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Quantifying riverine sediment denitrification rates in situ
with a novel, portable hyporheic chamber

Tara M. Higgins, James H. McCutchan, Jr. and William M. Lewis, Jr.

Introduction

As global concesns over nitrogen loading to freshwaters have
grown, o too has interest in-understanding the biogeochemi-
cal processes comprising the nitrogen cycle. Of particular
interest is denitrification, which represents the only perma-
nent loss of nifrogen in the aquatic nitrogen cycle, through
the microbial reduction of nitrate to ineri N, gas (plus <1 %
N,O). Running-water ecosystems can support high rates of
denitrification (PiRa-Ocuoa & Aivarez-CosgLas 2006), but
the factors controlling rates of denitrification ir situ are not
thoroughly understood (Davipson & Serrzincer 2006}

A complete understanding of the controls on denitrifica-
tion in running waters has been hampered by high spatial var-
iability in rates of denitrification and limitations of available
methods for quantifying rates (GroreMan et al. 2006).
Whole-reach methods (McCurcran et al. 2003, MuLsoL-
LAND et al. 2004, PrisyL et al. 2005) integrate rates of denitri-
fication in spatially heterogeneous environments and can
provide high precision with modest effort, but these methods
may not be well suited to the development of a mechanistic
understanding of denitrification. The alternative approach,
using sediment incubations in laboratory chambers (Pren-
NING & McManon 1996, Bernor et 2l 2003), can be prob-
lematic due to the numerous artifacts and errors associated
with simulating natural conditions.

This paper describes a novel hyporheic chamber for
quantifying denitrification rates in situ. Rates are estimated
in a flow-through chamber from changes in mass balance
for nitrogen along a stmulated hyporheic flow-path. The
hyporheic chamber described here can be used to study
spatial heterogeneity in rates of denitrification in river sedi-
ments at a fine scale, but also can be used to quantify the
factors that control rates of denitrification in sediments
through experimental manipulations in a field setting. By
measuring denitrification rates ir sitw in riverine sediments,
the hyporheic chamber avoids many of the difficulties asso-
ciated with replicating natural biogeochemical conditions
in a laboratory.
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Materials and methods

The hyporheic chamber consists of a 6-m long, 48.6-L PVC
pipe (10.16 c¢m i.d.; Fig. la). These dimensions provide a
good balance between sustaining the necessary biogeochen-
ical conditions for denitrification to proceed and portability
of the chamber. Preliminary trials demonstrated that shorter
chambers developed reducing conditions only at extremely
low flow velocities, while larger chambers proved difficult
to maneuver. If necessary, 2 or more 6:m chambers can be
connected end-to-end to simulate a longer hyporheic flow-
path. The chamber was filled on site with hyporheic sedi-
ments from the South Platte River and suspended horizon-
tally in the river in the direction of flow. The device was
deployed in the South Platte River near Fort Lupton
(40°10'N; 104°50'W), 53 km downstream of Denver, Colo-
rado, USA, during October and November 2006 (detailed
site description given by PrisyL et al. 2005). Care was taken
to ensure that sediments within the chamber were packed to
avoid the formation of flow channels along the sides of the
chamber. Ports were installed at 1-m intervals to allow sam-
pling of sediment pore water for dissolved oxygen and nutri-
ent concentrations.

Flow velocity through the chamber was determined by a
salt tracer test (Fig. 1b); an average velocity of 0.0093 cm/s
(18-h travel time) was maintained by use of a rotating disk in
the upstream cap will adjustable inflow holes and a valve at
the outflow (Fig. 1a). The conductance profile from the salt
tracer test indicated that watér passed though the chamber
steadily as a single parcel, with only moderate longitudinal
dispersion (Fig. 1b).

Concentration measurements of dissolved oxygen (DO),
nitrate, ammonium, totat dissolved phosphorus (TDP), and
dissolved organic carbon (DOC) were made on 13 October,
25 Qctober, 8 November, 20 November, and 22 November at
the point of inflow (0 m), at 2 m and at 4 m along the cham-
ber, and at the outflow (6 m) from the chamber. Porewater
samples were extracted from the chamber via the sampling
ports with a hand-operated peristaltic pump; at 6 m water was
collected from a bag attached to the outflow valve (Fig. 1a).
All water samples for analysis of dissolved nutrients were fii-
tered throngh glass-fiber (GF/C) filters within 6 h of collec-
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tion. Nitrate was analyzed with an ion chromatograph.
Amumonium and TDP were analysed colorimetrically (Mur-
ray & Ruey 1962, Grasuorr 1976) and DOC was analysed
by carbon analyzer. On each sampling océasion, meésure-
ments of pH, specific conductance, temperature, and dis-
sofved oxygen in the river channel also were taken with the
multi-parameter meter. Grain size, organic content, and
porosity of the hyporheic sediments were determined by stan-
dard methods (APHA 1998).

Results

During the trials, nitrate concentrations decreased by an
average of 43 % (maximum, 66 %) along the length of
the chamber (Fig. 2a), from 6.56 to 3.83 mg NO;-N

L', Thus, the 6-m chamber was successful in simulat-
ing conditions in the hyporheic zone that support micro-
bial denitrification, as measured previously by mass-
balance methods (Prmyy et al. 2005). As expected,
decreases in nitrate were very strongly correlated with
reductions in dissolved oxygen (#* = 0.81, P < 0.0001,
n = 16) along the length of the chamber, demonstrating
the importance of reducing conditions for denitrification
to proceed (Cey et al. 1999). The decline in nitrate began
before oxygen in the chamber was completely exhausted.
While the majority of water passed through the chamber
in 18 h, travel times ranged from <12 h to >20 h (Fig. 1b).
Decreases in nifrate were not significantly correlated
with changes in TDP (= 0.05, P = 0.45), DOC (* = 0.23,
P = 0.08) or ammonium (** = 0.05, P = 0.34; all n = 16)
along the length of the chamber (Fig. 2c-e). .

through the hyporheic chamber.

Based on the assumpticn that denitrification was lim-
ited to the upper 50 cm of the sediments in the South
Platte River, the mean reduction in nitrate recorded dur-
ing this study corresponds to an areal denitrification rate
of 0.41 g N m™ d”! for October-November 2006. This
value is similar to published estimates of late-fall early-
winter denitrification rates for this region of the South
Platte (PrmyL el al. 2005).

Discussion

The South Platte River downstream of Denver has high
rates of denitrification (Priyr et al. 2005). These high
rates are driven by high concentrations of nitrate and
labile organic carbon and coarse alluvial sediments that
favor hyporheic metabolism (Table 1). These characteris-
tics make the South Platte River an ideal location in
which to test the application of our hyporheic chamber
design for quantifying denitrification.

Rates of denitrification reported here were calculated
from the disappearance of nitrate along the hyporheic flow
path in the chamber. While assimilatory nitrate reduction
might have resulted in the disappearance of nitrate in the
absence of denitrification, the high ambient nitrate con-
centrations within the chamber (Fig. 2¢) make it unlikely
that processes other than denitrification were responsible
for the observed nitrate decrease. Rates of denitrification
also could be calculated from the production of N, in the
chambers as measured with membrane-inlet mass spec-
trometry (MIMS) or by a combination of approaches.
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Fig. 2. Changes in concentrations of (a) nitrate, (b) dissolved
oxygen, (¢) ammonia, (d) total dissolved phosphorus, and {e)
total organic carbon with distance along the 6-m hyporheic
chamber. Values shown are means of 5 measurements taken
in October and November 2006; error bars show standard
errors. {Fig. 1)

These initial trials demonstrate the potential of the
hyporheic chamber as a portable, economical, and accu-
rate method . for quantifying denitrification rates in sifu in
riverine sediments. Such an approach avoids many of the

Table 1. Characteristics of the South Platte River at Fort Lup-
ton, Colorado, during October-November 2006. Values
shown are means + standard errors (n = 5).

pH 7.94 1 0.1

Temperature (°C) 125+ 13
Dissolved oxygen (mg L™ 728 +£03
Conductance (UScm™) 1119 4 40
DIN (mg L") 7.1+ 017
TDP (mg L™ 1.01 £ 0.09
DOC {mg L™ 6.29 = 0.1
Sediment porosity 273%
Sediment organic content 0.43%
Sediment particle sizes:
Gravel (= 2.36 mm) 34%
Sand (0.25-2.36 mm) 60%
6%

Silt/clay (< 0.25 mm)

artefacts associated with replicating natural biogeochem-
ical conditions in a laboratory. Its low cost and simple
design would allow multiple chambers to be installed
within a single study site to account for the high spatial
heterogeneity in demitrification rates (Saunpers & Lewis
2001). While beyond the scope of the current investiga-
tion, the design of the hyporheic chamber also facilitates
easy manipulation of a range of environmental variables
(travel time, quantity and quality of organic carbon,
nitrate concentration), allowing the factors controlling
denitrification to be studied both singly and in combina-
tiom: :
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