
UC Davis
UC Davis Previously Published Works

Title
Excess N2 and denitrification in hyporheic porewaters and groundwaters of the San 
Joaquin River, California.

Permalink
https://escholarship.org/uc/item/1p62r30v

Authors
Hinshaw, Sarra E
Zhang, Taiping
Harrison, John A
et al.

Publication Date
2020

DOI
10.1016/j.watres.2019.115161
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1p62r30v
https://escholarship.org/uc/item/1p62r30v#author
https://escholarship.org
http://www.cdlib.org/


lable at ScienceDirect

Water Research 168 (2020) 115161
Contents lists avai
Water Research

journal homepage: www.elsevier .com/locate/watres
Excess N2 and denitrification in hyporheic porewaters and
groundwaters of the San Joaquin River, California

Sarra E. Hinshaw a, *, Taiping Zhang b, **, John A. Harrison c, Randy A. Dahlgren a

a University of California, Davis, Land, Air and Water Resources, One Shield Rd, Davis, CA, 95616, USA
b School of Environment and Energy, South China University of Technology, Guangzhou, 510006, China
c Washington State University Vancouver, School of the Environment, Vancouver, WA, 98686, USA
a r t i c l e i n f o

Article history:
Received 24 May 2019
Received in revised form
10 September 2019
Accepted 4 October 2019
Available online 5 October 2019

Keywords:
Nitrate
Membrane inlet mass spectrometer
Groundwater
Hyporheic zone
* Corresponding author.
** Corresponding author.

E-mail addresses: shinshaw@heidelberg.edu (S.E. H
cn (T. Zhang), john_harrison@wsu.edu (J.A. Harris
(R.A. Dahlgren).

https://doi.org/10.1016/j.watres.2019.115161
0043-1354/© 2019 Elsevier Ltd. All rights reserved.
a b s t r a c t

The San Joaquin River (SJR) in California is purported to receive high nitrate loadings from surrounding
agricultural lands through both surface and groundwater inputs. To investigate the potential removal of
nitrate (NO3

�) from surface and ground water sources, the spatial variations in dinitrogen (N2) gas
concentrations and direct measurements of sediment denitrification potential (DNP), with amended NO3

�

and carbon (C) treatments, were investigated in the summer along a 95-km reach of the San Joaquin
River. Excess N2 in hyporheic porewaters ranged from <0.1 to 8.65mg L�1 and was significantly higher in
porewaters from the 1.3m (ground water source) versus 0.3m (mixed surface and ground water) depths.
In deep groundwater wells (3e7m), median excess N2 concentration was 5.39mg L�1 (range ¼ <0.1
e14.6mg L�1). Excess N2 concentrations were inversely correlated with dissolved oxygen and NO3

�

concentrations suggesting denitrification as an important process in the dominantly anaerobic sedi-
ments. Hyporheic porewater NO3

� concentrations exceeded the detection limit of 0.01mg L�1 in only 20%
of the hyporheic porewaters, in spite of high NO3

� concentrations measured in both surface waters
(mean¼ 2.25mgN L�1) and surrounding groundwaters. Sediment DNP rates averaged 253 and 297 mg N
kg�1 hr�1 for NO3

� amended, and NO3
� þ C amended sediments, respectively, supporting the prevalence

of denitrification in hyporheic sediments. Our results indicate that the hyporheic/riparian zones act as an
anoxic barrier to nitrate transport from regional groundwater and as a location to remove NO3

� from
surface waters exchanging with the hyporheic zone.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Anthropogenic acceleration of global nitrogen (N) fixation has
led to elevated nitrate (NO3

�) concentrations in surface and ground
waters worldwide, leading to severe aquatic ecosystem degrada-
tion and drinking water impairment (Townsend et al., 2003;
Galloway et al., 2004; Kulkarni et al., 2008; Schullehner et al., 2018).
Riparian buffer zones and the hyporheic zone, where surface and
ground waters interact with stream sediments, are recognized as
important zones regulating water quality, especially the fate and
transport of inorganic N forms (Muholland et al., 2008). Nutrients,
oxygen and microbially-labile carbon sources interact within
inshaw), Ickzhang@scut.edu.
on), radahlgren@ucdavis.edu
riparian and hyporheic zone sediments creating intermixed oxic
and anoxic groundwater and porewaters, respectively, that fuel a
wide range of coupled biogeochemical transformations such as
denitrification, nitrification and anaerobic mineralization. The
hyporheic and riparian zones predominantly act as a sink for NO3

�,
by denitrification, when NO3

�-rich surface water mixes with oxygen
depleted and carbon-rich sediments and groundwater (Hill et al.,
2000; Seitzinger et al., 2006).

Denitrification reduces NO3
� to dinitrogen (N2), with nitrite

(NO2
�), nitric oxide (NO), and nitrous oxide (N2O) as intermediate

products (Knowles, 1982). Denitrification from large rivers and
lakes is an important process in the global N budget as it is esti-
mated to account for up to 20% of total global denitrification
(Seitzinger et al., 2006). Many studies have demonstrated the
importance of hyporheic zone denitrification as an important sink
for reactive N, attenuating N pollution’s negative impacts
(Seitzinger, 1988; Kulkarni et al., 2008; Merill and Tonjes, 2014).
Alternative N removal pathways exist in anaerobic environments
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such as chemolithotrophic denitrification, anaerobic ammonium
oxidation (anammox) and dissimilatory reduction of NO3

� to
ammonium (NH4

þ, DNRA) (Kartal et al., 2007; Marchant et al., 2016;
Roland et al., 2018). DNRA does not remove N from the system but
rather transforms NO3

� to NH4
þ, whereas anammox reduces NH4

þ

and NO2
� to N2, resulting in the loss of N from the system (Strous

et al., 1999; Burgin and Hamilton, 2007). Smith et al. (2015) found
that anammox contributed 39e90% of N2 production in ground-
water and effectively removed N.

For hyporheic and riparian zone nitrate removal via denitrifi-
cation, the controlling environmental factors are microbial pop-
ulations, river discharge rates, residence time, organic carbon and
NO3

� supply, sediment permeability, dissolved oxygen (DO), tem-
perature, pH, streambed sediments, and nutrient and oxygen ex-
change rates (O’Connor and Hondzo, 2008, Allen et al., 2007; Ishida
et al., 2008; James et al., 2008). In agricultural landscapes,
numerous studies show that removal of N from groundwater and
surface water at the terrestrial-aquatic interface and the sediment-
water interface is enhanced by the presence of abundant electron
donors (namely organic carbon) and sufficient residence times to
allow for microbial processing (Puckett et al., 2008; Zarnetske et al.,
2011; Harvey et al., 2013).

The San Joaquin River Valley in California is one of the most
intensively utilized regions in the world for irrigated agriculture,
receiving high N inputs from fertilizers, agricultural drainage,
livestock operations, atmospheric deposition, urban wastewater
and stormwater discharge resulting in a history of surface and
groundwater contamination (Burow et al., 1998; Kratzer et al.,
2004; Tomich et al., 2016). Surface water NO3

� concentrations in
the lower portion of the SJR generally range between 1 and 4mgN
L�1 and contribute to eutrophication and seasonally hypoxic con-
ditions in portions of the lower river (Kratzer et al., 2004).
Groundwater NO3

� concentrations are elevated throughout much of
the SJR Valley, often exceeding the drinking water standard of
10mgN L�1 (Harter et al., 2017). Given the high NO3

� concentrations
found in the surrounding groundwaters of the lower SRJ Valley, it
was inferred that NO3

� loads from groundwater sources could
contribute appreciably to surface water NO3

�. Thus, distinguishing
groundwater N contributions to surface waters and understanding
the relative importance of groundwater-surface water interactions
in controlling NO3

� transport are important for developing basin-
wide, agricultural water quality management plans to reduce
nutrient loads in the lower SJR.

Nitrogen dynamics in streams and rivers are not well-
understood, in-part because it is difficult to measure dynamic N
removal processes across time and space (Groffman et al., 2006).
The intent of this study is not to distinguish between N removal
pathways but rather to use excess N2 (an end-product of several
major N removal pathways) as an indicator of reactive N removal at
the landscape scale. We use a combination of membrane inlet mass
spectrometer (MIMS) derived N2 supersaturation estimates and
potential denitrification assays (acetylene inhibition technique)
from hyporheic sediments to assess removal of nitrate, as well as
the factors limiting this removal. Measurements of N2 using MIMS
technology allow for quantification of net N2 accumulation inde-
pendent of the metabolic pathway and represent an integration of
all N biogeochemical processes taking place along the groundwater
flowpath (Kana et al., 1994; Blicher-Mathiesen et al., 1998;
Weymann et al., 2008). The use of the acetylene inhibition tech-
nique allows for measurements of potential rates and manipula-
tions of sediments to assess controlling factors. In this study we: i)
investigated spatial variability in excess N2 within hyporheic zone
porewaters and groundwater wells along a 95-km reach of the
lower SJR, ii) assessed the relationship between nitrate concen-
trations and other physio-chemical characteristics on excess N2
concentrations, and iii) examined the denitrification potential of
hyporheic sediments via acetylene inhibition along the lower SJR.
In so doing, we provide some of the first estimates of the impor-
tance of N removal in surface and groundwaters of the SJR, and
provide an example of how such an approach can be used to un-
derstand landscape scale N removal distribution and dynamics.

2. Material and methods

2.1. Overview

In order to enhance understanding of the spatial distribution of
N removal in the SJR, we measured N2:Ar ratios in 168 hyporheic
zone porewater samples (0.31e1.82m depth) from 28 sites over a
95-km reach during summer low flow conditions. Sampling in
other seasons was not possible due to high flow. These samples
were augmented with groundwater samples from three locations
with nested wells ranging in depth from 3 to 7m. Results from the
N2:Ar experiment warranted further investigation into sources of
N2 therefore an acetylene inhibition experiment was conducted the
following year to establish what factors were likely limiting deni-
trification and to estimate potential denitrification rates using
hyporheic sediments from six sites. Table S1 provides a summary of
sampling and analytical approaches.

2.2. Study sites

This study was conducted along a 95-km section of the lower
San Joaquin River California between the confluence of Salt Slough
(river km¼ 211) and Vernalis (116 km) (37001803100 N, 120005504400 W
and 37004003400N, 121001505500W) (Fig. 1). Within the study reach, the
SJR has a low gradient (0.0156%) and a generally coarse to medium
sandy substratum with infrequent clay and silt deposits. Mean
monthly river discharge varies seasonally from 41 to 214m3 s�1

(USGS, 2011). The Merced, Tuolumne and Stanislaus tributaries
contribute 79% of SJR flow with the remainder from subsurface
drainage and irrigated agriculture return flows (Kratzer et al.,
2004). Land-use in the lower SJR Valley is dominated by agricul-
ture with orchard, vineyards, cropland and pasture. Within the
study area, climate is arid-to-semiarid receiving 254e305mm of
annual precipitation, mainly in winter. Long-term trends in water
quality and a complete description of the study area can be found in
Kratzer et al. (2004) and Zamora et al. (2012).

2.3. Field methods

A total of 28 sites were chosen along the river reach to target
specific river conditions (Zamora et al., 2012) and 168 hyporheic
porewater samples (28 sites x 3 cross-section sites x 2 depths) were
collected between August 11 and 21, 2008 (Fig. 1). At each site,
hyporheic porewater was collected at 0.31 and 1.82m depths for
three positions across the river cross-section: 20% (east), 50%
(middle) and 80% (west) channel widths. Sampling of the west
(80%) and east (20%) sides of the river channel was designed to
examine potential differences resulting from contrasting soil/
aquifer materials. West-side deposits are generally fine textured
(loams) originating from sedimentary deposits in the Coastal
Ranges, while east-side deposits are coarse textured (sandy) orig-
inating primarily from granitic rocks in the Sierra Nevada (Galloway
and Riley, 1999). Porewater was extracted with a peristaltic pump
connected to a temporary drive point (piezometer: 0.95-cm
diameter stainless-steel tube with 0.04-cm slots). Dissolved oxy-
gen, pH, temperature and specific conductivity (SC) were measured
using a 556 YSI sonde (YSI, Yellow Springs, OH) mounted in a flow
through cell which received continuously pumped water from the



Fig. 1. The San Joaquin Basin and location of sampling sites in the San Joaquin River. Open circles represent denitrification potential experiment sites (Zamora et al., 2012).
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piezometer. Following attainment of stable water quality parame-
ters, a water sample for dissolved gas analysis (N2:Ar) was collected
by a peristaltic pump from the piezometers into a 120mL glass
bottle following USGS gas sampling protocols (https://water.usgs.
gov/lab/dissolved-gas/sampling/). Samples were preserved with
15mg of potassium hydroxide, sealed with a butyl rubber septum
and a crimp top seal, and inspected to assure that no bubbles were
present. Sample bottles were stored upside down to keep any
bubbles that formed away from the stopper and submerged in
water at 4 �C until analysis. Additionally, a 60mL sample was
filtered through a 0.2 mm polycarbonate membrane filter for
nutrient analysis from each porewater depth and from surface
waters.

In addition to the longitudinal hyporheic sampling, water
samples were collected from groundwater wells (5-cm diameter
PVC construction) at three sites (190.7, 173.5 and 158.8 km) on the
east and west banks of the SJR at depths of 3e7m (Zamora et al.,
2012). Groundwater was collected using a submersible-inline
pump (LVM Congo/Amazon, Arlesey, Bedfordshire, UK) after
purging three well casings of water. Groundwater samples for
dissolved N2:Ar and general water chemistry were collected in the
same manner as described above for porewaters.
2.4. Dissolved N2:Ar gas analysis

Dissolved gas samples collected from hyporheic porewaters and
groundwater were analyzed with a membrane-inlet mass spec-
trometer (MIMS) (Kana et al., 1994) and analyzed using solubility
constants of Weiss and Price (1980). Prior to analysis, porewater
samples were brought to room temperature in a water bath to
equilibrate the dissolved gases and eliminate any air bubbles
formed during refrigeration and storage. Five pseudo-replicated
readings were taken from each sample for N2:Ar quantification
and replicates had a coefficient of variation �0.003%. Deionized
water equilibrated with the atmospherewas used as a standard and
temperature was set within 2 �C of field-measured water temper-
atures (Kana et al., 1994). The N2:Ar method measures the total net
N2 flux produced by denitrification or consumed by N2 fixation.
Positive values above the expected atmospheric equilibrium of
porewater samples contained excess N2 (Heaton and Vogen, 1981;
Holocher et al., 2002). N2:Ar ratios were converted to excess N2 mg
L�1 based on Kana et al. (1994) and Harrison et al. (2005).
2.5. Sediment denitrification potential

Sediments were collected from six sites (201.7, 190.7, 173.5,
158.8, 135.0 and 116.0 km) along the lower SJR in April and
September 2009 (Fig. 1). At each site, duplicate sediment samples,
each consisting of four composite cores (18� 9.5 cm v¼ 200mL),
were collected from three river cross section sites (20, 50 and 80%
widths) and two depths (5e15 and 15e30 cm). The samples were
homogenized and placed in a heavy-duty polyethylene freezer bag,
airspace purged and sealed, placed in a second zip-lock bag and
place on ice for transport. Surface water was collected from all sites
and filtered through a 0.2 mm polycarbonate membrane filter for
nutrient analysis.

DNP was determined using the acetylene block technique
(Tiedje, 1982) within 48 h of sample collection. Duplicate sediment
samples from each depth and site were measured to 25 g sub-
samples of sediment slurry and placed in 125mL Erlenmeyer flasks
to establish NO3

�- addition and NO3
�- þ C addition treatments. Site

water was added based on moisture content for a 1:1 ratio of dry
soil to water weight. DNP was negligible in ambient samples due to
the lack of NO3

� in the sediments and therefore ambient DNP results
are not reported. The NO3

� and NO3
�- þ C addition treatments were

established by adding 200 NO3
� mg N L�1 and 200mg C L�1 of

https://water.usgs.gov/lab/dissolved-gas/sampling/
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glucose combined with 200 NO3
� mg N L�1, respectively. All assays

contained chloramphenicol (1 g L�1) to inhibit microbial growth
during the incubation period.

Flasks were capped with stoppers, evacuated and flushed with
high-purity N2 gas at a flow rate of 1.5 Lmin�1 for two minutes. A
15-mL volume of gas inside the flasks was removed and 15mL of
acetylene was injected in its place. Slurries were incubated at room
temperature (24 ±1 �C) on a shaker table. Headspace gas samples
(1mL) were collected at 30, 60 and 90min after acetylene injection.
Gas samples were placed in 6-mL evacuated Exetainer vials, and
analyzed for N2O on a Hewlett Packard 3600 gas chromatograph
with an electron capture detector (ECD). DNP rates were deter-
mined by linear regression of the three time points (r2> 0.95) and
corrected with the Bunsen absorption coefficient to estimate total
N2O (Weiss and Price, 1980; Tiedje, 1982).
2.6. Sediment and water chemistry characterization

Surface water, hyporheic porewater, and groundwater samples
were analyzed for NO3

�, NO2
�, NH4

þ, phosphate (PO4
3-), and dissolved

organic carbon (DOC) following filtration through a 0.2 mm poly-
carbonate membrane filter (Millipore). Hydrochloric acid was
added to DOC samples immediately after filtration (pH< 2). The
vanadium chloride method was used to spectroscopically deter-
mine NO3

� þ NO2eN and NO2eN (Limit of detection
(LOD)¼ 0.01mg L�1) (Doane and Howarth, 2003). NH4eN was
determined spectroscopically with the Berthelot reaction, using a
salicylate analog of indophenol blue (LOD ~ 0.01mg L�1; Forster,
1995). Dissolved-reactive PO4eP was determined using the
ammonium molybdate spectrophotometric method (LOD
~0.005mg LP�1; Eaton et al., 1998). DOC was measured using a
Dohrmann UV enhanced-persulfate TOC analyzer (Phoenix 8000;
Teledyne Tekmar; LOD ~0.1mg L�1).

Sediment moisture content was determined by oven drying at
60 �C for 72 h. TOC and oxidizable organic carbon (OxC) were
measured on air-dried, homogenized sediment samples. TOC and
total N (TN) were analyzed using a Costech ECS 4010 CHNSO
Analyzer (Costech Analytical Technologies, California, USA). OxC
was measured by the modified permanganate method (Weil et al.,
2003). Particle-size distribution (PSD) was determined using a
Beckman-Coulter LS-230.
2.7. Statistical analysis

Homogeneity of variance was tested with Levene’s test and, if
necessary, data were log or log þ1 transformed. General linear
model ANOVAs were performed to test differences in excess N2
concentrations and water chemistry, with sites, depths and cross-
sectional position as main factors (p< 0.05). Least significant dif-
ference (LSD) post-hoc tests were used to separate means if sig-
nificant differences existed between positions or sites. Linear
regression was used to examine correlations among independent
physical and chemical variables and excess N2 concentrations or
DNP rates. Percent NO3 loss to N2 was calculated as excess N2/
(NO3 þ N2)*100 and the proportion of N2 from DIN d ¼ þþwas
calculated as excess N2/(NO3 þ NH4 þ NO2þN2)*100. One-way
ANOVA’s were performed to investigate differences in DNP rates
and sediment/surface water characteristics. A paired t-test estab-
lished differences in porewater chemistry and DNP rates between
depths (shallow and deep) and groundwater positions (east and
west). All statistical analyses were preformed using SPSS 20 (SPSS,
2001). Data are reported as mean± standard error (SE) unless
otherwise stated.
3. Results

3.1. Hyporheic porewater and surface water characteristics

River discharge in August 2008 ranged from 1.67m3 s�1 at
211.6 km to 24.6m3 s�1 for the most downstream site at 116.0 km.
Water depth at the time of sampling ranged from 0.15 to 1.4m.
Porewater temperatures ranged from 17.8 to 30 �C (23.7± 0.16 �C),
generally decreasing in the downstream direction with signifi-
cantly higher temperatures at shallow depths (p< 0.001) (Table 1).
Specific conductivity ranged from 0.62 to 16.3mS cm�1

(2.70± 0.16mS cm�1). Porewater DOC concentrations ranged from
<0.1 to 14.4mg C L�1 (median¼ 1.9mg C L�1) with decreasing
concentrations downstream and significantly higher concentra-
tions in shallow, west channel porewaters. Only 20% of NO3

� con-
centrations exceeded the detection limit (0.01mgN L�1), with a
few sites (177, 176.7 and 154.5 km) having >10mgN L�1 in the
middle and east channel positions. NH4

þ concentrations ranged
between <0.01 and 22mgN L�1 (median¼ 0.34mgN L�1). Dis-
solved O2 concentrations ranged from 0.36 to 5.8mg L�1 (4.1e38%
saturation, mean¼ 11.1± 0.16% saturation) with a median of
0.86mg L�1 demonstrating that most sites were hypoxic (<2mg L).
Hyporheic sediments at depths greater than 5 cm consistently
displayed visual evidence of iron and/or sulfur reduction (e.g.,
gleyed or black sulfidic coloration & odorous) confirming the pre-
dominance of anoxic conditions (Fig. S1). DO concentrations in
porewaters were significantly different (p¼ 0.04) between shallow
(0.31 mean¼ 1.12± 0.09mg L�1) and deep (1.82
mean¼ 0.98± 0.09mg L�1) depths.

Surface water DOC concentrations ranged from 2.8 to 7.0mg L�1

(mean¼ 4.0± 0.14mg L�1), NO3
� ranged from 0.71 to 3.62mgN L�1

(2.28± 0.17mg L�1), and SC in surface waters was lower than
porewater concentrations ranging from 0.58 to 1.57mS cm�1

(0.97± 0.17mS cm�1) (Fig. 2, Table S2). NH4
þ-N ranged from <0.01

to 0.07mg L�1 (0.02± 0.02mg L�1). All surface water samples were
well oxygenated, but O2 concentrations were highly dependent on
time of day (DO saturation: median¼ 117% (range 59e157%).

3.2. Excess dissolved N2 in hyporheic porewaters

Of the 168 porewater samples measured, 71% contained dis-
solved N2 above temperature-adjusted, atmospheric equilibrated
values; the remaining samples were at or slightly negative with
respect to equilibrium (due to variations in O2, see Lunstrum and
Aoki, 2016). Excess N2 concentrations ranged from <0.1 to
8.65mgN L�1 with the highest concentrations
(mean¼ 5.81± 0.92mgN L�1) observed at 139.7 km (Fig. 3). One-
way ANOVA tests found excess N2 was significantly different
among sites (p< 0.001) and between depths (p< 0.012). At most
sites, excess N2 at 1.82m depth was greater than at 0.31m depth. In
the upstream sites, excess N2 was low in shallow porewaters with a
general pattern of increasing excess N2 with distance downstream.
Excess N2 concentrations were significantly different (p¼ 0.048)
between cross-section positions with shallow depths following
west (1.71± 0.28)>middle (1.55± 0.23)> east (1.35± 0.19) and
deep depths following west (2.92± 0.45)>middle
(2.36± 0.40)> east (2.14± 0.36). Excess N2 was negatively corre-
lated with temperature (r2¼ -0.17, p< 0.001) and showed a weak
inverse relationship to DO and NO3

� concentrations (r2¼ -0.12,
p¼ 0.002; r2¼ -0.10, p¼ 0.003). Linear regression showed a strong
negative correlation between excess N2 and NO3

� concentrations
when NO3

� was >0.1mgN L�1 with both depths (r2¼ -0.41,
p< 0.001) and was best fit within shallow porewater samples when
NO3

� concentrations were >0.1mgN L�1 (r2¼ -0.80, p< 0.001,
Fig. 4).



Table 1
Porewater characteristics from San Joaquin River study sites. Values represent the range, mean and standard error of six replicates.

Site Temperature (�C) N2 (mg L�1) NO3
�-N mg L�1 NH4

þ-N mg L�1 DOC mg L�1 DO mg L�1 SC mS cm�1

211.6 22.6e26.8 24.6 (0.8) 0.00e1.09 0.18 (0.2) <0.01 0.00 (0.0) 0.03e1.47 0.65 (0.2) 3.81e8.18 4.90 (0.7) 0.80e2.70 1.28 (0.3) 3.83e4.63 4.03 (0.1)
201.7 23.2e27.5 25.5 (0.7) 0.00e0.67 0.25 (0.2) <0.01 0.00 (0.0) 0.74e2.38 1.30 (0.3) 3.02e9.63 4.93 (1.0) 0.61e1.70 1.15 (0.2) 4.00e16.3 6.62 (1.9)
191.4 25.1e26.2 25.8 (0.2) 0.00e1.78 0.36 (0.3) <0.01 0.00 (0.0) 0.03e2.25 0.57 (0.4) 0.72e8.12 5.35 (1.1) 0.95e1.13 1.03 (0.0) 0.70e5.86 1.80 (0.8)
191 24.3e27.8 26.1 (0.6) 0.40e0.90 0.62 (0.1) <0.01e2.28 0.67 (0.4) <0.01e0.95 0.42 (0.2) 0.36e2.99 1.28 (0.4) 0.85e1.40 1.14 (0.1) 1.31e4.81 2.93 (0.5)
190.7 24.4e28.6 26.0 (0.8) 0.00e2.65 1.04 (0.5) <0.01e0.02 0.00 (0.0) 0.02e11.6 4.20 (2.2) 0.63e13.6 5.76 (2.4) 0.84e1.17 1.03 (0.1) 2.20e5.00 3.28 (0.4)
177.3 22.0e26.0 24.0 (0.7) 0.00e2.22 0.83 (0.4) <0.01e0.00 0.00 (0.0) 0.24e3.26 1.08 (0.5) 2.09e4.66 2.96 (0.4) 0.70e0.96 0.86 (0.0) 1.78e2.14 1.96 (0.0)
177 22.0e25.2 23.6 (0.5) 0.00e4.10 1.74 (0.7) <0.01e13.9 5.04 (2.7) <0.01e0.59 0.15 (0.1) 1.00e1.74 1.38 (0.1) 0.48e1.81 1.00 (0.2) 1.44e2.04 1.77 (0.1)
176.7 21.9e26.7 23.8 (0.7) 0.00e2.92 0.98 (0.5) <0.01e14.3 6.01 (2.2) <0.01e19.6 3.28 (3.3) 0.90e14.4 3.45 (2.2) 0.69e3.31 1.78 (0.4) 1.50e2.24 1.90 (0.1)
173.5 22.1e25.1 23.5 (0.4) 0.00e2.93 1.34 (0.5) <0.01e4.47 1.96 (0.8) <0.01e0.13 0.04 (0.0) 0.33e1.31 0.86 (0.2) 0.50e5.67 2.27 (1.0) 0.62e3.74 1.83 (0.6)
166.1 22.4e25.4 23.7 (0.4) 0.00e1.23 0.26 (0.2) <0.01 0.00 (0.0) 0.10e1.44 0.39 (0.2) 1.06e2.17 1.49 (0.2) 0.50e0.80 0.60 (0.1) 3.89e4.79 4.45 (0.2)
160.9 20.9e25.6 23.5 (0.8) 0.00e3.38 1.71 (0.6) <0.01 0.00 (0.0) 0.01e0.09 0.04 (0.0) 1.25e1.92 1.50 (0.1) 0.59e1.00 0.85 (0.2) 2.78e3.65 3.10 (0.2)
158.8 23.5e26.7 25.3 (0.5) 1.03e3.36 2.23 (0.4) <0.01e0.29 0.05 (0.1) 0.06e14.4 3.59 (2.3) 1.93e5.19 3.31 (0.5) 0.65e1.40 1.05 (0.1) 0.97e3.41 2.11 (0.4)
154.5 23.0e25.7 24.5 (0.4) 0.00e0.73 0.23 (0.1) 6.32e12.7 10.3 (1.2) <0.01e0.01 0.00 (0.0) 0.80e2.06 1.36 (0.2) 0.79e2.93 1.29 (0.3) 2.00e3.13 2.46 (0.2)
153.2 20.7e24.3 22.4 (0.7) 0.00e3.85 0.72 (0.8) <0.01 0.00 (0.0) 0.37e6.45 3.26 (1.1) 1.53e6.12 4.20 (0.8) 0.69e1.84 1.00 (0.2) 1.29e1.85 1.42 (0.1)
152.6 21.4e25.6 22.9 (0.6) 0.00e3.86 1.33 (0.7) <0.01 0.00 (0.0) 0.16e3.65 1.57 (0.7) 2.64e7.31 4.77 (0.8) 0.69e1.03 0.84 (0.1) 1.08e1.60 1.31 (0.0)
151.4 19.0e23.1 21.0 (0.7) 0.85e3.53 2.05 (0.5) <0.01e0.01 0.00 (0.0) 0.25e0.64 0.52 (0.1) 1.98e2.53 2.32 (0.1) 0.92e2.17 1.36 (0.2) 1.36e1.61 1.46 (0.0)
150.5 21.6e25.0 23.3 (0.6) 0.00e4.81 1.92 (0.7) <0.01e0.06 0.02 (0.0) 0.02e0.86 0.25 (0.1) 0.78e3.04 1.73 (0.3) 0.56e1.05 0.80 (0.1) 1.58e2.16 1.90 (0.1)
148.2 21.6e25.2 23.8 (0.7) 0.00e3.54 1.46 (0.5) <0.01e0.00 0.00 (0.0) 0.03e14.9 2.76 (2.4) 0.54e9.42 3.18 (1.3) 0.59e1.13 0.86 (0.1) 1.28e2.21 1.70 (0.2)
146.9 19.5e24.3 22.2 (0.7) 0.00e3.98 2.27 (0.6) <0.01e1.31 0.22 (0.2) 0.01e0.54 0.28 (0.1) 0.63e2.67 1.58 (0.3) 0.56e0.89 0.75 (0.1) 0.67e1.54 1.13 (0.2)
146.6 22.6e26.8 22.0 (0.6) 0.00e2.43 1.09 (0.6) <0.01 0.92 (0.9) 0.03e1.47 0.13 (0.0) 3.81e8.18 0.93 (0.3) 0.80e2.70 0.60 (0.1) 1.29e2.74 1.78 (0.3)
139.7 21.9e24.7 23.5 (0.5) 3.22e8.65 5.81 (0.9) <0.01 0.00 (0.0) 0.06e3.90 0.86 (0.6) 2.63e4.58 3.24 (0.3) 0.49e1.44 0.78 (0.1) 2.27e3.46 2.90 (0.2)
135.7 20.4e23.5 22.0 (0.5) 1.51e4.52 2.79 (0.4) <0.01 0.00 (0.0) 0.34e0.74 0.56 (0.1) 0.01e0.54 0.21 (0.1) 0.57e0.87 0.71 (0.0) 5.94e10.2 8.19 (0.8)
135.3 22.9e25.3 24.0 (0.5) 0.36e3.10 1.76 (0.4) <0.01 0.00 (0.0) 0.93e3.23 1.76 (0.2) 0.00e3.67 1.38 (0.5) 0.56e0.73 0.64 (0.0) 1.35e8.03 4.40 (1.3)
135 24.0e25.8 25.2 (0.3) 0.00e3.27 1.44 (0.5) <0.01e0.04 0.01 (0.0) 1.39e22.0 8.02 (3.2) 0.47e8.35 3.64 (1.1) 0.57e1.2 0.85 (0.1) 1.23e6.15 3.00 (0.8)
125.9 17.8e25.1 22.1 (1.1) 0.00e6.50 1.59 (1.0) <0.01e0.18 0.03 (0.0) 0.04e0.95 0.56 (0.2) 0.97e2.98 1.93 (0.3) 0.85e5.00 1.85 (0.7) 1.68e1.96 1.81 (0.0)
121.8 20.3e24.0 22.2 (0.5) 0.03e4.48 2.56 (0.7) <0.01 0.00 (0.0) 0.01e1.05 0.40 (0.2) 0.86e2.66 1.68 (0.3) 0.58e1.17 0.81 (0.1) 1.11e2.80 2.19 (0.3)
118.8 22.1e24.2 23.2 (0.3) 1.13e4.10 2.26 (0.4) <0.01e3.85 0.93 (0.6) 0.02e0.24 0.14 (0.0) 0.76e1.10 0.91 (0.1) 0.55e0.84 0.69 (0.0) 2.29e2.38 2.39 (0.0)
116 22.1e24.7 23.4 (0.4) 0.00e3.20 1.53 (0.5) <0.01 0.00 (0.0) 0.05e4.95 1.37 (0.8) 1.29e2.81 2.03 (0.2) 0.36e4.33 1.67 (0.8) 0.74e3.31 1.85 (0.5)

Fig. 2. Concentrations of NO3
�, DOC and SC in surface waters along the 95 km of the lower San Joaquin River.

S.E. Hinshaw et al. / Water Research 168 (2020) 115161 5
3.3. Surface water and sediment characteristics for DNP analysis

River discharge in April 2009 ranged from 5.49m3 s�1 at
201.7 km to 39.2m3 s�1 and was significantly lower in September
2009 ranging from 2.61m3 s�1 to 31.3m3 s�1 (p¼ 0.02). Within
surface waters, SC ranged between 0.39 and 1.05mS cm�1 with
generally decreasing values from upstream to downstream
(Table 2). Surface water NO3

� concentrations were highest at Site
135 in April and 158.8 in September with a maximum concentra-
tion of 3.03mgN L�1. Total organic carbon concentrations in sedi-
ment ranged from 0.04 to 1.25% (mean¼ 0.27± 0.04) whereas TN
was considerably lower with an average of 0.03%± 0.01. Oxidizable
carbon concentrations were significantly different between sam-
pling seasons; higher concentrations occurred in September
(223± 43mg kg�1) than in April (159 ± 43mg kg�1, Table 3). Both
TOC and OxC concentrations were significantly different among



Fig. 3. N2 concentrations in porewater collected from a) 20% (east), b) 50% (middle) and c) 80% (west) of the river width along a 95 km stretch of the San Joaquin River.
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sites with the highest concentrations at Site 173.5 km (p< 0.001,
mean¼ 0.43%± 14 and 301± 101 for TOC and OxC). Particle-size
distribution ranged between coarse silt and coarse sand
(58.3e777.8 mm)with Site 173.5 and 158.8 km having a significantly
smaller particle size (p< 0.001, Table 3).
3.4. Denitrification potential (DNP) rates

DNP rates were <0.01e4308 (261.9± 134 mg N kg�1 hr�1) and
<0.01e6101 (323.2± 181 mg N kg�1 hr�1) for the NO3

� amended and
NO3

� þ C amendments, respectively, with no significant differences
between treatments (Fig. 5) or seasons. Amended DNP rates for
both NO3

� and NO3
� þ C were significantly different among sites and

within river cross section positions, with significant interactions
found between these twomain factors (p< 0.001). The highest DNP
rates (>1000 mg N kg�1 hr�1) occurred at Site 173.5 km in the west
channel. The other five sites were not significantly different from
one another but they were all significantly different than site
173.5 km. DNP rates were lowest in the east channel (56.4± 18.6
and 66.7± 20.0 mg N kg�1 hr�1 for NO3

� and NO3
� þ C treatments,

respectively) with significantly higher rates in the west channel
(619.6 ± 386 and 794 ± 526 mg N kg�1 hr�1 for NO3

� and NO3
� þ C

treatments, respectively). No significant differences were found
between the 5e15 and 15e30 cm depths.

The combined data for DNP rates in NO3
� and NO3

� þ C amended
treatments were significantly related to %TOC (r2¼ 0.52, p< 0.001),
%TN (r2¼ 0.56, p< 0.001) and OxC concentrations (r2¼ 0.57,
p< 0.001) (Fig. 6). Stepwise regression suggested that OxC was the
main limiting factor regulating DNP rates. When the exceptionally
high rates from site 173.5 km were removed from the analysis, an
inverse relationship was found with PSD (r2¼ 0.63, p< 0.001).
3.5. Permanent groundwater wells

The pHwithin permanent groundwater wells ranged from 6.6 to
7.5. Specific conductivity and temperature ranged from



Fig. 4. Open circles indicate 1.82m depth and closed circles represent 0.31m depth.
The dashed regression line represents the relationship when NO3

� concentrations for
all porewater samples are included and >0.1mgN L�1 and the solid regression line
represent the relationship when NO3

� concentrations were >0.1mg N L�1 at 0.31m.
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0.13/2.71mS cm�1 and from 19.0/20.4 �C, respectively. DO
ranged from 0.03 to 0.22mg L�1 (mean¼ 0.14± 0.04) and DOC
concentration was generally low (0.68/2.34mg C L�1; (Table S3).
Concentrations of DO and DOC were negatively correlated
(r2¼ 0.75, p¼ 0.02). Excess N2 ranged from <0.1 to 14.6mgN L�1

(Table S3) with no significant differences found among sites or east
versus west bank positions. Although there were no significant
differences, mean excess N2 in west bank wells (9.8± 2.5mgN L�1)
was 3 times greater than concentrations in east bankwells. A strong
negative relationship was found between excess N2 and NO3

� con-
centrations (r2¼ -0.85, p¼ 0.03). No significant relationships were
found between excess N2 and any of the other measured water
chemistry parameters.
4. Discussion

4.1. Excess N2 in hyporheic porewater and groundwater wells

This study was conducted on the lower portion of SJR over a
distance of 95 km. The use of dissolved N2:Ar ratios allowed us to
assess the cumulative amount of excess N2 occurring within
porewater and adjacent groundwater wells. Excess N2 concentra-
tions in the SJR were greater than those reported from other agri-
culturally impacted rivers (range¼ 0.01e0.47mgN L�1, Yan et al.,
Table 2
Surface water characteristics in the San Joaquin River, California in 2009.

Date Site EC (mS cm�1)

April 2009 201.7 1.05
190.7 1.02
173.5 1.00
158.8 0.98
135.0 0.75
116.0 0.52

September 2009 201.7 0.83
190.7 0.86
173.5 0.88
158.8 0.93
135.0 0.67
116.0 0.39
2012, Changjiang River; range 0.04e0.48mgN L�1, Chen et al.,
2014, Jiulong River), and agricultural groundwater (mean
range¼ 0.00e3.22mgN L�1, Fenton et al., 2011, dairy farm Ireland;
mean range¼ 0.00e3.30mgN L�1, McAleer et al., 2017, agricultural
catchments Ireland). Based on excess N2 concentrations, the mean
loss of NO3

� to N2 was 68% along the 95 km section of the lower SJR,
assuming the common respiratory denitrification pathway domi-
nated N2 production. The fraction of N2 loss from DIN (NO3

�, NH4,
NO2) was somewhat lower at 46%; however this is higher than
several previous studies from rivers surrounded by agricultural
land such as Smith et al. (2006) (range 2e17%) and Chen et al.
(2014) (mean range¼ 8e66%) have reported.

Excess N2 within hyporheic porewaters showed a general
pattern of increasing concentrations at downstream sites. Lower
excess N2 concentrations upstream of the Merced River confluence
(118.5 km) possibly reflect differences in land use/land cover. Above
the confluence, the predominant river-adjacent land uses are
wetlands and grasslands. Below the confluence, agricultural activ-
ity increases on both the east and west sides of the river. Thus, we
ascribe the general trend for increasing excess N2 concentrations at
downstream locations to a generally increasing pattern of nitrate
leaching from agricultural intensification (Kratzer et al., 2011).

While mean excess N2 showed a tendency to increase from the
east to west side of the channel, the high variability within the
stream cross section rendered these differences weakly significant
(p¼ 0.048). Finer particle-size of sediments along the west-side
likely hinders the diffusion of oxygen creating greater oxygen
depletion and increased residence time, both of which can enhance
denitrification (Harvey et al., 2013). This premise was supported by
the percent loss of NO3

� to excess N2 as this percentage significantly
(p< 0.001) increased from east to west (mean (%)¼ 48± 1, 68± 1,
and 84± 1 for east, middle, and west bank positions, respectively).
A previous study of NO3

�-rich seepage waters in west-side soils/
sediments adjacent to the SJR showed rapid development of anoxic
conditions and high rates of NO3

� removal by denitrification in
constructed wetlands (Brauer et al., 2015). Complicating the east-
versus west-side comparison is the historical meandering of the
river channel has resulted in a complex mixing of aquifer materials
in the vicinity of the current river channel.

Excess N2 was greater at the 1.82m depth compared to 0.31m at
most sites, potentially indicating a vertical gradient where N2 was
diluted by hyporheic zone mixing of surface and ground waters
(Jones and Mulholland, 2000). The negative relationship between
O2 and excess N2, in addition to significantly lower O2 concentra-
tions at the deeper depth, supports the findings of several previous
studies indicating denitrification in anaerobic conditions (Hill et al.,
2000; Fenton et al., 2011; Chen et al., 2014). The negative rela-
tionship between temperature and N2 is reflective of the deeper
NO3
�-N (mg L�1) NH4

þ-N (mg L�1) pH

0.27 0.01 8.00
1.99 0.02 7.77
1.58 0.01 8.02
1.88 0.01 7.68
2.70 0.03 8.00
1.49 0.02 8.11

0.15 0.03 7.73
1.12 0.03 7.72
2.76 0.08 7.72
3.03 0.05 7.75
2.22 0.02 7.75
1.28 0.02 7.54



Table 3
Sediment characteristics in the six sites used from the denitrification potential experiment within the San Joaquin River in April and September 2009. Values represent the
range, mean and standard error of two replicates.

April 2009 Sites 201.7 190.7 173.5 158.8 135 116

TOC (%) W 0.12e0.62 0.37 (0.35) 0.11e0.11 0.11 (0.00) 1.07e1.14 1.10 (0.01) 0.11e0.13 0.10 (0.00) 0.11e0.11 0.11
(0.00)

0.15e0.18 0.16 (0.02)

M 0.09e0.10 0.09 (0.00) 0.10e0.11 0.11 (0.00) 0.10e0.12 0.11 (0.01) 0.91e0.91 0.91 (0.00) 0.12e0.14 0.13
(0.00)

0.13e0.15 0.15 (0.01)

E 0.11e0.20 0.15 (0.05) 0.10e0.11 0.11 (0.00) 0.10e0.14 0.12 (0.02) 0.81e0.90 0.86 (0.06) 0.13e0.14 0.14
(0.00)

0.13e0.16 0.14 (0.01)

TN (%) W 0.005
e0.066

0.036
(0.04)

<0.00
e0.004

0.002 (0.00) 0.115
e0.121

0.118
(0.00)

0.003
e0.004

0.004 (0.0) <0.00
e0.006

0.003
(0.0)

0.008
e0.008

0.008
(0.00)

M <0.00
e0.006

0.003
(0.00)

<0.00
e0.003

0.002 (0.00) 0.004
e0.005

0.005
(0.00)

0.110
e0.109

0.109 (0.0) 0.005
e0.006

0.006
(0.0)

<0.00
e0.009

0.005
(0.00)

E 0.009
e0.014

0.012
(0.00)

<0.00
e0.005

0.003 (0.00) 0.004
e0.009

0.007
(0.00)

0.077
e0.090

0.084 (0.0) <0.00
e0.007

0.005
(0.0)

NA NA

OxC (mg
kg�1)

W 38.0e446 242 (289) 32.3e32.8 33.0 (0.36) 714e776 745 (44.0) 31.6e35.2 33.4 (2.54) 31.3e35.4 33.3
(2.91)

56.6e71.0 63.8 (10.1)

M 40.5e37.1 38.8 (2.46) 33.6e15.2 39.4 (8.26) 30.2e46.7 38.4 (11.7) 632e669 651 (26.3) 32.8e36.1 34.4
(2.42)

34.2e54.0 44.1 (14.0)

E 71.2e115 93.4 (31.2) 33.3e36.0 34.7 (1.88) 38.5e62.0 50.3 (16.6) 609e647 628 (26.4) 35.2e41.2 38.2
(4.21)

35.2e38.8 37.0 (2.54)

PSD (mm) W 386e756 571 (262) 480e533 507 (37.4) 58.3e82.6 70.4 (17.2) 536e574 555 (26.9) 444e560 502
(82.1)

429e655 542 (160)

M 526e595 560 (49.2) 490e515 502 (18.2) 657e661 659 (2.55) 60.3e67.3 63.8 (4.89) 560e666 613
(75.2)

525e656 591 (92.6)

E 419e421 420 (1.56) 417e513 465 (68.2) 604e635 619 (21.8) 101e107 104 (3.53) 510e543 526
(23.3)

439e441 440 (1.20)

September 2009
TOC (%) W 0.30e0.42 0.36 (0.09) 0.05e0.14 0.10 (0.06) 0.84e1.25 1.04 (0.29) 0.10e0.14 0.12 (0.02) 0.09e0.09 0.09

(0.00)
0.08e0.08 0.08 (0.00)

M 0.07e0.10 0.08 (0.02) 0.06e0.08 0.07 (0.02) 0.04e0.13 0.08 (0.06) 0.22e1.1 0.68 (0.71) 0.06e0.14 0.10
(0.06)

0.43e0.64 0.37 (0.39)

E 0.15e0.32 0.23 (0.12) 0.05e0.34 0.20 (0.20) 0.09e0.15 0.12 (0.05) 0.79e1.0 0.88 (0.13) 0.05e0.05 0.05
(0.00)

0.06e0.43 0.25 (0.26)

TN (%) W 0.041
e0.056

0.048
(0.01)

0.006
e0.020

0.013 (0.00) 0.088
e0.135

0.110
(0.03)

0.013
e0.023

0.018
(0.00)

0.005
e0.017

0.01
(0.00)

0.015
e0.016

0.016
(0.00)

M 0.003
e0.014

0.009
(0.01)

0.004
e0.008

0.006 (0.00) <0.00
e0.015

0.008
(0.01)

0.105
e0.131

0.078
(0.07)

<0.00
e0.021

0.01
(0.01)

0.015
e0.045

0.030
(0.02)

E 0.018
e0.038

0.028
(0.01)

0.003
e0.038

0.0205
(0.02)

0.024
e0.008

0.021
(0.01)

0.085
e0.105

0.095
(0.01)

0.005e0.01 0.01
(0.00)

0.012
e0.033

0.022
(0.01)

OxC (mg
kg�1)

W 298e590 444 (207) 60.9e61.2 61.1 (0.22) 683e909 796 (159) 88.8e137 113 (34.2) 85.6e104 95.1
(13.1)

68.1e71.4 70.0 (2.30)

M 67.5e107 87.3 (27.9) 55.9e60.7 58.3 (3.43) 50.3e87.4 68.9 (26.3) 97.7e843 471 (528) 60.1e164 113
(74.1)

58.8e328 193 (190)

E 168e342 255 (123) 72.3e207 139 (94.8) 84.3e140 112 (39.6) 684e806 745 (85.9) 61.8e65.7 63.8
(2.70)

58.4e146 102 (62.5)

PSD (mm) W 171e612 392 (312) 515e625 570 (77.4) 67.3e158 113 (64.4) 501e627 564 (88.6) 476e586 531
(77.5)

599e660 630 (42.7)

M 535e616 576 (57.6) 560e604 582 (31.3) 684e728 706 (30.3) 87.3e522 305 (308) 466e605 536
(98.0)

237e720 478 (342)

E 284e319 302 (24.6) 345e495 420 (106) 519e614 567 (67.2) 61.0e90.6 75.81
(20.9)

426e471 448
(32.2)

647e674 660 (19.3)

TOC¼ Total organic carbon, TN¼ Total nitrogen, OxC¼Oxidizable organic carbon and PSD ¼ Particle size distribution.
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depth being up to 4 �C cooler than the shallow depth, which also
suggests that the deeper waters were sourced fromdeeper, regional
groundwater (Zamora et al., 2012). This pattern further suggests
that the shallow porewater is a combination of warmer surface
waters mixing with cooler groundwater in the hyporheic zone.
Thus, the vertical spatial differences in excess N2 likely reflect water
source (e.g., deep groundwater vs mixing of surface and ground
waters in hyporheic zone) rather than inherent differences in in situ
denitrification rates between the two depths. Models of surface
water-groundwater interactions in the study area estimated that
only about 10% of the surface waters during the summer low-flow
season originates from groundwater inputs making groundwater a
minor hydrologic source of surface waters overall (Zamora et al.,
2012). Hence these findings support the suggestion above that
the two depths represent different water sources.

Mixing of surface and ground waters at the 0.31-m depth is
further supported by the higher SC values (mS cm�1) at 1.82m
(mean¼ 2.96± 0.25) versus 0.31m (mean¼ 2.43± 0.18), which
suggest dilution of SC in the 0.31m samples by surface waters that
had a median SC of 0.98mS cm�1 (Table S2). This would also sug-
gest potential dilution and/or degassing of dissolved N2 at the
0.31m depth. Additionally, the negative correlation between excess



Fig. 5. Denitrification potential for a) April 2009 and b) September 2009. n¼ 4.

Fig. 6. Relationship between denitrification rates (logþ1) in NO3
� (closed circles) and NO3

� þ C amendments (open circles) with sediment (a) extracted percent total organic carbon,
(b) percent total nitrogen and (c) oxidizable carbon.
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N2 in shallow but not deeper porewaters and NO3
� in surface waters

(r¼ 0.41, p< 0.001) supports the mixing of surface water/shallow
porewater, while deeper hyporheic porewaters most likely origi-
nate from groundwater.

High spatial and temporal variability (hot spotsehot moments)
commonly associated with denitrification processes was reflected
at all spatial scales in this study (Bernard-Jannin et al., 2017). Rivers
often switch between a nitrate sink and source due to upwelling of
groundwater or downwelling of surface water within the hyporheic
zone (Li et al., 2017). In this study, variability in excess N2 was
primarily associated with variations in NO3

� and dissolved oxygen
as depicted by the negative relationship between NO3

� and excess
N2 when NO3

� concentrations were >0.1mgN L�1 (Fig. 4). This
negative relationship was also found in the permanent ground-
water wells screened between 3/7m and in a previous study
(Hinshaw and Dahlgren, 2016). This negative relationship is
consistent with a dominant role for denitrification in consuming
NO3

� and producing excess N2 gas.
Site 154.5 km was of particular interest given its high NO3

�

concentrations (10.2± 1.1mgN L�1) and low excess N2 (<1mgN L).
This site is located just downstream of a wastewater treatment
plant (tertiary treatment) located on the east bank. During the
growing season (MarcheJune), the majority of its treated effluent is
disposed of as irrigation water for pastures that occur within 1 km
of the river. Thus, large volumes of NO3

�-rich waters are added to
the land surface, which presumably introduces localized NO3

�-rich
groundwater having a relatively short residence time before
emerging as surface waters in the SJR. Deep monitoring wells
(13.2e16.8m) within and surrounding the irrigated pasture were
measured in the same manner as the riparian groundwater wells.
The mean NO3

� concentration was 6.1mgN L�1 (range <0.01e23.8)
and mean excess N2 concentrations was 4.6mgN L�1

(range¼ 1.35e8.92mgN L�1) (Table S4). Therefore, these deeper
groundwaters do not appear to be the primary source of the
hyporheic porewaters given their higher levels of excess N2 and
generally lower NO3

� concentrations. Rather, we posit that a shallow
groundwater flow path having insufficient residence time to allow
for appreciable denitrification is the primary source of the hypo-
rheic porewaters at site 154.5 km. Estimated groundwater flow
rates of 0.03e0.12m3 s�1 for the lower SJR could support a wide
range of groundwater residence times (Zamora et al., 2012).
Therefore, for this specific section of the SJR, higher flow rate/lower
residence time flowpaths may prevent the onset of anoxic condi-
tions, hindering denitrification and NO3

�- consumption.
Assuming sufficiently anaerobic conditions to support denitri-

fication, or other mechanisms of N removal occurring under
anaerobic conditions such as anammox or DNRA, groundwater
sources will accumulate excess N2 concentrations along the
groundwater flowpath until either NO3

� or DOC is depleted, which
was supported by the mean concentration of excess N2 in
groundwater wells (7.18± 0.48) being nearly five times greater
compared to the overall mean of excess N2 concentrations within
hyporheic porewaters (1.48± 0.14). Trauth et al. (2014) found that
groundwater flow had a greater influence over denitrification rates
than stream discharge and emphasized the importance of ac-
counting for groundwater inputs into the hyporheic zone.

4.2. Denitrification potential rates

Denitrification potential rates were measured in the year
following the longitudinal study to verify if denitrification was a
prevalent process within hyporheic porewaters. Out of the 144 DNP
incubations, 86% demonstrated denitrifying activity. Despite
oxygenated mixing of surface water within the hyporheic zone,
nitrification was considered negligible due to low or undetectable
NH4
þ within SJR surface waters (Hinshaw and Dahlgren, 2013). DNP

rates displayed high spatial variability within sites, among sites,
and between seasons (April vs September) as is often found in such
studies. DNP rates were greater than those compared to a study in
agriculturally impacted lakes (Liu et al., 2015) and those found in
natural and forested wetlands (Gardner and White, 2010; Harrison
et al., 2011; Genthner et al., 2013). The similarity between DNP rates
in the NO3

� þ C amendments and NO3
� originally suggests no

appreciable carbon limitation for denitrifiers, in spite of the rather
low total carbon concentrations (0.08e0.63%). This is consistent
with several similar studies that found that NO3

� and not organic
carbon, limited sediment denitrification (Esteves et al., 2001; Wall
et al., 2005). However, in this study stepwise regression suggested a
positive contribution from OxC, owing to this fraction being most
available for bacterial metabolism. The role of OxC is also supported
by the data from site 173.5 km, which had the highest OxC con-
centrations (west) and the corresponding highest DNP rates. When
NO3

� concentrations are high, concentrations of OxC become more
crucial for attenuating NO3

� by stimulating denitrification activity
and driving complete nitrate reduction to N2 (Firestone et al., 1980).
Similar results have been found in low carbon and elevated NO3

�

stream and river sediments (Bernhardt and Likens, 2002; Inwood
et al., 2007; Findlay et al., 2011). Further, Xu et al. (2015)
concluded that high organic matter is necessary to sustain low
NO3

� concentrations via denitrification in agricultural groundwater.
The relationship of higher DNP rates with lower PSD has been

found in several previous studies (Pinay et al., 2000; Opdyke and
David, 2007; Welsh et al., 2017). Similar to this study, D’Haene
et al. (2003) found denitrification rates were highest in clay soil
and lowest in sandy soils. Fine textured sediments, such as clay
and silt, often harbor higher concentrations of carbon, lower ox-
ygen concentrations and more suitable attachment sites for bac-
teria attenuating their downstream advection. Iribar et al. (2008)
identified denitrifying bacteria communities attached to aquifer
sediment that exhibited higher denitrification enzyme activity.
The significantly higher DNP rates in NO3

� and NO3
� þ C treatments

from the east to west bank is consistent with the finer textured
sediments resulting from the contrasting sediment sources
(Table 2).
5. Conclusions

The predominantly elevated excess N2 concentrations (and
overall low NO3

� concentrations (mean¼ 0.91mgN L�1)in deeper
porewaters suggest that the SJR riparian and hyporheic zones act as
an effective anoxic barrier to NO3

� transport from regional
groundwaters to surface water. Sites with low or negligible N2
tended to have high concentrations of NO3

� and DO along with low
DOC indicating inhibition of denitrification. DNP rates confirmed
the prevalence of high denitrification capacity within hyporheic
sediments of the SJR. Oxidizable C fraction was the key factor
limiting DNP rates highlighting the importance of microbially labile
C in fueling denitrification. This study suggests that riparian and
hyporheic zone management and restoration activities that focus
on increasing inputs of carbon and water transport residence times
provide an opportunity for enhancing denitrification in hydrologic
systems subject to high NO3

� loading.
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