests that disturbance can impact DOM quality in similar
ways, specifically shifting the DOM pool towards less oxygen-
ated and unsaturated molecules.

We show that disturbed ecosystems mobilize more DOC
than undisturbed ecosystems but that the quality of DOM in
undisturbed ecosystems resembles more polyphenol and
tannin molecular signatures. These findings are consistent with
other studies showing that agricultural disturbances alter
stream DOM quality towards favouring humic fractions of DOM
in North Germany* and several agricultural streams in Aus-
tralia.** Similarly, the abundance of low-oxidized lignins,
aliphatic, and phenolic compounds correlating with bog and
swamp-dominated catchments has been previously reported in
more coastal systems,* but also in boreal watersheds.?
Although the overall chemical diversity was not evaluated in this
study, others found that the overall functional diversity of DOM
in agricultural landscapes was comparatively low compared to
littoral inputs in forested settings.”** In addition the export of
DOC in agriculturally impacted watersheds produces greater
proportions of microbial humic compounds than in forested
streams.****** However, our study builds upon these findings to
identify that highly unsaturated DOM molecules are preferen-
tially accumulated in the DOM pool with disturbance.

To further elucidate the specific patterns on the DOM
molecules significantly correlating with agriculture and
community development disturbance, we identified 65 mole-
cules with Spearman's correlation values = 1 when p < 0.05
within the unsaturated hydrocarbon DOM compound class that

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Spearman correlation van Krevelen diagrams linking the relative abundance of DOM molecules significantly (p < 0.05) correlating with
land cover and watershed characteristics including bog coverage (A), swamp coverage (B), agricultural land use (C) and community infrastructure
(D) after 999 permutations. Each dot represents a unique carbon-based molecule where darker blue colours indicate a positive relationship with
watershed characteristics, whereas a darker brown indicates a more negative relationship.

also contained P atoms (ESI Dataset 11). We used **C isotopes to
help reduce false positive formula assignments that may arise
from exact mass alone. While *?P isotopes are extremely trace,
other studies have confidently assigned P-containing molecules
using a similar TRFu approach for formula assignment.** The
majority of these dissolved organic phosphorus (DOP) mole-
cules positively correlating with increased disturbances were
found across watersheds with high proportions of agricultural
land use (KC 4, KC 7, KC 9) and developed spaces (KC 15),
watersheds with the highest DOC concentrations in aquatic
systems (Fig. 2). The highly conserved nature of these highly
unsaturated P-containing molecules suggests that disturbed
systems may be used as molecular signatures of areas impacted
by agricultural or land use disturbance. In addition, the iden-
tified DOP molecules had more negative NOSC values (Fig. 6),
suggesting a higher degree of reduction than more positive
NOSC values. NOSC values tend to decrease with increased
DOM decomposition, further suggesting that the identified

This journal is © The Royal Society of Chemistry 2024

DOP molecules have been extensively decomposed and
processed.*

Our findings suggest that DOM in watersheds with higher
agricultural land use and community development contain
more phosphorus than natural land cover. DOP species are
consistent with observations in other watersheds of agricul-
turally impacted runoff and surface waters. Specifically, the
high degree of DOP compounds is readily associated with
unsaturated hydrocarbon compound classes.’> These unique
phosphorus-containing DOM molecules found in agriculturally
impacted sites resembling unsaturated hydrocarbon molecules
are also associated with molecules that generally have high DBE
configurations, suggesting lower reactivity of these molecules
when compared to aliphatic fractions of DOM coinciding with
bogs and swamp coverage. The identification of DOP substrates
suggests long-term agricultural practices as the accumulation of
soluble condensed aromatics and recalcitrant fraction of DOM
tends to occur in agricultural soils and river sediment with
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Fig. 6 van Krevelen diagram of the 65 dissolved organic phosphorus
molecules significantly (p < 0.05) correlating with increased agriculture
and landscape disturbance. Dashed lines represent boundaries for
various compound classes based on O/C, H/C ratios and DBE. The
NOSC value of each dissolved organic phosphorus molecule is colour
coded where darker green values represent a more negative NOSC
value and pink values show more positive NOSC values.

aging in the environment.*> Since these DOP molecules have
high DBE and more positive values, they may have been
byproducts of existing DOM that were already microbially pro-
cessed towards a more recalcitrant state.>**

Yang et al. (2021) reported that about 10% of the molecules
in the total DOM pool resembled DOP molecules that were
within the unsaturated hydrocarbon compound classes,
whereas most of the DOP molecules within the lignin region
comprised ~70% of the molecules observed.®® While this
observation is contrary to our findings where more than 90% of
DOP molecules observed were within the unsaturated hydro-
carbon region (Fig. 5), there is ongoing evidence suggesting that
over 96% of DOP molecules likely span within unsaturated
hydrocarbon, lignin, or tannins regions and are not readily
bioavailable.>**® Recent research has shown that a large fraction
of P-containing DOM in groundwater is found in both the
aliphatic and unsaturated DOM compound class and that these
sources of P-containing DOM are intermediates to end products
of organic matter biodegradation.*****” In addition, up to 40%
of DOP species in stormwaters are found in low molecular
weight, aromatic fractions below 1 kDa.*® One possible expla-
nation for the difference in DOP molecules can be linked to the
type of agriculture. Yang et al. (2021) sampled agricultural
watersheds with corn-soybean crop rotation, whereas data ob-
tained from the Annual Crop Inventory (GovCan) for 2022
(Fig. S11) indicate that most watersheds sampled in this study
included a combination of wheat, corn/soybeans, livestock
farms, wheat, and barley. Manure extracts from livestock farms
also have a relatively high DOP molecular signature (10-13%)
and have been observed in surrounding agricultural streams,*
suggesting that the high DOP, particularly in agriculturally
impacted watersheds in this study, may have been with
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surrounding livestock or field where manure was recently
applied. We hypothesize that because the sampled agricultural
watersheds in this study were a combination of cash crops and
livestock farmland, there is less of a phenolic and lignin-like
signature than in cash crop-specific agricultural fields
sampled in other studies.***

Agriculturally impacted and disturbed watersheds corre-
lating with high proportions of phosphorus-containing DOM
may be more impacted by precipitation due to less stable soils
than forested systems. Surface runoff is a major transport
mechanism of organic matter from soils that have also been
treated with fertilizers. In addition, nutrient inputs from either
point or nonpoint sources are continuously photochemically
and microbially transformed and incorporated with organic
material as they move with groundwater and surface runoff.>
Since many of the sampled systems were shallow and close to
baseflow conditions in the late summer months, the relatively
high precipitation measurements for agriculturally impacted
sites may have increased discharge and turbidity by remobiliz-
ing phosphorus-containing DOM substrates from sediments.>
Enhanced surface runoff from higher precipitation levels, the
highest DOC concentrations (Fig. 2), and high nutrient richness
observed in the sampled agriculturally impacted watersheds
can increase the degree of microbial processing in aquatic
systems.®>®* The majority of organic phosphates and organo-
phosphonates require greater enzymatic activity and energy for
microorganisms to degrade than other organic and inorganic
phosphorus forms. Although organophosphonate concentra-
tion was not specifically tested in this study, since organo-
phosphonates have been shown to slow microbial growth and
accumulate in natural systems,®>®* it is possible the enrichment
of unsaturated hydrocarbons observed may be organic matter
derivatives from microbial organophosphonate degradation.
Together, we hypothesize that enhanced DOP signatures in
more agriculturally impacted watersheds result from changes in
the extent of surface runoff, nutrient loading, and in situ
microbial remineralization of DOM.

Agricultural land use has been shown to increase the
humification degree and molecular weight of DOM via micro-
bial humification processes,** consistent with our findings of
DOM with greater m/z ratios and lower spectral slopes in
disturbed watersheds (Fig. 3 and 4). While humified species
may be either autochthonous or allochthonous in origin, the
high association of unsaturated hydrocarbons, DOC concen-
trations, and nutrients observed in this study suggests that
these molecules may be the byproduct of microbial degradation
or algae-derived organic matter due to the mobilization of
carbon and nutrients.'>*** While increasingly condensed DOM
may initially enhance carbon sequestration in sediments,
nutrient inputs can stimulate microbial productivity and the
metabolism of DOM stored in sediments.""%

4 Conclusion

In this study, we investigated the molecular characteristics of
DOM across watersheds with varying landscape characteristics
and land cover to statistically link DOM molecules with

This journal is © The Royal Society of Chemistry 2024
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agricultural and developmental disturbance. We found an
enrichment of DOP molecules in watersheds impacted by
agricultural and developmental disturbance, whereas undis-
turbed ecosystems with higher forest and bog coverage resulted
in increased proportions of phenolic and aliphatic DOM, likely
originating from leaf litter. We also identified 65 highly recal-
citrant DOP molecules that can be used as molecular signatures
unique to disturbed watersheds. We show that the increased
supply of DOC concentrations and nutrients and presumably,
greater soil disruption in human-impacted watersheds can yield
increasingly humified and unsaturated DOP molecules.

Future studies could consider identifying the source of DOP
molecules from upstream sources or molecular signatures
within surrounding soils of agriculturally impacted systems
that contribute to the formation of DOP molecules. While these
molecules were identified across watersheds in the Kawartha
region, these molecular signatures may apply to additional
agricultural and urbanized watersheds, but additional studies
should consider how different forms of agricultural inputs
(livestock, crops) and urbanization (infrastructure development
vs. urban centers) impacts the molecular composition of DOM,
DOP, and water quality. In addition, future studies should
incorporate the use of enriched *'P isotopes to confirm DOP
molecules, similar to other studies.® As fertilizer use continues
to increase in agricultural-dominated watersheds, tracking and
identifying DOP molecules within aquatic systems will be
particularly useful in understanding how aquatic systems store
or mobilize P sources. Together, improving our understanding
of the lability and transformation of DOP molecules would also
allow for better predictions of how P is cycled in agriculturally
impacted watersheds. While we show the landscape metrics
have important predictive capabilities when elucidating the
molecular composition of DOM, more refined spatial mapping
with greater resolution should be considered using a similar
statistical approach as this study. Further exploring how DOM
at the molecular level is impacted by increasing disturbance
and climatic perturbations is important for maintaining
ecosystem services of terrestrial and aquatic systems.
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