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Abstract. Globally intensive agriculture has both increased nitrogen pollution in adjacent waterways
and decreased availability of terrestrially derived carbon frequently used by stream heterotrophs in nitro-
gen cycling. We tested the potential for carbon additions via leaf litter from riparian restoration plantings
to act as a tool for enhancing denitrification in agricultural streams with relatively high concentrations of
nitrate (1.3–8.1 mg/L) in Canterbury, New Zealand. Experimental additions of leaf packs (N = 200,
mass = 350 g each) were carried out in 200-m reaches of three randomly selected treatment streams and
compared to three control streams receiving no additional leaf carbon. Litter additions increased ecosystem
respiration in treatment streams compared to control streams but did not affect gross primary production,
indicating the carbon addition boosted heterotrophic activity, a useful gauge of the activities of microbes
involved in denitrification. Bench-top assays with denitrifying enzymes using acetylene inhibition
techniques also suggested that the coarse particulate organic matter added from leaf packs would have
provided substrates suitable for high rates of denitrification. Quantifying denitrification directly in experi-
mental reaches by open-channel methods based on membrane inlet mass spectrophotometry indicated that
denitrification was around three times higher in treatment streams where litter was added compared to
control streams. We further assessed the potential for riparian plantings to reduce large-scale downstream
nitrogen losses through increasing in-stream denitrification by modeling the effects of increasing riparian
vegetation cover on nitrogen fluxes. Here, we combined estimates of in-stream ecosystem processes
derived from our experiment with a network model of catchment-scale nitrogen retention and removal
based on empirical measurements of nitrogen flux in this typical agricultural catchment. Our model
indicated leaf inputs associated with increased riparian cover had the potential to double the catchment
level rate of denitrification, offering a promising way to mitigate nitrate pollution in agricultural streams.
Altogether, our study indicates that overcoming carbon limitation and boosting heterotrophic processes
will be important for reducing nitrogen pollution in agricultural streams and that combining empirical
approaches for predictions suggests there are large potential benefits from riparian re-vegetation efforts at
catchment scales.

Key words: carbon limitation; denitrification; ecosystem respiration and production; heterotrophic processes; leaf
litter; metabolism; nitrogen pollution; restoration; streams; watershed model.

Received 14 September 2017; accepted 20 September 2017. Corresponding Editor: Debra P. C. Peters.
Copyright: © 2017 O’Brien et al. This is an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited.
2 Present address: Department of Biology, Canisius College, Buffalo, New York 14208 USA.
3 Present address: National Institute of Water and Atmospheric Research, P.O. Box 11115, 3216, Hamilton, New Zealand.
4 Present address: Australian Rivers Institute, Griffith University, Nathan Campus, 170 Kessels Road, Brisbane,
Queensland 4111 Australia.
� E-mail: angus.mcintosh@canterbury.ac.nz

 ❖ www.esajournals.org 1 November 2017 ❖ Volume 8(11) ❖ Article e02018

http://orcid.org/0000-0002-3570-3588
http://orcid.org/0000-0002-3570-3588
http://orcid.org/0000-0002-3570-3588
http://orcid.org/0000-0003-2696-8813
http://orcid.org/0000-0003-2696-8813
http://orcid.org/0000-0003-2696-8813
info:doi/10.1002/ecs2.2018
http://creativecommons.org/licenses/by/3.0/


INTRODUCTION

Intensive agricultural practices have signi-
ficantly modified landscapes and impacted
freshwater ecosystems globally (Vitousek et al.
1997, Dudgeon et al. 2006, V€or€osmarty et al. 2010).
Land-use conversion to intensive agriculture, in
particular, has altered terrestrial carbon and nitro-
gen stocks with widespread impacts on aquatic
ecosystems (Findlay et al. 2001, Smith 2003, Vitou-
sek et al. 2009). These large-scale changes have
been accompanied by extensive nitrogenous-based
fertilizer application and corresponding shifts from
terrestrial-based allochthonous carbon sources in
headwater streams toward more autochthonous
carbon sources derived from aquatic primary pro-
ducers (Wilson and Xenopoulos 2009). The loss of
terrestrially derived carbon in degraded agricul-
tural waterways due to removal of riparian tree
cover and disconnection of channels from flood-
plains is especially problematic because it could
limit denitrification (Lammers and Bledsoe 2017).
Excessive levels of inorganic nitrogen have caused
nutrient imbalances that result in toxic algal
blooms, hypoxia, toxicity, and altered food-web
structure in aquatic ecosystems (Camargo and
Alonso 2006, Glibert 2017). Moreover, these prob-
lems are increasing and are well known as critical
global change drivers (Glibert 2017).

Besides improving farming practices to reduce
excessive nitrogen inputs, solutions for nitrogen
pollution revolve around controlling the path-
ways of nitrogen into waterways and enhancing
the potential for nitrogen removal (Craig et al.
2008, Newcomer Johnson et al. 2016, Neilen
et al. 2017). The effectiveness of nitrogen removal
tools generally hinges on the availability of car-
bon, and creating suitable conditions for nitrogen
processing (Klocker et al. 2009, Filoso and Pal-
mer 2011, Harrison et al. 2012, Roley et al. 2012).
Therefore, in-stream solutions to address the
problem of excessive nitrogen involve remediat-
ing depleted carbon stocks (Lazar et al. 2014) as
well as creating the right physical and biogeo-
chemical conditions necessary for microbial het-
erotrophs to carry out desired nitrogen cycling
functions (Craig et al. 2008, Klocker et al. 2009,
Harrison et al. 2012, Hansen et al. 2016).

Managing nitrogen losses at the farm and land-
scape scales requires an integrated approach
(Craig et al. 2008, Schipper et al. 2010). Within

fluvial systems, in-stream nitrogen processing can
take the form of assimilation by stream biota
or denitrification. While nitrate assimilation is
strongly linked with autotrophic production and
represents a temporary sink for nitrate (Hall et al.
2009), denitrification is much more closely related
to heterotrophic processes and represents a per-
manent sink for nitrate (Mulholland et al. 2009).
Small agricultural waterways have large poten-

tial for denitrification due to high nitrate concen-
trations and large surface area relative to flow
(Alexander et al. 2000, 2007, Mulholland et al.
2008), although the role of waterway size in driv-
ing these dynamics is still being determined (Rei-
singer et al. 2015). Within small streams, the
availability and retention of labile carbon are criti-
cal to stimulate microbial processes such denitrifi-
cation (Arango et al. 2007). For example, on-farm
wetlands can increase denitrification in down-
stream agricultural drains by balancing nitrate
concentrations with dissolved organic carbon
supplies and increasing retention times (Hansen
et al. 2016). Similarly, riparian planting can play a
dual role of filtering fine sediments, nutrients, and
fecal coliform bacteria from surface run-off (Hill
1996, Mayer et al. 2007, Sullivan et al. 2007),
while also providing an ongoing carbon supply
to streams to sustain in-stream denitrification.
Despite the very widespread use and advocacy
for riparian buffers (Osborne and Kovacic 1993,
Dosskey et al. 2010, McKergow et al. 2016,
Daigneault et al. 2017), there have been relatively
few tests of whether carbon additions to agricul-
tural streams via leaf detritus actually enhance
in-stream nitrogen removal by increasing denitri-
fication (Lammers and Bledsoe 2017). Moreover,
the magnitudes of effects on downstream nitrogen
fluxes due catchment-wide riparian restoration
are relatively poorly known.
Here, we tested the potential for carbon addi-

tions via restoration plantings in riparian zones of
small agricultural streams to enhance stream
nitrogen cycling at both reach and network scales.
Initially, we used reach-scale experimental addi-
tions of leaves as a proof-of-concept test of
whether increased coarse particulate organic mat-
ter from riparian plantings would enhance stream
ecosystem metabolism and in-stream denitrifica-
tion. Our experimental objective was to determine
whether localized leaf litter additions (i.e., at the
reach scale) would sufficiently stimulate microbial
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heterotrophy to enhance in-stream nitrogen
removal rates via denitrification. We examined
whether the leaf additions increased microbial
activity by measuring ecosystem respiration (ER)
and primary production with stream metabolism
methods and then quantified denitrification in
experimental reaches both directly and by extrap-
olation from bench-top assays. Secondly, to evalu-
ate the extent to which riparian plantings could
reduce downstream nitrogen losses by increasing
in-stream denitrification, we modeled the effects
of increasing riparian vegetation cover on nitro-
gen fluxes in our study catchment. The aim of
modeling was to put contributions of riparian
plantings to catchment-scale rehabilitation in con-
text for managers. We applied estimates of deni-
trification derived from our experiment into a
network model of catchment-scale nitrogen reten-
tion and removal to assess potential to reduce
downstream nitrogen export.

METHODS

Study sites
We studied tributaries of the Cam River/Ruatani-

wha (25 km2, 8–56 m above sea level) on the Can-
terbury Plains just north of Christchurch, New
Zealand. These plains, located between the South-
ern Alps and the South Island eastern coastline,
were formed from alluvial outwash of glacial ori-
gin (Webb 2008) and now contain some of the most
intensively used agricultural land in Aotearoa/
New Zealand. Like many areas in New Zealand,
land use in the area has rapidly intensified in the
last two decades (MacLeod and Moller 2006), with
a traditional mix of sheep farming and cropping
giving way to a much larger proportion of high-
impact dairy farming. For example, the number of
dairy cows in the Canterbury region has increased
from ~212,000 in 1994 and 543,000 in 2002, to be
1,200,000 in 2012 (Scarsbrook et al. 2016), and this
has been associated with increasingly problematic
nitrate pollution in waterways which requires miti-
gation (Scarsbrook and Melland 2015).

Ruataniwha drains into the Kaiapoi River, is
spring-fed with three major branches, and has the
town of Rangiora (population: 15,000 in 2015) in
the catchment (Fig. 1). The larger branches are
stony-bottomed and meandering, while many
smaller tributaries have been straightened and
excavated to form agricultural drains. Periphyton

and rooted macrophytes are abundant in some
reaches and are mechanically cleared seasonally.
Like many small waterways in lowland Canter-
bury (Winterbourn 2008), our experimental
reaches have been incorporated into or formed by
extensive networks of agricultural drains and
stock water races. Riparian plant species are flax,
toetoe, grasses, and sedges (Winterbourn 2008).
Our experimental reaches, chosen to be as similar
as possible in terms of channel characteristics and
agricultural impact, lacked extensive riparian veg-
etation and were surrounded by narrow strips of
pasture grasses.

Study design
To experimentally assess the effects of leaf litter

additions on stream ecosystem processes, espe-
cially denitrification, we initially conducted a
reach-scale experiment on 200-m reaches of six
small agricultural waterways (Ashworths, Ohoka,
Plasketts, Hicklands, Jeffs, and Southbrook
drains, Table 1, Fig. 1; hereafter referred to as
“streams”). Three randomly selected treatment
streams (Ashworths, Ohoka, and Plasketts) each
received 200 leaf packs (350 g dry mass/pack,
mixed species composed of native and exotic
deciduous species) with large boulders also added
to secure the leaf packs and facilitate organic mat-
ter retention. The remaining three control streams
(Hicklands, Jeffs, and Southbrook) received no
leaf packs or boulders. Leaf additions to the reach-
scale experiment occurred in two phases: March
2011, coinciding with Southern Hemisphere decid-
uous leaf fall, and January 2012, coinciding with
leaf fall of some native non-deciduous trees and
the late summer peak in biological activity.
To evaluate the effects of the manipulation on

ecosystem processes closely connected with deni-
trification, we measured reach-scale ER and pri-
mary production using two-station metabolism
measurements in our 200-m experimental
reaches. We also quantified denitrification at the
reach-scale using membrane inlet mass spec-
trophotometry (henceforth MIMS).
These measurements took place shortly after

the first leaf addition in March 2011. Although the
study streams were not affected, this part of the
study took place in the aftermath of the February
2011 Christchurch earthquakes when access to our
laboratory facilities was limited, restricting our
ability to undertake bench-top denitrifying enzyme
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assays (henceforth DEA) in association with this
first leaf addition. Nevertheless, we were able to
measure denitrification via substrate-scale DEA
using acetylene inhibition techniques on samples
of biofilm, fine particulate organic matter (FPOM),
and coarse particulate organic matter (from leaf
packs; CPOM) collected from the study reaches in
association with the second leaf addition in 2012.

Overall, the ease of the two-station metabolism
measurements meant we were able to measure ER
and primary production before and then at multi-
ple time periods after the first litter addition,
whereas logistical constraints meant we were able
to make one MIMS measurement round after the
first addition and one DEA measurement round
before and one after the second litter addition.

Fig. 1. The location of the six experimental streams (leaf addition treatment, triangles; controls, squares) and
measured nitrate fluxes (g/s) in the upper Cam River/Ruataniwha catchment (circles) on the Canterbury Plains,
South Island, New Zealand (inset). Major tributaries of the river and the town of Rangiora are labeled.
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We applied DEA-based measurements of
denitrification at reach and network levels to
investigate the possible larger scale effects of
boosting terrestrial carbon inputs via restoration
plantings. Firstly, we estimated denitrification
by extrapolating substrate-specific rates of deni-
trification to the reach scale based on the benthic
biomass of the organic substrates. Secondly,
we used the DEA-based measurements of
denitrification, in combination with MIMS mea-
surements, to parameterize an empirical model
of network-scale denitrification in the upper
Ruataniwha/Cam River catchment to evaluate
the possible effects of restoration plantings of
riparian areas on in-stream denitrification in the
catchment.

This network-scale empirical model of denitrifi-
cation combined information from network-scale
sampling of nitrate fluxes in the Cam River/
Ruataniwha (Franklin 2010), application of typical
leaf litter fall rates for New Zealand streams (Scars-
brook et al. 2001), and extrapolation of the various
denitrification measurements to the network after
hypothetical riparian planting. The overall goal of
the model was to estimate, at the catchment scale,
how much nitrate could potentially be removed
by denitrification associated with planting of ripar-
ian areas.

Field measurements of experimental reaches
Physical characteristics in the six experimental

streams were measured at ten transects along each
200-m sampling reach. We recorded stream depth,
substrate size (largest axis width), and macrophyte
presence/absence at ten points along each transect,
as well as wetted width. Flow discharges and
mean travel times were measured using salt
(NaCl) dilution gauging (Gordon et al. 2004). To
start, 150 g of dry NaCl was dissolved in approxi-
mately 1 L of water. This solution was rapidly
added to the stream at the upstream end of the
reach. Conductivity and temperature were
recorded at 30-s intervals using a INW CT2X log-
ging conductivity probe. Salinity was calculated
from the measured conductivities and tempera-
tures, with background salinity (measured prior to
salt release) subtracted, and the salinity time series
integrated over time. Discharge (m3/s) was then
calculated from mass balance as Q = M/I, where
M is the mass of salt added (kg) and I (g�m�3�s�1)
the integrated salinity time series. Mean travel
times were calculated as the difference in time
between the centroid of the salinity time series at a
station and the next station downstream.
Leaf and macrophyte biomasses (g/m2) were

assessed within quadrats (30 9 30 cm) at ten loca-
tions within each stream. Clipped plant and root

Table 1. Characteristics of the six 200-m experimental reaches used prior to the leaf addition experiment by
stream and experimental treatment.

Characteristic
Ashworths

(T)
Ohoka
(T)

Plasketts
(T)

Hicklands
(C)

Jeffs
(C)

Southbrook
(C)

Treatment
mean

Control
mean

Wetted width (m) 2.0 1.7 2.2 1.7 1.2 1.8 1.9 1.6
Depth (cm) 41.0 14.0 26.0 25.0 15.0 39.0 26.9 26.4
Velocity (m/s) 0.1 0.1 0.3 0.2 0.1 0.2 0.2 0.2
Discharge (L/s) 99.0 33.0 127.0 99.0 33.0 160.0 89.0 97.0
Vf (mm/min) 8.5 7.4 16.7 14.3 8.3 14.3 11.0 12.0
Median particle size, D50, (cm) 1.5 2.0 3.0 3.0 2.0 3.0 2.2 2.7
Fine sediment cover (%) 29.0 7.0 9.0 9.0 15.0 4.0 15.0 9.3
GPP (mg O2�m�2�d�1) 3.6 2.6 7.1 2.1 0.2 0.3 4.4 0.9
NO3

� (mg/L) 6.3 8.1 2.7 2.2 2.2 1.3 5.7 1.9
SRP (lg/L) 11 21 38 34 9 8 23 17
CPOM biomass (g DM/m2) 7.2 66.2 23.7 11.4 87.4 15.8 32.3 38.2
FPOM biomass (g DM/m2) 366.7 101.5 70.6 83.9 261.0 76.0 179.6 140.0
Macrophyte biomass (g DM/m2) 268.5 102.4 226.8 141.9 310.7 383.2 199.2 278.6
Epilithic algae biomass (g AFDM/m2) 2.5 1.2 1.6 3.5 7.7 16.5 1.8 9.2
Chl-a (mg/m2) 34.8 35.7 20.3 13.5 17.4 22.7 30.0 17.9

Notes: Letters indicate whether the stream received leaf additions (T, treatment) or was a control stream (C, control). Vf is
the uptake velocity. Fine sediment, particles <1 mm; GPP, gross primary productivity; SRP, soluble reactive phosphorus;
CPOM, coarse particulate organic matter; FPOM, fine particulate organic matter; chl-a, chlorophyll-a.
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materials were sorted into species-specific piles
and fresh weights measured by species (as much
as practical). Subsamples of the dominant species
were taken to the laboratory and dried to
develop a conversion ratio of fresh plant weight
to dry mass. We selected ten fist-sized cobbles
from throughout a reach for periphyton chloro-
phyll-a (chl-a) analysis. Epilithic biomass was
determined from slurries obtained from cobbles
used for the DEA measurements. Cobbles were
kept on ice during transport and frozen, and
chlorophyll was later extracted in hot ethanol
(Murdock and Dodds 2007). Fine particulate
organic matter was sampled using a stovepipe
corer (radius 10 cm) at ten locations (down-
stream, midstream, upstream) along the reach;
sediment down to a depth of 10 cm was stirred
within the corer, stream depth recorded, and a
1-L sample of the suspended material taken.

Ecosystem metabolism measurement
We measured stream metabolism in each study

reach using the two-station open-channel method
(Marzolf et al. 1994) to determine the effects of
leaf addition on ER. Diel changes in oxygen con-
centration were logged by D-Opto oxygen probes
(Zebra Tech, Nelson, New Zealand) at the top and
bottom of each reach. When possible, we used
propane additions to measure gas exchange.
When propane measurements were not available,
we used the nighttime regression method as the
next best method to determine gas exchange.
However, the same methodology was always
used across all treatment and control streams for
each sampling time.

Whole-stream denitrification using membrane
inlet mass spectrometry (MIMS)

In May 2011, we measured denitrification in
all six streams using the open-channel dissolved
nitrogen-to-argon ratio (N2:Ar) technique (Laur-
sen and Seitzinger 2002). We collected triplicate
samples for determination of N2:Ar ratios at the
inflow and outflow of every stream reach at two
time periods (midday and midnight). Water
samples were transferred by syringe, taking care
to avoid air contamination, to 12-mL Exetainer
vials (Labco, High Wycombe, UK), preserved
with 10 lL of saturated HgCl, capped without
entrainment of bubbles, and stored in water-
filled 50-mL centrifuge tubes until analysis using

a membrane inlet mass spectrometer at the
National Institute of Water and Atmospheric
Research (NIWA) Marine Biogeochemistry labo-
ratory (Kana et al. 1994).
We used N2:Ar data to determine whole-

stream rates of denitrification using the open-
channel technique. While samples were collected
at the inflow and outflow of each study reach,
the reach length was not sufficient to use a two-
station approach. We therefore used a single-
station approach based on the downstream
measurements (Laursen and Seitzinger 2002). We
converted dissolved oxygen K20 reaeration esti-
mates to KN2 using a conversion factor of 0.956.

Denitrifying enzyme activities (DEA) using
acetylene inhibition
Denitrifying enzyme activities were measured

on leaves, fine benthic organic matter (FBOM), and
epilithic biofilms. Slurries of biomass types were
prepared as follows: 2 g of wet leaves was mixed
with 25 mL of deionized water (DI) water to create
a slurry, water was drawn from FBOM samples to
create a concentrated slurry, and biofilms were
scraped from rocks and mixed with DI water.
Twenty-five millilitre of slurry was added to 150-
mL volumetric flasks along with 50 mL of chlo-
ramphenicol (0.5 mmol/L) amended stream water.
The flask was sealed with a stopper and the head-
space was flushed with He. Acetylene was added
to the headspace to bring up 10% by volume. Sam-
ples were shaken and incubated for 3.5 h. Samples
for N2O were collected at the beginning and end of
the incubation and were analyzed on a SRI 8610
gas chromatograph (SRI Instruments, Torrance,
California, USA) fitted with a 63Ni electron cap-
ture detector (Gilson 222 XL; Gilson, Wisconsin,
USA) and calibrated using BOC a standards (BOC
Scientific, Auckland, New Zealand). N2O produc-
tion was measured as linear accumulation of N2O
over the course of the incubation.
In January and March 2012, we used DEA and

channel biomass measurements to scale denitrifi-
cation estimates to the reach level (Kemp and
Dodds 2002). Biomass and DEA samples (epili-
thon, FBOM, and leaves) were collected one
week to prior to additions (before) and six weeks
following leaf additions (after) in January 2012.
Reach-level denitrification was calculated by
multiplying DEA measurements per unit organic
matter for each stream by the standing stock
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biomass in each stream (see Field measurements of
experimental reaches).

Synoptic water chemistry sampling of the
Ruataniwha/Cam River

Stream water samples were collected in three,
monthly, synoptic sampling events during base
flow conditions in the austral summer of 2010
(Appendix S1: Table S1). During each sampling
occasion, water samples were collected from 63 to
81 sites over 1–4 d, up to five hours either side of
midday. Diurnal variation is minimal for all major
forms of nitrogen, except for ammonia (not ana-
lyzed here; Finlay et al. 2011). Sites were placed
on all first-order tributaries and point sources
(flow <0.0005 m3/s not sampled), above and below
confluences (>50 m apart) and along continuous
reaches (~500 m apart; Appendix S1; Fig. 1).

Water samples were collected from the thalweg
of the stream and immediately filtered through
Whatman glass fiber (250 Millipore) filters and
stored frozen in acid-washed (5% HCl) plastic
bottles until analysis. Samples were thawed then
analyzed colorimetrically for dissolved inorganic
nitrogen (assumed from combined nitrate–nitrite
due to low nitrite concentrations) on an Easychem
Plus analyzer (Systea, Anagni, Italy). Discharge
measurements were made following sample collec-
tion at each site, with calculations based on standard
methods. For sites where more than one sample
was taken, the mean dissolved inorganic nitrogen
concentration was used for subsequent analysis.

Stream network-scale denitrification
We modeled nitrate removal via denitrification

at the stream network scale based on the Ruatani-
wha/Cam River synoptic sampling. The stream net-
work was broken into segments between tributary
junctions measured in the survey. Each segment
had a defined length measured with a GIS, as well
as width, discharge, and nitrate concentration.
Based on the physical characteristics, we calculated
the hydraulic load (HL) for each segment as:

HL ¼ Q
ðwlÞ ; (1)

where Q is discharge (m3/s), l is reach length (m),
and w is width (m). We calculated the nitrate flux
of each reach (F in g/s) by multiplying nitrate
concentration and discharge.

The baseline denitrification for the catchment
was then estimated using uptake velocity of den-
itrification (vf-den) calculated from two sources:
firstly, the average vf-den from MIMS measure-
ments in the control streams, and secondly, the
average vf-den from scaled-up DEA measure-
ments in the control streams. We calculated the
proportional removal (R) of nitrate inputs to each
stream segment based on the hydrologic charac-
teristics according to:

R ¼ 1� exp
vf�den

HL

� �
: (2)

We calculated the flux of N denitrified in each
segment by multiplying the nitrate flux (F) by the
proportion removed (R). We calculated the pro-
portion removed from the stream network by
summing the flux of N denitrified in all segments
dividing the nitrate flux exiting the stream net-
work at the mouth of the Ruataniwha/Cam River
(corrected for the flux denitrified). We then
modeled the effect of increasing riparian cover on
in-stream denitrification using a relationship
between leaf addition and riparian cover based
on Scarsbrook et al. (2001) assuming that 16.6% of
the annual litter fall is in the benthic standing
stock at any given time. We calculated the addi-
tive effect of denitrification from leaf inputs based
on DEA measurements from leaves (per unit bio-
mass) and modeled leaf standing stock. This deni-
trification from the leaf addition was converted to
vf-den-leaf for each segment by dividing the rate to
denitrification by nitrate concentration and add-
ing the vf-den-leaf to the baseline existing vf-den. To
determine the likely range of catchment denitrifi-
cation, we combined the 95 percent confidence
intervals for baseline denitrification with the 95%
confidence intervals for the DEA-derived values
for denitrification from leaf inputs to establish
best-case and worst-case scenarios.

Statistical analysis
We compared leaf decomposition rates in the

three treatment streams with analysis of covari-
ance (ANCOVA) using linear models (lm) in R (R
Core Development Team 2015), where time (days
after leaf addition) was the covariate, treatment
stream was a fixed factor, the three streams
receiving leaf litter were replicates, and the
untransformed proportion of dry leaf mass
remaining was the response variable.
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The important ER and gross primary produc-
tion (GPP) response variables, measured using
stream ecosystem metabolism among the three
treatment streams with leaf litter added (treat-
ment) and three control streams with no litter
added (control), were analyzed using repeated-
measures analysis of variance (ANOVA). In this
analysis, ER and GPP were evaluated before and
then one, three, and five weeks (repeated measure)
after the first litter addition in control and treat-
ment streams (fixed factor) with three replicates
and stream identity included as a random factor.
We tested for differences between control and
treatment streams (treatment) in MIMS-based den-
itrification at the reach scale with ANOVA. To
evaluate between-substrate differences in DEA-
based denitrification, we conducted ANOVA on
assays from epilithon, FBOM, and leaves (sub-
strate) taken from the three leaf addition streams,
keeping streams as replicates. We also tested for
differences in denitrification at the reach scale
using substrate-specific DEA measurements multi-
plied by standing stock biomass of the individual
substrate types with each reach. This analysis was
a repeated-measures ANOVA where up-scaled
DEA-based denitrification was evaluated between
control and leaf addition streams (treatment)
before and after the second leaf addition (repeated
measure). No data transformations were necessary
to satisfy the assumptions of any of these analyses.

RESULTS

Condition of experimental streams and the fate of
organic matter added

The experimental streams had relatively high
concentrations of nitrate ranging between 1.3 and
8.1 mg/L (Table 1), typical of the agricultural
waterways of the Canterbury Plains. In other
respects, the streams were small (1.2–2.0 m wide)
and relatively shallow (0.14–0.41 m deep) with
moderate current velocities (0.1–0.3 m/s). In con-
trast to many agricultural waterways on the plains
(Greenwood et al. 2012, Burdon et al. 2013), they
were stony-bottomed (D50, 1.5–3 cm) and were rel-
atively free from fine sediment (fines cover <30%,
Table 1). The streams experienced some build-up
of weedy macrophytes during the study, but not
sufficient to require mechanical clearance.

Both leaf pack additions were successful in
increasing the abundance of organic matter in

the streams, with 33 kg of leaves added to each
stream in each addition. Leaf breakdown rates
were consistent across all three treatment
streams at ~0.0124 g AFDM/day, with no differ-
ences between streams according to ANCOVA
(time-by-stream interaction: F2,6 = 0.17, P = 0.85;
stream: F2,6 = 0.38, P = 0.70; time: F1,6 = 161.05,
P < 0.01; Fig. 2). Overall, this meant that benthic
biomass of CPOM was substantially increased in
treatment streams for at least the first month
after each leaf litter addition.

Ecosystem metabolism in experimental streams
The leaf litter additions resulted in significantly

increased ER in treatment streams. Despite
between-stream variability in ER and the relatively
low level of replication, measures of ER spanning
the five weeks following organic matter addition
consistently increased in treatment streams,
whereas there was no consistent change over time
in control streams (Fig. 3), indicated by a significant
time-by-treatment interaction in repeated-measures
ANOVA (Table 2). Thus, the litter addition boosted
heterotrophic activity within treatment streams,

Fig. 2. Litter breakdown rates from three treatment
streams where leaf litter was added in May 2011. Points
are averaged measurements of the proportion of origi-
nal leaf mass remaining in each stream in the days after
addition and the line indicates the fit of the overall time
effect from an ANCOVA (R2 = 0.96) where there was
no significant effect of stream (or interaction between
stream and time). Symbols indicate the measurements
for the three individual streams.
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potentially enhancing conditions for denitrification.
Moreover, based on the same ecosystem metabo-
lism measurements, GPP did not differ between
treatment streams or change over time, indicated
by no significant time or treatment effects in
repeated-measures ANOVA (Table 2, Fig. 3).

Denitrification in the experimental streams
Our reach-scale measurements of denitrification

taken after the first leaf addition in March 2011
based on MIMS techniques indicated that denitrifi-
cation was around three times higher on average
in treatment streams where the leaf litter was
added compared to control streams (F1,4 = 7.77,

P = 0.0494; Fig. 4). However, because we were
only able to use one-station MIMS methods, the
MIMS measurements incorporate denitrification
within the reach as well as some distance upstream
that were not subjected to our treatments. There-
fore, while the treatment streams had higher deni-
trification rates, we cannot attribute this solely to
the leaf additions using the MIMS results.
Comparison of the activities of denitrifying

enzymes (i.e., DEA) from samples taken from
treatment streams after the second leaf additions
in March 2012 indicated significantly higher rates
of denitrification were associated with samples
of leaves and FPOM compared to epilithon

Fig. 3. Ecosystem respiration (top) and gross primary production (bottom) from ecosystem metabolism mea-
surements over five weeks in 200-m reaches in three control and three treatment streams with leaf packs added
in lowland Canterbury. Measurements started on the day leaf packs were added (day zero), dark points and bars
indicate treatment fits from repeated-measures ANOVA with 95% confidence intervals, and light symbols indi-
cate measurements for individual stream reaches.
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(F2,6 = 6.746, P = 0.029; Fig. 5). We added boul-
ders to act as organic matter retention structures
and weights for leaf packs, and we did record
higher denitrification rates in epilithon associated
with those boulders compared to the gravels

normally found on the streambeds (F1,48 = 31.433,
P < 0.001). However, this was unlikely to have
had much effect on whole-stream denitrification
rates overall because (1) our boulders only com-
prised a small portion of the stream bottom, (2)
the denitrification rates of biofilms on the boulders
mostly fell below those associated with FPOM and
leaves, and (3) the biomass of all epilithon was
small relative to that of either FPOM or leaves.
Unlike the MIMS measurements, reach-scale

denitrification rates from scaled-up DEA measure-
ments did not reveal significant treatment effects.
After the second leaf addition (March 2012),
treatment streams tended to have higher DEA
compared to measurements taken prior (January
2012), whereas control streams did not consis-
tently increase or decrease over time (Fig. 6).
However, wide variance between control streams
meant no statistically significant interaction was
detected in repeated-measures ANOVA (date 9

treatment interaction: F1,4 = 3.525, P = 0.13;
Fig. 6). Nevertheless, the relatively wide confi-
dence intervals from these scaled-up DEA results
from control streams provided a useful basis for
modeling whole-network denitrification because
the variability helped define the extremes in den-
itrification that could be expected throughout a
stream network. Moreover, the leaf-specific rates
of denitrification determined from the DEA
assays provided a basis for extrapolating denitri-
fication levels associated with benthic organic
matter to the whole-network scale.

Table 2. Repeated-measures ANOVA tests of ecosys-
tem respiration (ER) and gross primary production
(GPP) among three treatment streams with leaf litter
added and three control streams with no litter
added (treatment) over five weeks (time, repeated
measure).

Source df MS F P

ER between streams
Treatment 1 219.6 0.564 0.495
Residuals 4 389.6

ER within streams
Week 3 36.52 2.038 0.1623
Treat 9 week 3 105.61 5.894 0.0103
Residuals 12 17.92

GPP between streams
Treatment 1 4.77 0.032 0.867
Residuals 4 149.66

GPP within streams
Week 3 41.11 0.828 0.503
Treat 9 week 3 35.92 0.724 0.557
Residuals 12 49.63

Note: The ANOVA model included a random effect of
stream, measurement units from ecosystem metabolism sam-
pling were g O2�m�2�d�1, and data were not transformed for
analysis.

Fig. 4. Reach-scale denitrification from membrane
inlet mass spectrophotometry (MIMS) measurements
from 200-m experimental reaches in three control and
three treatment streams with leaf litter added in low-
land Canterbury. Dark points and bars indicate treat-
ment fits and 95% confidence intervals from ANOVA,
and light symbols indicate measurements for individ-
ual stream reaches.

Fig. 5. Denitrification measured by denitrifying
enzyme assays (DEA) run on epilithon, fine benthic
organic matter (FBOM), and leaf substrates sampled
from treatment stream reaches where leaf litter was
added in March 2012. Dark points and bars indicate
treatment fits and 95% confidence intervals from
ANOVA using stream reaches as replicates, with light
symbols indicating measurements for individual
stream reaches.
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Empirical model of catchment denitrification
The fluxes of nitrate calculated from surveys of

the Ruataniwha/Cam River system were large
and relatively variable (Fig. 1). This variation
was potentially accounted for by local nitrate
inputs, the variable discharges of tributaries and
dilution associated with them, inputs of ground-
water, and finally sites of local denitrification
(Appendix S1: Table S1).

In the first scenario modeled, we estimated
baseline denitrification using a vf-den value gener-
ated from the MIMS data from the control
streams of 0.0444 mm/min (95% confidence inter-
val = 0.0284–0.0597 mm/min). In the second sce-
nario, we estimated baseline denitrification using
a vf-den value generated from the scaled-up DEA
assays from the control streams of 0.1913 mm/
min (95% confidence interval = 0.0–0.5095 mm/
min). Extrapolation of likely leaf input rates asso-
ciated with 0% vegetation indicated that inputs
were likely to increase from <100 g�m�2�yr�1 in
sites with <10% canopy cover to an asymptote
around 350 g�m�2�yr�1 in streams with more than
75% canopy cover. Importantly, these are the pro-
portions of the reach covered by vegetation, not
the proportions of stream length vegetated. In the

model, we predicted the effect of the added leaf
inputs associated with increasing riparian cover
and used leaf-specific denitrification values of
123 lg�g AFDM�1�h�1, with a 95% confidence
interval of 100–146 lg�g AFDM�1�h�1 to model
the likely range of denitrification associated with
additional leaf inputs.
Using vf-den values generated from the MIMS

data, the catchment model estimated a baseline
denitrification flux of 0.367 kmol/day or around
12% of the NO3

�
flux entering the stream net-

work. The model predicts that the denitrification
flux increases with increasing riparian cover to a
maximum of 1.061 kmol/day or 28% of the NO3

�

flux entering the stream network (Fig. 7). This is
a 189% increase in denitrification relative to base-
line. The confidence intervals around this first
estimate of denitrification associated with extrap-
olation from the MIMS measurement were well
constrained. In the second scenario, using vf-den
values generated from the scaled-up DEA assays,

Fig. 6. Reach-scale denitrification in both control
streams, where no leaves were added, and treatment
streams, where additional leaves were added, esti-
mated by scaling up benthic substrate-specific denitri-
fying enzyme assay (DEA) measurements according to
the abundances of those substrates within stream
reaches in January 2012, before the second leaf addi-
tion, and in March 2012 after that addition of leaves.
Dark points and bars indicate treatment fits and 95%
confidence intervals from repeated-measures ANOVA,
and light symbols indicate measurements for individ-
ual stream reaches.

Fig. 7. Empirical predictions of the relationship
between stream canopy cover and proportion of catch-
ment-scale Cam River/Ruataniwha nitrate removed
via denitrification calculated from denitrifying enzyme
assay (DEA, light gray and dashed line), or membrane
inlet mass spectrophotometry (MIMS, dark gray and
dotted line). N-removal calculations were based on
nitrate flux, leaf litter input rate given canopy cover,
and the expected amount of denitrification associated
with that leaf litter input determined from measure-
ments of the effects of experimental leaf litter addition
on in-stream denitrification. Gray areas show the best-
and worst-case scenarios calculated by combining 95%
confidence intervals for baseline denitrification and
that due to additional leaf litter.
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the model predicted a much higher baseline den-
itrification flux of 1.096 kmol/day or 28% of the
NO3

�
flux entering the stream network. Subse-

quent increases in riparian cover were predicted
to result in maximum removal of 39% of the
NO3

�
flux (1.750 kmol/day) entering the stream

network. Under these assumptions, increasing
riparian cover would lead to a more modest den-
itrification boost of 59.6% relative to baseline
(Fig. 7). The confidence intervals in this DEA-
based scenario were much wider.

DISCUSSION

Small headwater streams play a particularly
influential part in nutrient cycling via assimilation
and denitrification (Peterson et al. 2001, Bern-
hardt et al. 2003, Alexander et al. 2007). However,
in agricultural catchments where severe nutrient
imbalances occur leading to negative downstream
impacts (Vitousek et al. 2009), a lack of carbon
likely limits the activities of microbes that are key
drivers of denitrification (Lammers and Bledsoe
2017). To investigate how to alleviate excessive
inorganic nitrogen loading in headwater streams
of agricultural catchments, we experimentally
enhanced carbon stocks to boost in-stream nutri-
ent processing. We found that organic matter
additions over a six-week period enhanced deni-
trification by stimulating microbial activity. Local-
scale, substrate-specific, increases in denitrification
from leaves (confirmed using DEA) corresponded
to reach-scale increases in denitrification (mea-
sured using MIMS). Using these findings in an
empirical model indicated that removal of up to
39% of the nitrate flux entering the stream net-
work might be possible from a catchment if full
riparian cover was established. Altogether, our
investigation provides useful insights into key
mechanisms affecting efforts to reduce nitrogen
pollution in agricultural catchments, including
(1) the importance of overcoming carbon limita-
tion, (2) the role of heterotrophic processes, (3)
the value of combining empirical approaches,
and (4) the magnitude of potential benefits from
riparian restoration efforts at catchment scales.

Mean nitrate concentrations in our study streams
ranged between 1.3 and 8.1 mg/L (Table 1), which
approaches or is above the level, regarded as a
minimum bottom line (i.e., median 6.9 mg/L) for
freshwater health in New Zealand (Ministry for

the Environment 2014). Despite being regarded
as high in most places, such concentrations are
not uncommon in agricultural catchments around
the world. Our reach-scale leaf additions to repli-
cate streams resulted in denitrification rates that
were three times higher in treatment streams com-
pared to equivalent reaches in control streams,
with the amounts of denitrification generally in
line with those reported elsewhere (Lammers and
Bledsoe 2017). This enhanced denitrification in
treatment streams was associated with increases
in ER measured through stream metabolism tech-
niques in treatment compared to control streams,
but no significant changes in primary production.
Thus, denitrification increases were driven by the
enhanced heterotrophic activity of microbes
linked to the addition of labile carbon from leaf lit-
ter, suggesting that these agricultural waterways
were carbon-limited. These findings match the
widely applied expectation that carbon addition
in agricultural streams, through re-establishment
of riparian cover, will enhance denitrification by
bolstering heterotrophic activity (Arango et al.
2007, Craig et al. 2008).
Leaf litter provides a carbon substrate, food

source, and habitat for stream invertebrates, while
also providing a labile source of organic carbon
for microbes, so has widespread benefits for
stream ecosystems. The mixed leaves in our
experiment broke down at a moderate rate, con-
sistent with other New Zealand studies (Quinn
et al. 2000), but were still important in driving
enhanced denitrification at least six weeks after
addition. These reach-scale experimental results
are consistent with many other studies, using
a variety of approaches, demonstrating that
enhanced denitrification is commonly associated
with alleviation of carbon limitation (Fork and
Heffernan 2014, Waters et al. 2014). Moreover,
our results point to reduced denitrification capac-
ity, especially in agricultural streams, being associ-
ated with low abundances of heterotrophic
microbial communities (Veraart et al. 2014) and
carbon limitation being linked with high nitrate
levels (Arango et al. 2007). Thus, overcoming
carbon limitation is potentially an influential
restoration tool, offering widespread benefits in
agricultural streams. Thus, our study adds to the
small, but growing evidence that overcoming car-
bon limitation in degraded systems can enhance
denitrification (Lammers and Bledsoe 2017).
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Measuring denitrification in aquatic systems is
technically challenging (Groffman et al. 2006,
Pi~na-Ochoa and �Alvarez-Cobelas 2006, Burgin
and Hamilton 2007), so being able to quantify
denitrification at the reach scale increases
confidence that denitrification will indeed be
enhanced by riparian restoration activities in agri-
cultural streams when that is not necessarily the
outcome of many attempts at restoring nutrient
cycling (Lammers and Bledsoe 2017). The use of
multiple approaches and a fully replicated design
was integral to this. Firstly, measured rates of
ecosystem processes were all relatively variable
between streams and over time, as revealed by
measurements for individual streams, so full
replication, separate control streams, and use of
mixed-effects models allowed realistic and robust
tests. Measuring metabolism indicated that the
fundamental heterotrophic processes required to
boost denitrification were indeed occurring.
Although our reach lengths limited us to a single-
station denitrification measurement with the
MIMS technique, this resulted in a relatively con-
servative test and provided a measurement of
denitrification at the whole-reach scale appropri-
ate for our experiment. This was particularly
important given that bench-top DEA measure-
ments showed the expected patterns between
benthic substrates, but the scaling-up of DEA
measurements to reach scales resulted in large
amounts of variability between streams hindering
detection of treatment effects. This is not surpris-
ing given the challenges associated with infer-
ences from DEA (Groffman et al. 2006, Burgin
and Hamilton 2007); however, the confidence
intervals derived from DEA provided a useful
basis for determining the uncertainty associated
with extrapolation to catchments scales. Overall,
this mix of methodologies, applied across all
streams on each occasion, provided a robust
method for evaluating denitrification.

Putting together our measurements in the catch-
ment-scale empirical model provided useful esti-
mates of the potential influence of catchment-
wide riparian forest restoration on nitrogen fluxes
in a typical catchment. The first scenario, applying
the MIMS-derived baselines, indicated anything
>75% riparian cover would more than double the
amount of nitrogen removed by the stream net-
work through denitrification. Here, the best-case
scenario suggested up to 30% nitrogen removal

and the worst-case scenario around 20% removal.
These estimates, based on the most reliable
measure of baseline denitrification, suggest that
managers would get good value denitrification
from riparian restoration efforts. The confidence
intervals were much larger for the DEA-derived
baseline measures, so they were associated with a
much larger range of possible catchment-scale
effects ranging from 36% to 52% nitrogen removal
associated with achieving more than 75% riparian
cover. Thus, they still indicate substantial value in
terms of nitrogen removal from catchment restora-
tion efforts. Our catchment model is still relatively
simplistic, and the models rest on extrapolations
of the local flux measures, the baseline denitrifica-
tion values from experimental control streams, the
bench-top DEA measures of leaf-associated deni-
trification, and no longitudinal change process
rates. Nevertheless, the model provides a starting
place for evaluating effects at the catchment scale.
Obvious improvements would involve incorporat-
ing the effects of varying stream size (Reisinger
et al. 2015), the patchiness inherent in real stream
plantings, and refining the precision of denitrifica-
tion measurements (Lammers and Bledsoe 2017).
The benefits of leaf litter addition shown in

our study, including enhanced microbial activity
and denitrification processes, highlight the bene-
fits of promoting riparian plantings as a restora-
tion tool in agricultural landscapes. However,
actually achieving those benefits will depend on
the details of restoration activities (Newcomer
Johnson et al. 2016). For enhanced in-stream den-
itrification to occur, key components include
high nitrate levels, sufficient carbon stocks (e.g.,
leaf litter, wood addition), and increased carbon
retention (Lammers and Bledsoe 2017). For
example, for the riparian plants to be effective in
adding sufficient organic matter, the number of
plants and species (e.g., leaf traits, quality) and
ability of stream to retain organic matter would
need to be addressed in riparian management
plans. Management strategies targeting these
features will likely result in denitrification zones
(McClain et al. 2003) or similarly, key ecosystem
control points (Bernhardt et al. 2017), that would
be characterized by dynamic times and locations
where carbon availability, lability, and heterotro-
phy would increase denitrification.
The mass of leaf added in this study was meant

to approximate riparian restoration of small
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streams to a full riparian canopy. Current riparian
zones along agricultural waterways in the Canter-
bury Plains either lack riparian vegetation or exist
primarily as grass alone (Wilcock et al. 2009,
Renouf and Harding 2015). As a result, organic
carbon sources in agricultural waterways in the
region tend to be dominated by autochthonous
production (Greenwood et al. 2012, Burrell et al.
2014, O’Brien et al. 2014, Graham et al. 2015) or
inputs from the existing riparian grasses. While
grasses, aquatic macrophytes, and autotrophic
biofilms may provide a significant carbon source
(Menninger and Palmer 2007, Burrell et al. 2014),
they are often quick to decompose, so a goal for
riparian plantings aimed at boosting in-stream
denitrification should be to provide sources of
carbon which are consistently available. Restora-
tion of full riparian canopy cover over small
streams would most likely involve reduced auto-
chthonous production in favor of leaf litter; how-
ever, our data show that leaf litter provided
higher denitrification rates. In addition to leaf lit-
ter inputs, other options for increasing carbon
stocks have included organic debris dams and
large woody debris (Lazar et al. 2014), carbon
bioreactors and denitrification walls (Goeller et al.
2016), floodplain re-creation as a two-stage chan-
nel (Roley et al. 2012), and constructed wetlands
(Burchell et al. 2007, Hansen et al. 2016), each
reporting improvements in nitrogen processing,
retention, or removal. Based on a recent review of
riparian and stream denitrification, our in-stream
litter addition returned denitrification rates
around the median or upper quartile (10–50 mg
N�m�2�h�1) of those reported (Lammers and Bled-
soe 2017). Edge-of-field nitrogen reduction solu-
tions such as bioreactors can provide much
higher rates of denitrification, but being more
highly engineered solutions, are better suited as
key nitrogen control points in riparian systems
like tile drain outlets (Goeller et al. 2016). Among
strategies for nitrogen removal, riparian restora-
tion has the greatest potential to remove nitrogen
in comparison with hyporheic restoration or
floodplain reconnection (Lammers and Bledsoe
2017). However, riparian restoration is not a silver
bullet and will only address some of the nitrogen
problems, and a targeted approach to increas-
ing denitrification needs to be combined with
other land-based nutrient management practices,

including reductions in fertilizer application
(Newcomer Johnson et al. 2016).
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