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search, multi-isotope proxies were applied to track P sources and evaluate their relative contributions in Love
Creek, a coastal estuary in Delaware. The isotope values of carbon (ca. —22%.), nitrogen (ca.+6%.), and phos-
phate oxygen (ca.+18%.) of agricultural soils under different agricultural practices are generally similar even
though their concentrations are distinctly different from forest soils (6'>C: ca. —27%.; 6'>N: ca.+2%.; 6'%0p:

fg{:vgi:k watershed ca.+22%o.). Comparison of these parameters among potential land sources (agricultural soils, forest soils, septic
Phosphorus wastes, and plant debris) and sink (colloids in water) revealed that the plant debris and soils from forest sources
Source tracking are likely dominant sources of P in freshwater sites. The contribution of terrestrial P sources gradually decreased
Isotopes along the salinity gradient and agricultural soil sources gradually dominanted in the saline water portion of the
Tidal and non-tidal water creek. The variations of P loads due to weather-related discharge, changing land use and activities, and seasons
were high and reflected the limitation of accurate estimation of sources. Overall, these results provide improved
insights into potential sources and biogeochemical processes in the estuary, which are expected to be useful for

water quality monitoring programs.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorus (P) contamination in coastal waters worldwide has
+ Corresponding author. compromised ecosystem benefits by decreasing the values of natural
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https://doi.org/10.1016/j.scitotenv.2021.148353
0048-9697/© 2021 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2021.148353&domain=pdf
https://doi.org/10.1016/j.scitotenv.2021.148353
mailto:jaisi@udel.edu
https://doi.org/10.1016/j.scitotenv.2021.148353
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

Q. Li, H. Yuan, H. Li et al.

activities. Federal, state, local, and private agencies actively seek solu-
tions to minimize nutrient-related water quality reduction. Still, the
success has been limited primarily due to the limited understanding of
specific sources that cause to deteriorate the water quality. [t means
the identification of nutrient load contributions from different sources
is required to develop an effective management plan and to reduce nu-
trient loads. Further, spatial and temporal variations in sources, flux, and
variable transformation among their forms, complicate the understand-
ing of the sources and processes. These limitations point toward the
need for the tracers in source tracking and biogeochemical cycling
research.

Oxygen isotope composition of phosphate (8'20p) have been in-
creasingly used as a reliable tool to trace P sources in a variety of ecosys-
tems such as agricultural, freshwater, and marine ecosystems (Angert
et al, 2012; Bauke et al., 2018; Bi et al.,, 2018; Davies et al., 2014;
Gooddy et al., 2016; Joshi et al., 2016; Hacker et al., 2019; Tamburini
et al., 2012; Siebers et al., 2018; Tonderski et al., 2017). The fundamen-
tally distinct properties of 8'®0p value in biotic and abiotic sources en-
able it to serve as a tracer to identify P cycling and transformation in
complex ecosystems. Regardless, slight variations in the isotopic signa-
ture of P from multiple sources and overprinting of the signatures dur-
ing P transformation in soils and waters complicate the accurate
identification of sources (Gross and Angert, 2015; Joshi et al., 2016;
Granger et al., 2017). However, coupling 6'80p values with other reli-
able stable isotopic tools, including carbon (C) and nitrogen (N), provide
a complementary and independent proxy to identify sources.

Losses of colloidal and dissolved P from soils can occur along surface
and subsurface pathways (McDonnell et al., 2010; Sharpley et al., 2015),
at various proportions and the transported P may conserve isotope sig-
nal from its source. The correct interpretation of oxygen isotope values
in phosphate requires understanding of related processes and reactions
that may alter primary isotopic compositions as well as physical pro-
cesses such as transport and mixing. Similarly, C isotopes has been suc-
cessfully applied to track the origin of soil organic matter (SOM) across
soil profile via characterization of C isotopic signatures of different soil
size fractions (Desjardins et al., 1994). However, soils are almost always
considered as whole in isotope research without considering different
size fractions, which could have different isotope signatures. Further,
erosion preferentially removes finer-sized particles, which are enriched
in P than coarser-sized particles. Pedological processes and microbial
activities in the different size fractions are expected to be different.
These characteristics necessitate the analysis of different size fractions
at source sites for a fuller understanding of their contribution to sinks.
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To better account for these variabilities, a relatively smaller watershed
with a limited number of potential P sources is ideal for testing hypoth-
eses on the role of different variables.

Love Creek, located upstream of Rehoboth Bay, is a small tributary of
Delaware Inland Bays and is designated as the water of exceptional rec-
reational of ecological significance (ERES) by the state because of the ex-
tensive recreational usage of the water at its mouth. It means the
environmental health of the watershed could benefit substantially
from improved knowledge in identifying nutrient sources polluting
the beach waters. Therefore, the objectives of this research are two-
fold: 1) determine isotopic signatures of different sources including dif-
ferent particle sizes of soils that are prone to erosion and 2) compare the
muti-isotope proxies of sources and sinks to identify P loading in the
Love Creek watershed.

2. Study area, materials, and methods
2.1. Study area

Love Creek is a coastal tidal estuary located in the eastern part of
Delaware and upstream of Rehoboth Bay (Figs. 1 and SI1), which drains
into the Atlantic Ocean. The upstream portion of the creek is freshwater
and covers about 45% of the watershed of approximately 62 km?. It is
surrounded primarily by agricultural farms interspersed with small
patches of forest and a few residential areas. The tidal portion of the
creek extends upstream to the dam at Goslee Pond at Route 277
(Robinsonville Road). The Downstream of the dam shows a strong salin-
ity gradient, which steadily increases toward the mouth in Rehoboth
Bay.

Love Creek watershed has undergone significant changes in land use
inrecent decades. An increase in land development for housing and rec-
reational purposes is reflected in the high density of septic tank systems
in residential areas near the creek (Fig. SI1). Relatively sand-rich soil in
the upstream watershed creates an ideal condition for groundwater re-
charge. Further, a mildly elevated topography in the watershed consti-
tutes a higher groundwater discharge potential to the creek.

2.2. Collection of soil, septic waste, ledf litter, and water

Based on the land use and development in the watershed, potential
terrestrial P sources that might potentially reach the creek include soils
from agricultural and forest lands, tree and leaf litters from forests, and
septic wastes. The isotopic signatures of any particular land use can vary
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Fig. 1. Sampling sites in the Love Creek watershed: blue triangles within rectangles indicate soil sampling sites; red circles denote water sampling sites (GN, BN, LN, LT4, LT3, LT2 and LT1),
and yellow star represents the septic tank collection site . The elevation map of the watershed is included in the inset (see Fig. SI1) (DCIB, 2018). The locations of septic tank and soil
sampling sites in the map are arbitrary and are not accurate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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based on the length and intensity of the cropping system and fertiliza-
tion history. To account these variabilities, multiple sampling sites
were chosen from each land use type based on i) P concentration, a po-
tential hotspot for P loss; ii) land elevation, a geomorphic feature that
determines the extent of soil erosion; iii) soil type, organic content
and other elemental and mineralogical compositions that affect nutrient
cycling; and iv) regions with high groundwater discharge potential for
subsurface transport of P. Agricultural soils were collected from multi-
ple sites based on the crop type, nutrient content, and agricultural prac-
tice such as tilling and no-tilling because tilling loosens the soil
aggregates and facilitates erosion. Soils from the forest as well as leaf lit-
ters adjacent to the creek were also collected. Most soil sampling sites
were selected to be proximal to Love Creek including rivulets and
brooks that discharge into the creek. To obtain representative soils
prone to erosion as well as to identify any changes in isotopic signatures
of soil size fractions along with soil depth, topsoil (0 to 10 cm depth)
was collected from three farms (from LC1 to LC19) located on the head-
waters and middle section of Love Creek. Among the 19 sites chosen,
LC16 and LC19 are from fallow soils, which did not receive fertilizers
for the past several years and all other soils (LC1-5; LC8-12; LC13-19)
are from farms with active fertilizer application and cropped soybean
and corn. To identify the nutrient composition in agronomically rele-
vant depth, surface and subsurface (10 to 20 cm) soils were collected
from sites LC9, LC10, LC11, and LC17. The forest soils (LC6, LC7) were
collected from the representative forest patches in the headwaters of
the Love Creek watershed. In each sampling site, five subsamples were
collected and thoroughly mixed to form one composite soil sample
per site.

Site selection for sewage waste from septic systems was limited due
to accessibility to private septic tanks, so are not fully representative of
neighborhoods in the watershed. As shown in Fig. SI1, septic tank den-
sity is high in the middle stretch of the watershed and region surround-
ing the Rehoboth Bay. Septic tank density larger than four units per acre
and within 100 m from water bodies is considered to impact water
quality (NESM, 1973). Therefore, areas with high septic density and
within a 100 m proximity to Love Creek were selected for sampling.
Upon the landowners' approval, septic tank wastes (6 L, in duplicate)
were collected and chilled immediately on the ice during transportation
and then stored at 4 °C before processing.

Being a coastal estuary, Love Creek is influenced by the tidal effect of
the Inland Bays. To represent both the tidal and non-tidal portions of the
creek, seven sites were selected for collecting water samples across a sa-
linity gradient (Fig. 1). Those sites include Bundicks non-tidal 1 (BN),
Goslee non-tidal 1 (GN), Love non-tidal 1 (LN), Love tidal 1 (LT1),
Love tidal 2 (LT2), Love tidal 3 (LT3), and Love tidal 4 (LT4). Sites BN
and GN are located at Bundicks Branch and Goslee Millpond, respec-
tively, which are two small tributaries at the upstream of the creek.
Because of the high density of septic systems and agricultural land in
the headwater, nutrient loads from these tributaries are expected to
be high. Based on preliminary data on P concentrations, 48 to 56 L of
water from each site was collected during baseflow conditions over a
period of six months. All waters were collected carefully during ebb
tide without any disturbance that might cause resuspension of the bot-
tom sediment. Collected water samples were chilled on ice immediately
after collection and during transportation and then stored at 4 °C before
processing.

Colloids in the creek water samples were separated into three size
ranges: a) 253 pm, b) 0.45-53 um, and c¢) 0.10-0.45 um, based on the
Stokes' law of settling using centrifugation (Sorvall LYNX 6000,
Thermo). Prior to separation, visible plant debris and algae filaments
were removed carefully using pipettes. The supernatant was decanted
and pelleted colloids were freeze-dried. Since the salinity of non-tidal
sites was <1.0 practical salinity unit (PSU), no washing or salinity cor-
rection was needed to obtain the accurate mass of colloids. For tidal
sites, colloids were washed three times to remove salts, which were
confirmed by the absence of visible white salt precipitates in freeze-
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dried colloids. Water temperature, dissolved oxygen concentrations,
turbidity, and salinity were recorded on-site at the time of sample
collection. Other water parameters were characterized either by the
Environmental Laboratory at the Department of Natural Resources and
Environmental Control (DNREC) (Main et al., 2020) or University of
Delaware.

2.3. Size separation of soil

All collected soils were stored at —12 °C and freeze-dried. Dry sam-
ples were dissolved in water (1:10 mass: volume) and <53 pm size frac-
tion was separated by wet sieving. This size fraction was further diluted
to make a 1% (1:100 m:v) suspension and centrifuged to separate into
two sizes, <0.1 and <0.45 um size fractions, similar to colloids in the
creek (see below). Because of the low mass of 0.10 to 0.45 pm size frac-
tions in soils, freeze-dried samples from the same farm (LC1-5; LC8-12;
LC13-18) and land use (LC6-7; LC16-19) were combined. For each soil
fraction, isotopes of carbon, nitrogen, and phosphate oxygen were
measured.

24. Characterization of soil, colloids, and plant debris

Revised sequential extraction method (Hedley and Stewart, 1982)
per Joshi et al. (2016) was used to differentiate and quantify different
P pools (H,0-P;, NaHCOs-P;, NaOH-P;, and HNOs-P;) in soils and colloids
in the creek water. The revisions include steps to recover extracted P
adsorbed onto the residual solid phase: 0.5 mol/L NaHCO5 extraction
and H,0 rinse were added after the NaOH and HNOs extractions. The con-
centration of P; in each pool was measured using the phosphomolybdate
blue method (Murphy and Riley, 1962). For all soils and colloids, the solid:
solution ratio and other extraction conditions (time, temperature, shaking
speed) were kept constant, while plant debris was treated differently fol-
lowing the Pfahler et al. (2013) method. Plant debris was oven-dried at
65 °C, ground, and then treated with 0.3 M trichloroacetic acid (TCA)
(Hawkins and Polglase, 2000) to extract the TCA-soluble reactive P
(TCA-P). This pool is considered rapidly cycling P in plant cells. The resid-
ual plant material was subsequently extracted with 10 M nitric acid for
total P (Pfahler et al,, 2013). The concentrations of P and other elements
in both extractions were measured by using inductively coupled plasma
optical emission spectrometry (ICP-OES).

2.5. Measurement of C and N isotopes

Approximately 10 mg of freeze-dried and size-fractionated soils, col-
loids, and plant debris were used to measure carbon isotopes (5'3C) and
nitrogen isotopes (8!°N) using an Elemental Analyzer (EA) (Costech,
CA, USA) connected with a Delta V IRMS (ThermoFisher Scientific,
Germany). All 8'3C and 6'°N values were calibrated against two USGS
isotope standards: USGS40 (6'3C = —26.39%. and 6'°N = —4.52%.)
and USGS41 (6'3C = +37.63% and 6'°N = +47.57%.). All measured
N and C isotope values are reported in standard delta notation in per
mil (%.) unit with respect to atmospheric air and Pee Dee Belemnite
(VPDB), respectively.

2.6. Purification of P pools and measurement of oxygen isotopes of water
and phosphate

Sequentially extracted P pools were further processed to remove
contaminants and concentrate P; before the precipitation of silver phos-
phate (AgsP0,) following the method described in Joshi et al. (2018). All
extracted solutions were first treated with nonionic, microporous DAX 8
Superlite resin to remove the bulk of the dissolved organic matter. The
clear solution produced was further processed to reduce the volume
and concentrate the P; by the Mg-induced co-precipitation (MagIC)
method (Karl and Tien, 1992). MagIC pellets were dissolved and then
evaporated to attain a final P; concentration of >500 uM before
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ammonium phosphomolybdate (APM) precipitation. APM precipitation
at low pH allowed removal of contaminants that are acid-soluble, while
the following stage of magnesium ammonium phosphate (MAP) pre-
cipitation at high pH eliminated alkali-soluble contaminants. The MAP
crystals were then dissolved, pH neutralized, and further treated with
a cation resin to remove cations. Silver amine solution was used to pre-
cipitate silver phosphate. The precipitate was dried in 12-24 h at 50 °C
in the dark. The bright yellow silver phosphate crystals were filtered
and then dried at 110 °C before measuring their isotopic composition.
Duplicate phosphate with known isotopic values were processed in par-
allel with field samples to assess the veracity of sample processing and
final isotopic composition.

Around 300 pg of silver phosphate was prepared into silver capsules
to measure §'80p values using Thermo-Chemolysis Elemental Analyzer
(TC/EA) coupled to a Delta V continuous-flow isotope ratio measuring
mass spectrometer (IRMS; ThermoFisher Scientific, Bremen, Germany).
The measured §'80p values were calibrated against YR series standards
(—5%0 and +33%.) that were originally calibrated using the conven-
tional fluorination method.

The oxygen isotopic composition of water (8'%0,,) was measured
from all watershed waters. For standard measurement, about 0.3 mL
of water was equilibrated with CO, at 26.0 °C in borosilicate vials for
24 h. The isotopic composition of headspace CO, after equilibration
was measured using a GasBench II coupled to IRMS (ThermoFisher
Scientific, Bremen, Germany) and calibrated using two USGS standards
(W67400 and USGS W32615 with 6'%0,, values of —1.97%. and
—9.25%., respectively). Triplicate standards were analyzed with a preci-
sion of <0.10%.. A temperature-dependent equilibrium fractionation
between CO, (6'%0¢o2) and H,0 (6'®0p20) (Cohn and Urey, 1938)
was used to calculate 6'80,, values. All oxygen isotopic values of P;
and water are reported in standard delta notation in per mil (%) with
respect to Vienna Standard Mean Ocean Water (VSMOW ).

To identify the extent to which P pools in soils and colloids are bio-
logically cycled, the equilibrium isotope composition was calculated
using the temperature-dependent fractionation equation developed
by Chang and Blake (2015):
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[(14.43-19") —26.54]

e -10°

)

8'%0, = (6%0,,+10%)-¢

where §'80p and 6'20,, refer to oxygen isotope values of P; and water,
respectively, and T denotes the water temperature in degrees Kelvin
(K).

3. Results
3.1. Salinity and chlorophyll a

The changes in salinity in seven different sites in the Love Creek in
different months from March 2017 to September 2017 are shown in
Fig. 2. Salinity in the non-tidal sites (GN, BN, and LN) was around 0
ppt at all times but increased steadily down in the tidal sites of the
creek (LT4, LT3, LT2, and LT1) and reached the maximum (~35 ppt) at
its mouth. The high salinity of LT1 indicated that water from this site
is not different from that of Delaware Bay (PDE, 2012). The concentra-
tion of chlorophyll a was almost zero in the non-tidal section and
steadily increased with salinity until salinity of 10 (45) ppm at the mid-
dle of Love Creek (LT4) and then declined with the further increase in
salinity. While the trend of chlorophyll a concentration was the same
all months, the changes at a site followed the trend of warming temper-
ature with the highest concentrations in June or July (Fig. 2).

3.2. P pools in colloids, soils, and plant debris

Concentrations of P; in different P pools in colloids in three different
months are shown in Fig. 3a. In general, colloidal samples collected in
July have a relatively higher P; concentration of all pools from all sites
than the other two months. Interestingly, the order of concentration
of P; is the same in all sites and all three months as follows: NaOH-P;
> NaHCOs-P; > HNOs-P; > H,0-P;. Comparing among the freshwater
and tidal sites, colloids in upstream freshwater sites are rich in P; and be-
come very low (<10 umol/g) at high salinity sites. Like salinity, the P
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Jul 2017 Aug 2017 Sep 2017 Oct 2017
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Water sampling sites

Fig. 2. Salinity (a) and chlorophyll a (b) concentration in waters collected from the Love Creek. The same month with apostrophe (‘) means two measurements made in the specific month.
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Fig. 3. a) Concentrations and b) isotopes of different P pools of colloids collected in three months in May, July, and September. The dotted lines in b) represent equilibrium isotopes in the
sampling times calculated from the measured water isotopes and temp using the Eq. (1) in the text.

content in colloids at the site LT4, tidal- and non-tidal boundary site,
was relatively high.

Concentrations of P; in different P pools of three different size frac-
tions (253 pm, 0.45-53 pm, and 0.10-0.45 pm) of surface soils are
shown in Fig. 5. A reverse trend of concentration with soil size fraction
ws observed. Soil from the smallest size fraction (0.10-0.45 pm) had
the highest P; concentration in all pools compared to the other two
soil size fractions. Among different landforms, forest soils (LC6-7) had
a relatively low concentration of P;. As expected, P; concentrations of
septic tank waste were one to two orders of magnitude higher than
that of soils (Fig. 5). In general, P; concentrations in TCA-P; of plant de-
bris were much lower than that of colloids and generally increased
along the direction of increasing salinity, while no specific pattern was
observed for HNOs-P; in plants (Fig. SI2). Comparatively, TCA-P; contrib-
uted around 55-70% of total P in plant debris. The ratio of NaOH-P; to
HNOs-P; for colloids is usually similar to that of forest soil (LC6-7) and
relatively low compared to farm soils. The site at the middle of Love
Creek (LT4) was anomalous as it showed an unexpectedly high ratio
(similar to other parameters such as P content and chlorophyll a). An in-
verse relationship of soil particle size and the ratio of NaOH-P; to HNOs-
P; was observed (Fig. SI3).

3.3. Isotope composition of carbon and nitrogen and C/N ratio

From March 2017 to September 2017, 8'3C values of colloids
enriched gradually downstream from —28.6%., the monthly average
for GN, to —21.3%,., the monthly average for LT1. Colloids in LT4 had
the lightest 5'3C values (~—30%.) in September 2017 compared to
other sites, which may be the result of an exceptionally high concentra-
tion of chlorophyll a in the LT1 site (Fig. 2b). Similarly, the '°N values of
colloids mirrored those of 5'C values along the water flow direction.
From LT4, the average colloidal 6'°N values steadily became lighter
downstream from 9.2 to 6.5%. in the Love Creek Watershed (LT1)
(Fig. 4b). A seasonal comparison shows the variability in 6'°N values
was relatively less than that of 8'3C. The highest difference was
observed in site BN with 5!°N value of 2.2%. and 5.3%. in July and
September, respectively. The same site showed high variability in &'C,
with values of —27.8 in July and —17.4%. in September 2017. Compar-
ison of C/N ratios along the flow direction showed an analogous pattern

with 8'3C values; specifically, the ratio steadily decreases with increas-
ing salinity (Fig. 4c). The exceptionally low C/N value of colloids was ob-
served at site LT4, which is caused by a high concentration of
chlorophyll a, compared to other sites.

The 6'3C values of plant debris gradually enriched downstream from
—31.5%. (GN) to —19.2%, (LT1). Similarly, 8'°N values of plant debris
had an analogous pattern along the water flow direction with that of
8'3C. From site BN the average 6'°N values of plant debris steadily
enriched downstream from —4.7 to 4+6.0%. at LT2 (Fig. 4e). Comparing
C/N ratios along the flow direction, an opposite pattern with 6'>C was
observed, as the ratio steadily decreased with increasing salinity
(Fig. 4f). The exceptionally high C/N ratio of plant debris was observed
at site LT4, which mirrors the high concentration of chlorophyll a.

The §'3C values of two different size fractions of surface soils from
farms were relatively constant with values ranging from —23%. to
—21%., while those from forests (LC6, LC7) were distinctly lighter (ca.
—27%. (Fig. 7). For soils from different depths (0-10 cm and 10-20
cm), 6'3C values were also consistently similar (—23%. to —21%.)
(Fig. SI4). Similar patterns appeared for 6'3C of soils from the same
farms and forests among three different size fractions (53 um, 0.45-53
um, and 0.10-0.45 um) (Fig. 6a). There was no difference in 5'3C values
between different soil size fractions irrespective of sampling depth and
crop type. Similarly, 6'°N values of two different size fractions of all sur-
face soils from farms were around +6%., while those from forests (LC6
and LC7) had distinctly lighter §'°N values at ca. +2%. (Fig. 6b). For soils
from different depths (0-10 cm and 10-20 cm), 5'°N values were also
stable at ca. +6%.) (Fig. SI4). A similar pattern emerged for 6'°N values
of soils combined from the same farms and forest with three different
size fractions (253 pm, 0.45-53 um, and 0.10-0.45 pm) (Fig. 6a). A com-
parison of C/N ratios with size fractions showed a distinct pattern in
6'3C and 8'°N values, as C/N ratios steadily increased with decreasing
size fractions (Fig. SI5). Generally, no significant difference in C/N ratio
was observed between forest and farm soil. A hierarchical cluster anal-
ysis of all data showed similar results (Fig. SI7).

3.4. Phosphate oxygen isotope ratios of different P pools

For NaOH-P;, 5'80p values of two different size ranges (0.45-53 um
and 0.10-0.45 pm) of all combined soils from farms were comparable
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and relatively constant with values ranging from 19%. to 21%. (Fig. 6¢c).
Intriguingly, 6'80p values of larger soil fraction (253 um) were distinct
(ca. 4%. difference). No significant difference in 6'®0p values of NaOH-
P; is observed between farm soil and forest soil. For HNOs-P;, a similar
size-related pattern was observed for 680 values of soils between
sandy (253 um) and silt fraction (0.45-53 um) (Fig. 6d). Interestingly,
5'80p values of two different size ranges of all surface soils from farms
were around +18%., while those from the forest (LC6-7) have distinct
heavier 6'80p values (ca. +22%.) (Fig. 6¢, d).

The measured §'80p values of different P pools of the colloids and
plant debris and the theoretical equilibrium values calculated using
Eq. (1) (see above) by Chang and Blake (2015) are presented in
Fig. 3b. The 5'%0p values for NaOH-P; pool of colloids at GN and LT4 in
May 2017 were heavier than the calculated equilibrium values by ca.
8.8-13%., as was the one of NaOH-P; pool of colloids collected at GN
and LT4 in July 2017. The 6'80p values for HNO5-P; pools of colloids col-
lected at two sites (LT2 and LT1) in both May 2017 and July 2017 were
heavier than the calculated equilibrium values by ca. 2-3%.. But the iso-
topes of NaOH-P; pool of colloids at LT2 site in May 2017 were slightly
lighter than the calculated equilibrium values by ca. 0.5%.. The 6'30p
values for TCA-P; pools of plant debris were close to the equilibrium
values except for sites LN (ca. 2%.) and LT4 (ca. 7%.) in May 2017,
while that of BN was ca. 13%. heavier than the equilibrium &' 80p values
in July 2017.

3.5. Results from elemental composition based on PCA

To determine the correlation among water samples and the relative
importance of different variables, PCA was used to identify two signifi-
cant components (N > 1) that collectively explained 53% of the variance
in surface water with water flow. The loading plot and correlation ma-
trix resulting from the PCA showed a wide gradient in nutrient species
distribution in surface water over 8 months in the upstream and down-
stream stretch in the Love Creek (Fig. SI6). Total phosphorus (TP) and

chlorophyll a in the water column were strongly correlated with each
other (Group 1). Dissolved inorganic phosphate (DIP) and ammo-
nium were located near the intersection point, which suggests that
either they were not correlated at all or that they were not explained
by two components used in PCA analysis. Moreover, TP and total ni-
trogen (TN) were orthogonal to each other, indicating that they were
not related. The clear separation between N and P forms in the water
column suggests that they may originate from different sources with
water flow.

4. Discussion
4.1. Salinity and chlorophyll a

Primary productivity is reflected in high and very high chlorophyll a
concentrations, suggesting oligo-mesotrophic and eutrophic conditions
in the non-tidal and tidal segments of Love Creek (KDHE, 2011), respec-
tively. The phytoplankton debris contributes to the particulate matter as
well, which requires careful consideration because of their rich inor-
ganic components. For instance, the relative content of chlorophyll a
in phytoplankton biomass can vary. The content is reported to be
0.08% to 1.88% in shallow lakes (V6ros and Padisak, 1991) and 0.308%
to 0.702% across a broad trophic gradient of oligotrophic to highly eutro-
phic lakes (Kasprzak et al., 2008).

Phytoplankton in LN and LT4 contributed to more than 45% of total
particulate matter, while their contribution was less than 15% for
other sites when the ratio between chlorophyll a and phytoplankton
is selected arbitrarily at 1%. Please note that this calculation is based
on the wet weight of phytoplankton and thus their contribution
would be lower if based on their dried weight. The influence of phyto-
plankton on particulate matter in other sites is likely negligible, while
the impact in LN and LT4 is considerable. This may also suggest an un-
known nutrient source or different physicochemical processes at the
tidal-non-tidal boundary site.
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4.2, Variation of P in colloids, size fractions of soil, and plant debris

The ranges in colloidal P concentrations in the study sites were
comparable to other estuaries in the regions such as in the mouth of
East Creek (Mingus et al., 2019) and the mouth of Deer Creek-
Susquehanna River (Li et al., 2019) in the Chesapeake Bay. Similarly,
total P and colloid concentrations were comparable to the Patuxent es-
tuary of the Chesapeake Bay (Jordan et al.,, 1997). While there could be
loading-related reasons for the increase in colloidal content down-
stream, salt-induced aggregation of fine particles is often the primary
reason.

In general, the order of the concentration of P; in different P pools of
colloids and soils was NaOH-P; > NaHCOs-P; > HNOs-P; > H,0-P;
(Figs. 3a and 5). Most obviously, NaOH-P;, which varied from 6.8 to
77.1 umol/g, constituted the major P sink for colloids (30.8-77.7% of
total P), corresponding to P tightly bound with Fe and Al minerals
(Hedley and Stewart, 1982). This restul is comparable to the P pools in
the suspended particulate matter in Susquehanna River (Li et al.,
2019) and East Creek (Mingus et al., 2019) and agricultural soils (Joshi
et al., 2016). This similarity implies that one major source of colloids
in surface waters is soil. One exception was that NaOH-P; in GN site
(July and September) contributed ca. 80% of total colloidal P, while
NaOH-P; in other sites contributed ca. 40%, indicating that the composi-
tion of colloids in GN site could be significantly different from other
sites. This contribution of NaOH-P; to total colloidal P was slightly less
than that in Jordan et al. (2008) in the Patuxent estuary. This could be
due to differences in salinity and separation methods (i.e., visible plant
debris and algae were removed before centrifugation in this study).
The relatively gradual depletion of P in colloids from May to July and
to September may reflect compositional differences in colloidal sources
upland and in biogeochemical process that alter colloidal P speciation
(Hartzell et al., 2017).

Significant differences in P concentrations of all four P pools
were observed between farm (4.27-5.70 pumol/g) and forest
(10.99-31.42 umol/g) soils (Fig. 5). The continuous fertilization in
farm soil builds up the legacy P and results in higher P content.
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With decreasing size fraction, P content increased in both farm
and forest soils. The P concentration in the smallest soil size frac-
tion (0.10-0.45 pm) was ca. 50% higher than that of the larger frac-
tions (253 um) (Fig. 5), which may have resulted from the
difference in mineral compositions among differing soil size frac-
tions. Specifically, finer particles that have the high specific surface
area and P content and are prone to mobilization during runoff,
thus may disproportionately contribute high to total colloidal
mass. In contrast, larger colloids with low P content are only mobi-
lized in high-intensity precipitation-driven floods (Sharpley et al.,
1998).

Concentrations of P; in septic tank wastes were one or two orders of
magnitude higher than that of soils and with slightly different order of
the concentration of P pools: HNOs-P; > NaHCOs-P; > NaOH-P; >
H,0-P; (Fig. 5). It is intuitive to expect the HNO3 pool, which corre-
sponds to P tightly bound to Ca minerals (Hedley and Stewart, 1982),
should be dominated in colloidal P if the septic sources of P are consid-
erable in the water column. This, however, was not the case in colloids
(Fig. 3a). The NaHCOs pool in septic waste was high (ca. 124 umol/g),
which suggests that the large portion of colloidal P derived from the
septic wastes should be readily bioavailable to microorganisms. Note
that the location of the septic waste sampling site was near water sam-
pling site LT4, which has outliers in different parameters. Therefore the
specific contribution of different sources requires additional high-
resolution studies.

Based on the P mass balance, TCA-P; contributes 55-70% of P in plant
debris indicating that the large portion of P in plant debris was bioavail-
able to microorganisms. A slight revision was made to the extraction
method for plant debris in this study that 10 M HNO3 was used to ex-
tract structural P in the residual plant debris after TCA extraction. In
general, P; concentrations in TCA and HNOs pools were lower than in
a past plant study (Pfahler et al., 2013). This difference could be due to
the processing-related factor, such as plant debris in this study was
composited and dried, while Pfahler et al. (2013) used fresh leaves. Fur-
thermore, there was a difference in the size of P pools along the salinity
gradient: concentrations TCA-P; generally increased with increasing
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salinity, while no clear pattern was present in HNO3-P;. A direct compar-
ison in P pools between plant debris and colloids can be made but is in-
accurate because different extraction methods were employed.
However, high concentrations of Fe and Al in plant debris extracts aid
in explaining the discrepancy in the unexpectedly high contribution of
NaOH-P; to total colloidal P in GN site in July and September.

4.3. Isotope composition of carbon and nitrogen and C/N ratio

Both §'3C and 6'°N values of forest and farm soils are different, sim-
ilar to those reported before (Awiti et al., 2008). In general, §'>C values
in farm soils were more enriched compared to forest soils. This is most
likely resulted from the yearly crop rotation of C4 plants (maize) with
(3 plants (soybean), with average 6'>C values of —12.7 and —29.6%.,
respectively (Lamb et al., 2006; Smith and Epstein, 1971). Similar §'°N
enrichment in farm soils than forest soil may result from relatively
closed N cycle in natural forests and selective loss (Eshetu, 2004).
Because of the preferential uptake of lighter N isotopes by microorgan-
isms during soil biogeochemical processes such as mineralization and
nitrification, losses of soil nitrogen following cultivation could result in
heavier 6'°N signatures in soils (Hogberg, 1997; Awiti et al., 2008). No
significant differences in isotope values of C and N were observed
among different soil size fractions irrespective of sampling depth and
crop/forest type in farm and forest soils. It is unclear the reason for the
similarity but the identical trend observed in the past has been
interpreted to be due to redistribution of nutrients (Djodjic et al.,
2004). Nonetheless, the similarity of isotope values benefitted source
tracking of colloidal P.

The 6'3C values of plant debris had an analogous pattern to that of
colloids across the salinity gradient and varied within a similar isotopic
range (Fig. 4a, d). For example, the 5'3C values of colloids (—30%. to
—26%o) in freshwater sites (GN, BN, and LN) were ca. —6%. lighter
than the ones of different size fractions of farm soils, indicating that
plant debris (—32%. to —29%o) is the major colloidal source in upstream
of the Love Creek (Fig. 4a). The &'>C values of C3 plants (=~—32 to
—21%0) were isotopically depleted compared to those of C4 plants
(=—17 to —9%.) (Lamb et al., 2006; Smith and Epstein, 1971). For
aquatic plants such as phytoplankton, §'>C values were between —42
and —24%. with an average of —30%. (Hamilton and Lewis, 1992;
Kendall et al., 2001). Similarly, C/N ratios of autochthonous sources
such as plankton are low (5-8) (Li et al., 2016) compared to land-
derived vascular plants (>15) (Meyers, 1994; Savoye et al., 2003)
while that of soil organic matter lie in the intermediate range (8-15)
(Brady and Weil, 1990). The low concentration of chlorophyll a (less
than 1 pg/Lin May and July; Fig. 2b) rules out the possibility that phyto-
plankton may have been an important source that would decrease the
513C values of colloids. The 8'°N values of colloids in the freshwater
sites (GN and BN) were significantly lighter than that of the tidal zone
(LT2 and LT1). Similarly, the C/N ratios of colloids in the freshwater
sites were quite similar to that of plant debris (Fig. 4f) and decreased
sharply before becoming almost steady with salinity gradient. This fur-
ther confirmed that the major source of colloids upstream was plant de-
bris, whose 8'°N values and C/N ratios are much lower than that of farm
soils and heavier than those of septic tanks (Figs. 6 and SI5). Forest soils
could be one of the major sources of colloids because of their low C/N ra-
tios in May 2017 (ca. 12), while the relatively high C/N ratio of colloids
precludes the potential of forest soils as the major source of colloids in
July 2017. This may indicate variability in the proportion of different
sources of colloids in upstream of the Love Creek. Some outliers, such
as the 6'3C values of colloids in BN and LT4 sites in September, could po-
tentially be explained by seasonal variation of different sources or
switching of tree leaves to corn debris under certain conditions. In es-
sence, the colloids of upstream Love Creek were dominated by non-
agricultural sources.

In contrast to the general trend in estuarine environments, 5'3C
values of colloids enriched gradually downstream from —28.6%. to
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—21.3%., implying variability in the proportion of different sources or
switching of the major source along the salinity gradient. For example,
colloids in LT4 site had intermediate §'3C (~—26.91%.) and &'°N
(+8.50%,) values as compared to that of forest soils (6'>C: —27.80%s;
81°N: 42.00%,), farm soils (6'3C: —22.00%.; 5!°N: +5.00-8.60%.) and
plant debris (8'3C: —24.00%.; 6'°N: 4+2.00%.). These results confirm
that the contribution of plant debris decreased downstream.
Meanwhile, the low C/N ratios of colloids (9.7) reduced the possibility
that plant debris (32.5) served as a major source of colloids in LT4 site.
Moreover, as discussed in Section 4.1, phytoplankton in LT4 site contrib-
uted more than 45% of total particulate matter and is the major source of
colloids. Furthermore, colloids in LT2 site had similar 6'>C (~—21.4%.)
and 8'°N (46.7%.) values to those of farm soils (ca. 3%. different from
plant debris), proving that the major source of colloids in the creek
water switched from plant debris upstream to phytoplankton and
farm soils downstream. Septic tanks (6'C: —24.35%.; 6'°N: +2.0%o)
and sediments may also contribute to colloids with temporal and spatial
variability. However, any contribution of these two sources requires fur-
ther validation through high-resolution studies or related modeling.

4.4. Phosphate oxygen isotopes of different P pools

Comparision of measured isotopes colloidal P to equilibrium isotope
at the time of sampling and the zone that covers a month of variability in
temperature and water isotopes show that the majority of the data are
out of equilibrium (Fig. 3). Among P pools, isotope values for NaOH-P;
and HNOs-P; pools in colloids were distinctly heavier, which implied
that their isotopes may be suitable for identifying sources (Bi et al.,
2018; Joshi et al., 2016; Mingus et al., 2019). The 5!%0p values of TCA-
P; of plant debris and NaHCOs-P; pools at LT3 and LT1 sites were located
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within the calculated equilibrium range, which indicated that these P
pools were microbially cycled (Gross and Angert, 2015; Tamburini
et al,, 2012; Tonderski et al., 2017). Intriguingly, the 5'80p values of
NaOH-P; pool at LT4 site (September 2017) were also close to the equi-
librium value and the reason for this outlier was not clear.

For the same NaOH-P; pool, 5'80p values of silty (0.45-53 um) and
clay (0.10-0.45 um) fractions of soils were found to be ca. 4%. enriched
or depleted with the ones of sandy fraction (>53 pum). A similar pattern
was found in HNOs-P; pools of silty (0.45-53 um) and sandy (253 pm)
fractions. To our knowledge, this is the first report of 5'20p values of
two recalcitrant P pools in soil fractions across different size ranges,
both of which lies within a narrow range: 18.97-24.88%. and
14.85-18.99%., respectively. The §'80p values of both NaOH-P; pool
and HNOs-P; pools are comparable to similar research in soils (Bi et al,
2018; Granger et al., 2017; Hacker et al., 2019; Joshi et al., 2016;
Mingus et al., 2019). The possible reasons for the minor difference
could be due to different mineralogy and potential P sources or forms
in these P pools, originally distinct isotopes or different contributions
of microbially cycled P (Angert et al., 2012; Bauke et al., 2018; Bi et al,,
2018). SEM analyses of different size fractions revealed compositionally
distinct biological and abiotic components (data not shown). The differ-
ence in P content between small size soil fractions than that in larger
size fraction of soils is consistent with this notion (see Section 4.2).
Despite some uncertainties, this distinct variation in 5'%0p values of dif-
ferent soil fractions may provide an opportunity for identifying grain-
size specific P sources. For example, for precise comparison, 5'80p values
of the same P pools and size range from land-derived sources and col-
loids are needed. This is because bulk isotope is the mixture of signa-
tures from different size fractions. A significant difference (4-10%.) in
5'80p values of NaOH-P; pool between silty and clay fractions of soil
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and colloids indicated that farm soil is less likely a major contributor
for colloids in freshwater sites of Love Creek.

The 6'80p values of TCA-P; of most plant debris were within the cal-
culated equilibrium range (Fig. 3), which suggests that this P pool was
microbially cycled. Outliers were also observed in BN and LT4 site
with §'80p values 8%. and 13%. higher than the equilibrium but are
comparable to that of colloids in freshwater sites. Moreover, significant
variation in 6'80p values in BN site from May to July and comparable
changes in sink sites suggest major contribution by plant debris source
of P.

4.5. Sources of colloids and associated P in water

Colloidal P encompasses solid phase of P derived from land sources
as well as in-situ production. Colloidal P can be partly bioavailable at dif-
ferent temporal scales because it includes readily bioavailable P pools
among other non-bioavailable P pools (Mingus et al., 2019). The extent
of bioavailability depends on the composition of the different P pools,
and ambient physical and chemical processes, residence time, and mi-
crobial community structure and activity. The significant overlap of C
and N isotopes and C/N ratios between plant debris and colloids in up-
stream stretch of the creek (Fig. 8) strongly suggests that plant debris
was a major source of colloids in the upstream Love Creek. These
sources could be plant debris, such as leaves and partially degraded lit-
ters, whose P; can be released into water column during transport and
degradation (Cowen and Lee, 1973; Zhang et al., 2017). This result is un-
common and different from other comparable and agriculture-rich wa-
tershed such as from Gooddy et al. (2016) and Mingus et al. (2019), in
which main P loading is derived from agricultural sources in the water-
shed. However, each watershed has unique features and drivers of nu-
trient loading and transport. At the least, results from Love Creek
watershed points that results may not generalized among watersheds.

The lower (tidal) portion of the watershed has different sources
compared to its non-tidal stretch. The similarity in independent param-
eters, sizes of P pools and C and N isotopes, between farm soils and col-
loids in tidal portion of watershed indicates that the farm soils could be
the major source of colloids for tidal portion of Love Creek, which are ex-
plained below. The isotope and mass correlation of C and N clearly
shows two clusters, with a distinct group for freshwater and tidal por-
tion of the creek (Fig. 8). The P load contribution from agricultural fields
is normally expected to be higher than other soils due to the loose soils
which is prone to soil erosion and high P content in crop soils. For exam-
ple, P concentration of different P pools in farm soil was uniformly much
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higher than forest soils, irrespective of size fractions (Figs. 3a, 5) but
similar to that of colloidal P in the tidal stretch. Moreover, the ratio of
NaOH-P; to HNO3-P; pools of colloids and farm soil was similar in all
sites. The site LT4 is distinct in hydrological connection-being next to
undergoing major land development and water impoundment. This
site always showed an anomalously high chlorophyll a concentration.
The presence of algae debris in the particulate matter also contributed
to P pool. A close relationship of chlorophyll a and TP in PCA analyses
(Fig. SI6) indicates that phytoplankton contributes to the colloidal com-
position, which gradually decreases to other sites (e.g., LN site). In the
hierarchical cluster analysis (Fig. SI7), colloids in freshwater sites (GN,
BN, and LN) were grouped with plant debris and forest soil, indicating
the major sources of upstream Love Creek are non-agricultural sources.
Similarly, colloids in the tidal portion (LT3, LT2, and LT1) were grouped
with farm soil, confirming the major shift from non-agricultural sources
into agricultural sources of P in the creek.

Comparison of P pools among sources and sinks can provide some
insights on potential sources. NaOH-P; and HNOs-P; pools are generally
considered to be recalcitrant and may carry original P source signatures
(Mingus et al., 2019; Li et al., 2019), implying that microbial cycling
could be very limited due to the presence of other readily available
pools for nutritional needs and geochemical processes in the site do
not form these pools. In that case, they are suitable for source tracking.
NaOH-P; 6'80p values of silty and clayey fractions of soil differed by
4-10%. from that of colloids (Figs. 3b and 6c), which suggests that the
agricultural soils are the least likely sources of P. To the contrary, simi-
larities in NaOH-P; 6'0p values were observed between farm soils and
colloids in LT2, suggesting the potential agricultural P sources for the
tidal section of Love Creek.

A gradual decrease in the ratio of NaOH-P; to HNOs-P; in colloidal P
occurred from upstream (2-4) to downstream (0.95) (Fig. SI3). This
trend is expected along the salinity gradient where physicochemical
processes such as source mixing, partial removal, or formation of spe-
cific P pools occurs along an increasing salinity (Jordan et al., 2008;
Mingus et al., 2019). One of the major reasons for this trend is the re-
lease of Fe-oxide bound P and consequent removal as Ca-P precipitation
induced by high concentrations of Ca and high pH at high salinity (Li
et al., 2017). The proportion of HNOs-P; (Ca-P mineral pool) increases
gradually from the non-tidal to tidal portion of Love Creek. The dilution
of terrestrially derived colloids upstream by importing colloids from
river mouth during incoming tide may also have played a role in the de-
pletion of NaOH-P;/HNOs-P; ratio. This could be a reason for the discrep-
ancy of the NaOH-P;/HNOs-P; ratio between colloids in the tidal section
and farm soils. Processes involving the formation and removal of col-
loids in waters are more complex. For example, a significant portion of
particulate matter was derived from coastal water in a coastal estuary
due to the flocculation caused by increased salinity (Mingus et al.,
2019). Collectively, our different and independent data sets that include
P pools and isotopes of C, N, and phosphate pointed out that two differ-
ent sources dominate the colloidal P in the non-tidal and tidal portion of
the creek.

5. Summary and conclusions

Concentrations of inorganic P (P;) pools in colloids along the salinity
gradient vary in the order NaOH-P; > NaHCO5-P; > HNOs-P; > H,0-P;.
The NaOH-P; is the most dominant P pool in all colloids and soils ana-
lyzed in this study. The relative size of P pools in different size fractions
in farm and forest soils are comparable but the P; concentration of each
P pool was much higher in agricultural soils. Comparison based on the C
and N isotopes, concentration, and phosphate oxygen isotope of P pools
suggested that the major source of colloidal P in the non-tidal section of
Love Creek is non-agricultural sources such as plant debris from forest
sources, but in tidal section, agricultural soils dominate. Along the salin-
ity gradient, the contribution of terrestrial sources gradually decreased.
These results collectively suggest that multiple stable isotopes provide
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complementary information to identify the relative contribution of col-
loidal P from different land uses and landforms in a water body.
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