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ABSTRACT: The environmental and health effects caused by nitrate
contamination of aquatic systems are a serious problem throughout the
world. A strategy proposed to address nitrate pollution is the restoration of
wetlands. However, although natural wetlands often remove nitrate via high
rates of denitrification, wetlands restored for water quality functions often fall
below expectations. This may be in part because key drivers for denitrification,
in particular soil carbon, are slow to develop in restored wetlands. We added
organic soil amendments that range along a gradient of carbon lability to four
newly restored wetlands in western New York to investigate the effect of
carbon additions on denitrification and other processes of the nitrogen cycle.
Soil carbon increased by 12.67−63.30% with the use of soil amendments (p ≤
0.0001). Soil nitrate, the carbon to nitrogen ratio, and microbial biomass
nitrogen were the most significant predictors of denitrification potential.
Denitrification potential, potential net nitrogen nitrification and mineralization, and soil nitrate and ammonium, were highest in
topsoil-amended plots, with increases in denitrification potential of 161.27% over control plots. While amendment with topsoil
more than doubled several key nitrogen cycling processes, more research is required to determine what type and level of
amendment application are most effective for stimulating removal of exogenous nitrate and meeting functional goals within an
acceptable time frame.

■ INTRODUCTION

Water pollution caused by excessive inputs of nutrients
(eutrophication) is a serious problem throughout the world
and has been consistently ranked as a top cause of degradation
in U.S. waters.1 Nitrate (NO3

−) contamination of coastal
aquatic systems is a particular concern. Anthropogenic activities
have doubled the cycling of reactive N on Earth, leading to air
and soil pollution, human health concerns, and increased
delivery of NO3

−, the most common and mobile form of
reactive N, to receiving waters.2 A strategy proposed for
addressing eutrophication of aquatic ecosystems and human
health problems is the restoration and creation of wetlands.3,4

Researchers have estimated that movement through such
wetlands and riparian zones can reduce NO3

− content of
upland runoff from 30 to 85% annually.5,6

Wetlands reduce NO3
− primarily through plant uptake,

microbial immobilization, and dissimilatory respiration pro-

cesses.7,8 Storage in plant or microbial biomass can result in N-
enrichment of the wetland and these pools can be saturated as
excessive inputs result in decreased removal potential of NO3

−

over time.9 In contrast, NO3
− can be completely removed from

the wetland system by reduction of NO3
− to the N gases nitric

oxide (NO), nitrous oxide (N2O), or harmless diatomic
nitrogen (N2).

2 This process is known as denitrification, and
is traditionally seen as the most important removal mechanism
of NO3

− from ecosystems, although other dissimilatory
processes such as the reduction of nitrate to ammonium
(DNRA), anaerobic ammonium oxidation (anammox), and
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chemoautotrophic denitrification through iron or sulfur
oxidation have also been shown to be important.10

Denitrification is primarily carried out by facultative
anaerobic bacteria, most of which are heterotrophic and use
carbon (C) as a source of energy.11 In wetland soils,
denitrification rates are controlled by oxygen status and the
presence of sufficient amounts of NO3

− and organic carbon
(Corg).

12,13 Organic C provides an energy source for
denitrifying bacteria.5,6,14 Because the established vegetation
and topsoil are often removed as part of the restoration
methodology, restored wetlands often have relatively low levels
of soil C and microbial activity relative to natural wet-
lands.7,8,15−17 Despite the importance of soil C in providing the
substrate for NO3

− removal functions, soil conditions are often
the least considered aspect of wetland restoration.9,18

The addition of C via soil amendments has been suggested as
a way to hasten soil development and associated water quality
functions of restored wetlands.2,19 Amendments such as
compost, straw, and topsoil have been shown to increase C
and N pools. They also have been shown to increase soil
moisture and phosphorus sorption, stimulate nutrient cycling
and microbial community development, and decrease bulk
density in both coastal and inland restored wetlands.10,20−25

Specific recommendations for incorporating soil amendments
into wetland restoration plans are rare, however, and there has
been little analysis of amendments in sites specifically designed
for NO3

− removal. Of the research that has been published,
recommendations are conflicting. Some studies recommend the
use of amendments, while others report no beneficial effects,
indicating that the time and money invested into incorporating
amendments is not worthwhile.11,21,25,26 Much confusion
remains regarding whether the cost of amendments is
worthwhile, and if so, how much and what type of amendment
to incorporate into the soil for maximum NO3

− removal.
We hypothesize that the unique properties of different

amendments are particularly influential to NO3
− removal.

Specifically, we expect that N dynamics are influenced by the
effects of amendments on the pool of labile C (CL), NO3

−

levels, and the carbon to nitrogen ratio (C:N) of the soil. In this
study, we added organic soil amendments that range along a
gradient of carbon lability to four newly restored wetlands in
western New York to investigate the effect of carbon additions
on denitrification and other processes of the nitrogen cycle and
to address the following questions: (1) Are differences in
hydrology and background soil conditions among sites more
powerful indicators of denitrification potential than treatment
differences? (2) Do differences in the CL of wetland soil

influence denitrification potential and N cycling in restored
wetlands? (3) Can the CL of newly restored wetland soil can be
influenced through addition of soil amendments?

■ MATERIALS AND METHODS

Site Description. The experiment was conducted in four
newly restored wetlands, each within 120 km of Ithaca, New
York. Each wetland was restored in July 2007 on retired
agricultural fields by removing topsoil and using that soil to
build a flood control berm. Although they were all similar in
topography, size, and history, they differed in soil type and
hydrology (Table 1).12,13,19 Sites 1 and 2 were restored on the
property of Jim Carter by Marshland Excavating and were
permitted by the Seneca County Soil & Water Conservation
District as a part of the USDA Natural Resources Conservation
Service Wetland Reserve Program. Site 3 was restored on the
property of the Cornell University Biological Field Station, also
as a part of the USDA Natural Resources Conservation Service
Wetland Reserve Program. Site 4 was restored by the Upper
Susquehanna Coalition as a mitigation wetland and is located in
the Goetchius Wetland Preserve, now property of the Finger
Lakes Land Trust. The restored wetlands were all palustrine
emergent depressional wetlands.27−30

Experimental Design. Immediately after restoration,
before flooding occurred, at each of the four sites, we
established 25 2 × 2m experimental plots to measure soil
parameters (five replicates of each of five treatments). Each plot
was separated from its nearest neighbors by two meters. To
ensure minimal elevation variation between plots, the bottom
topography was leveled with bulldozers during restoration.
The treatments (straw, topsoil, a 50:50 mix of straw and

biochar, and biochar) were assigned to plots in a randomized
block design. Carbon content was equalized across all
treatments, with 8 kg of organic C added to each plot. This
represented an increase of 66% to over 350% over the amount
of pretreatment C levels, depending on the site. All plots,
including the control plots, were roto-tilled to 0.1 m depth. The
straw treatment was composed of dry stalks of organically
grown Triticum aestivum subsp. spelta obtained from Oescher
Farm in Newfield, New York. The biochar was made from a
mixture of hardwoods by fast pyrolysis at 450 °C with a
retention time of less than five seconds (Dynamotive,
Vancouver, Canada). The topsoil amendment of each site
was taken from homogenized topsoil of that same site.
Before treatments were applied, 0.1 m deep soil cores were

taken of both topsoil and subsoil were taken at each site using a
chrome molybdenum corer (19 mm diameter) pushed gently

Table 1. Site Characteristics of the Four Restored Wetlands Examined in This Study, From Ballantine et al. (2012)

site location
landscape
position soil type

soil
saturation

area
(ha)

1 42°55′39″N depression Canandaigua: very deep, poorly drained, fine-silty, nonacid, mesic Mollic Endoaquepts consistent 1.2
76°51′31″W

2 42°55′37″N depression Alden: deep, poorly drained, fine-loamy, nonacid, mesic Mollic Endoaquepts consistent 0.8
76°51′22″W

3 42°23′11″N depression Canandaigua: very deep, poorly drained, fine-silty, nonacid, mesic Mollic Endoaquepts intermittent 0.8
76°18′17″W

4 43°10′11″N depression Middlebury: very deep, moderately well drained, coarse-laomy, mesic Fluvaquentic Eutrudepts intermittent 2.4
75°56′04″W
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into the soil. Eight randomly distributed cores of topsoil were
collected before restoration at each site, and eight more
randomly distributed cores were taken again of the subsoil
postexcavation. One core per treatment plot was taken in July
of 2008 and 2010, Year 1 and Year 3 after the wetlands were
restored. All cores were stored at 4 °C in the dark until analysis
following homogenization and rock removal. To isolate the
effects of amendments on soil functions, we removed
vegetation from the plots. This enabled us to differentiate the
effect of soil amendments on the response variables. For
example, we would not be able to confidently say that increases
in denitrification potential were due to the addition of
amendments if the plant biomass or composition differed
across plots. A separate study ultimately revealed that
amendments did not influence plant biomass or diversity and
there was minimal plant growth (Ballantine et al. 2012).
Each site was surveyed and the water level was measured

with a series 12 0.6 m deep PVC wells distributed evenly
throughout each site. Elevation of the water table was measured
in wells once monthly during the growing season Year 1 and
Year 3. Water table depths relative to the soil surface were
averaged to create a single overall index of soil flood condition
across each site.
Laboratory Analysis. Soil cores collected in July of Year 1

and Year 3 were analyzed for denitrification potential, potential
net N mineralization and nitrification, and levels of microbial
biomass N, soil NO3

− and ammonium (NH4
+). Properties that

influence denitrification were also analyzed, including CL, soil
C, pH, soil moisture, and site hydrology. Soil cores were stored
at 4 °C after sampling and analyzed within 3 days at field
moisture following homogenization and rock removal.
Denitrification potential was measured using the denitrifica-

tion enzyme activity assay described by Smith and Tiedje.2,31−33

This procedure is based on the ability of acetylene (C2H2) to
inhibit the reduction of N2O to N2. Therefore, in the presence
of C2H2, N2O becomes the terminal product of denitrifica-
tion.33,34 Soils in the lab were combined with a mixture of (1)
acetylene (10 kPa) to prevent N2O from being reduced to N2,
(2) glucose (40 mg kg−1) and KNO3 (100 mg N kg−1) to
provide excess substrate for existing enzymes, and (3)

chloramphenicol (10 mg kg−1) to block production of new
enzymes during incubation. The soil slurries were made
anaerobic by evacuation and flushing with N2 gas and placed
on an orbital shaker. Gas samples were taken at 30 and 90 min,
stored in evacuated glass tubes, and analyzed for N2O by
electron capture gas chromatography.
The pool of labile C, microbial biomass N, potential net N

mineralization and nitrification, and levels of soil NO3
− and

NH4
+ were measured using the chloroform fumigation-

incubation method.35 Microbial cells in the soil samples were
killed and lysed by fumigation for 20 h with chloroform. The
fumigated samples were then inoculated with a small amount of
fresh soil to introduce microorganisms that metabolize the
lysed microbial cells in the original sample. The carbon dioxide
(CO2) flush and extractable mineral nitrogen (NH4

+ and
NO3

−) released by the actively growing cells during a 10-day
incubation are directly proportional to the amounts of carbon
and nitrogen in the microbial biomass of the original soils.
Ten-day incubations of nonfumigated samples provided

estimates of the pool of CL and potential net mineralization and
nitrification rates. The pool of CL in the soil was quantified as
the amount of CO2 evolved over the 10-day incubation of the
nonfumigated sample.36 Potential net N mineralization was
quantified as the accumulation of mineral N (NH4

+ and NO3
−)

and potential net N nitrification was quantified as the
accumulation of NO3

− during this incubation. Nitrate and
NH4

+ were quantified colorometrically using a Lachat
Quikchem 8100 flow injection analyzer. CO2 production was
measured by thermal conductivity gas chromatography. Soil
moisture was quantified by drying at 105 °C for 24 h.
Soil C was analyzed using an Elementar Vario elemental

analyzer (Elemantar Analysensysteme GmbH, Hanau, Ger-
many) coupled to a PDZ Europa 20−20 isotope ratio mass
spectrometer (Sercon Ltd., Cheshire, UK) by the Stable
Isotope Facility, University of California, Davis, CA.

Statistical Analysis. A mixed-model MANOVA (fixed
effects = treatment, site, year, treatment×site, treatment×year,
site×year, treatment×site×year; random effect = plot ID) was
performed to assess significant effects across all soil variables
measured in this study (Statistical package R). Next, univariate

Table 2. Site Soil and Amendment Chemical Properties Based on 2007 Pre-Restoration Conditionsa

treatment
C

(g/kg)
N

(g/kg)
P

(mg/kg)
K

(mg/kg)
Mg

(mg/kg)
Ca

(mg/kg)
Fe

(mg/kg)
Al

(mg/kg)
Mn

(mg/kg)
Zn

(mg/kg)
Cu

(mg/kg) pH
NO3

(mg/kg)

straw 441.7 4.4
biochar 614.7 6.6 34.40 6028.00 274.00 2346.00 70.40 0.40 48.00 3.42 7.18 0.00
topsoil
(site 1)

45.9 4.18 55.20 413.34 3658.40 3.54 8.00 6.92 0.21 0.72 6.68 0.00

topsoil
(site 2)

198.6 3.20 31.00 485.40 7067.00 495.20 140.30 17.70 7.90 1.90 5.21 27.02

topsoil
(site 3)

39.3 2.84 30.60 689.04 5699.40 6.40 15.24 19.20 0.45 1.70 7.11 1.20

topsoil
(site 4)

25.8 1.34 49.20 101.08 664.00 37.12 161.94 39.18 1.20 0.30 5.38 0.00

subsoil
(site 1)

21.3 1.1 0.80 38.67 1077.57 14427.67 29.80 35.93 62.43 0.18 19.20 7.90 0.00

subsoil
(site 2)

30.2 1.2 0.96 24.80 820.46 6491.20 70.14 43.94 27.60 1.64 1.75 6.98 0.00

subsoil
(site 3)

16.6 0.6 0.96 31.60 1074.92 13182.60 3.78 51.82 30.42 0.17 16.16 7.88 1.10

subsoil
(site 4)

06.2 1.1 0.66 23.40 47.88 370.20 30.56 120.42 17.28 0.43 0.42 5.13 0.00

aSoils were sampled to 0.1 m depth. P, K, Mg, Ca, Fe, Al, Mn, Zn, Cu, and NO3 extracted using the Morgan method (Morgan 1941). From
Ballantine et al. (2012).
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mixed-model ANOVAs were performed using the same model
design as the MANOVA to assess significant effects for
individual response variables (JMP version 9, SAS Institute,
Inc.). Because there were no consistent differences in any of the
response variables across time, year was also included as a
random variable in the ANOVA model. In cases where
significant fixed effects were detected, pairwise comparisons
among groups were made with Tukey’s test of Honestly
Significant Difference (HSD). In addition, bivariate regression
analyses were performed to compare specific response variables
that have been reported in the literature to influence N cycling.
All variables were tested for normality and homoscedascity and
were transformed to meet these criteria where necessary.

■ RESULTS

Preamendment and Hydrologic Site Characteristics.
Physical and chemical properties of the subsoil differed among
the newly restored sites (Table 2). In particular, pretreatment
soil C differed among sites (p = 0.0251), and was highest in Site
2 (30.2 g/kg), followed by Site 1 (21.3 g/kg), Site 3 (16.6 g/
kg) and, finally by Site 4 (06.2 g/kg). Initial pH also differed
significantly among sites (p ≤ 0.0001). Site 4 had significantly
more acidic soils than all other sites (5.13), while the soil of Site
2 was close to neutral (6.98), and Sites 1 and 3 were
significantly more basic than the other sites (7.9 and 7.88,
respectively). Soil N did not differ significantly among sites.
Water level also differed among sites. Sites 1 and 2 were

consistently inundated for much of the growing seasons of Year
1 and Year 3, with water levels dropping below the soil surface
in August of Year 1 in Site 1, and August of Year 1 and Year 3
in Site 2. In contrast, Site 4 was intermittently inundated
throughout the growing season. Site 3 was not submerged in
Year 1, but was flooded for much of Year 3 (Figure 1).
Physical and Chemical Soil Variables. The addition of

different soil amendments to the four restored wetlands
significantly influenced processes and products of the N
cycle, as well as soil variables known to influence NO3

−

removal via denitrification. The mixed model MANOVA of
all response variables identified significant effects of treatment,
site, year, treatment×year, site×year, and treatment×site across
all response variables (Wilks’ Lambda p ≤ 0.0001, <0.0001,
<0.0001, 0.0279, <0.0001, <0.0001, respectively).
The mixed model ANOVA of CL, our primary intended

treatment effect, found a significant effect of treatment and site
(p < 0.0001, 0.0410, respectively). Plots amended with straw
(Straw and Mix) had higher CL, while Topsoil plots had higher
CL than Biochar and Control plots, though not significantly so
(Figure 2). Site 1 had significantly higher CL than all the other
sites.
The addition of soil amendments also significantly increased

soil C relative to controls, with biochar and topsoil amend-
ments showing the highest increases (Figure 3A). The mixed
model ANOVA of soil C found a significant effect of treatment
and site (p ≤ 0.0001 for both). Soil C was significantly higher in

Figure 1. Water level (m) above or below soil surface (zero level) as an average of 12 well measurements across each site on each date (mean +
standard error). From Ballantine et al. (2012).

Figure 2. Pool of labile carbon by treatment averaged across all sites
and years (mean + standard error). Letters above the bars summarize
the results of post hoc comparisons among treatments. Treatments not
linked by a common letter are significantly different.
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Sites 1 and 2, than in Site 3, which was significantly higher than
Site 4.
Like the C variables, other soil properties known to influence

N cycling differed significantly among treatments and sites. The
mixed model ANOVA of C:N found a significant effect of
treatment and site (p < 0.0001 for both). Biochar and Mix plots
had the highest C:N, followed by Straw, Control, and Topsoil
plots. Site 2 had significantly higher C:N than all other sites,
followed by Sites 1 and 3, which were significantly higher than
Site 4 (Figure 3B).
The mixed model ANOVA of soil moisture found a

significant effect of treatment and site (p = 0.0012, <0.0001,
respectively). Topsoil and Straw plots had the highest soil
moisture, followed by Mix, Biochar, and finally Control plots.
Soil moisture was significantly higher in Site 1 than all other
sites, followed by Site 2, Site 4, and finally Site 3, which had
significantly lower soil moisture than Site 2. Treatment and site
also had significant effects on pH, according to the mixed
model ANOVA (p = 0.0215, <0.0001, respectively). Posthoc
analyses revealed no differences among treatments, but showed
that Sites 2 and 3 had significantly higher pH than Site 1, and
all three sites had significantly higher pH than Site 4.
Soil N pools were also significantly influenced by treatment

and site differences. The mixed model ANOVA of NH4
+ found

a significant effect of treatment and (p = 0.0073, <0.0001,
respectively). Levels were significantly higher in Topsoil plots
than in Biochar, Straw, and Control plots. Ammonium was
significantly greater in Sites A and D than Site B, all of which
were greater than Site 3 (Figure 3D). For soil NO3

−, there was
a significant effect of treatment and site (p = 0.0013, <0.0001,
respectively). Soil NO3

− in Topsoil plots was significantly

higher than in Mix and Straw plots, but not significantly
different from Biochar and Control plots (Figure 3C). Sites D
and C had significantly higher levels than Sites B and A.

Processes and Products of Nitrogen Cycling. Deni-
trification potential was significantly influenced by the amend-
ment added (p ≤ 0.0001), with the highest rates in plots that
had been amended with Topsoil, followed by plots that had
been amended with Biochar (Figure 4A). Specifically, Topsoil

plots had significantly greater denitrification potential than all
other plots, while Biochar plots had significantly greater
denitrification potential than Straw and Control plots. In
addition to a treatment effect, the mixed model ANOVA of
denitrification potential found a significant effect of site (p =
0.0147). Specifically, Sites 4 and 3 had significantly greater
denitrification potential than Site 2, but not Site 1.
Potential net N nitrification and mineralization showed

similar patterns across treatments and sites. Both processes
were significantly influenced by the amendment added (p ≤
0.0001 for both). Potential net nitrification rates were higher in
Control and Topsoil plots than in Straw and Mix plots, and
potential net N mineralization was higher in Control, Topsoil,
and Biochar plots than Straw and Mix plots (Figure 4B and C).
Site effects were also found to be significant in mixed model
ANOVAs of potential net nitrification and N mineralization (p
≤ 0.0001, 0.0052, respectively). Specifically, Sites 1 and 3 had
higher nitrification rates than Sites 2 and 4.
The addition of topsoil amendments increased microbial

biomass N over all other treatments (p ≤ 0.0001). A mixed
model ANOVA also found a significant effect of site (p ≤
0.0001), in which Site 4 had significantly higher levels than all
the other sites, followed by Site 1, Site 3, and, finally, Site 2,

Figure 3. Concentrations of soil carbon, C:N, nitrate, and ammonium
by treatment across all sites and years (mean + standard error of raw
data). Letters above the bars summarize the results of post hoc
comparisons among treatments for each variable. Treatments not
linked by a common letter are significantly different. Note: post hoc
comparisons of C:N, nitrate, and ammonium were performed on
transformed data.

Figure 4. Denitrification potential, potential net N nitrification,
potential net N mineralization, microbial biomass N by treatment
across all sites and years (mean + standard error of raw data). Letters
above the bars summarize the results of post hoc comparisons among
treatments and were performed on transformed data. Treatments not
linked by a common letter are significantly different.
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which had significantly lower microbial biomass N than Site 1
(Figure 4D).
Bivariate regression analyses identified significant positive

correlations between mean denitrification potential for each
treatment and the corresponding treatment means of soil NO3

−

(r2 = 0.825; p = 0.032; Figure 5B) and microbial biomass N (r2

= 0.822; p = 0.034; Figure 5C), but there was no correlation
with treatment means of CL (r

2 = 0.189; p = 0.464; Figure 5A).

■ DISCUSSION

Processes and products of the N cycle essential for NO3
−

removal from surface and groundwater were significantly
influenced by the addition of soil amendments to restored
wetlands. In particular, our data confirms that soil NO3

−, C:N,
and microbial biomass N can be significantly influenced by the
addition of soil amendments, and, in turn, these characteristics
influence N cycling processes.
Site Factors Controlling Denitrification Potential and

Nitrogen Cycling. Denitrification potential differed among
sites, with the intermittently flooded Sites 3 and 4 having
significantly higher rates than the consistently flooded Site 2.
This finding is consistent with previous work suggesting that
alternating periods of saturation and drying create optimal
conditions for denitrification, with aerobic periods recharging
pools of labile C and NO3

−.37

Higher denitrification potential in Sites 3 and 4 may also
have been driven by the relatively high microbial biomass N
and levels of NO3

− in these sites. Although soil C was lowest in
Site 4, microbial biomass N was significantly higher in Site 4
than the other sites. This trend appears to have been driven by
relatively high native microbial biomass N in the subsoil and
topsoil of Site 4 compared to other sites. Soil NO3

− was also
significantly higher in Sites 3 and 4. The majority of NO3

− in
wetlands is supplied by incoming water and nitrification of
mineralized NH4

+. It is unlikely that the amounts of NO3
−

entering Sites 1 and 2 were significantly different than the
amounts in the ground and surface water entering Sites 3 and 4.
However, NO3

− supplies could be greater in these sites due to
more intermittent periods of drying, during which nitrification
could occur.

It does not appear that soil pH was a factor driving
denitrification potential in our sites and surprisingly, the site
with the lowest pH had the highest denitrification potential.
Denitrification is commonly positively correlated with pH, so it
is notable that the opposite was true in this study. However,
similar results have been observed in low pH (≤4.5) soils of
tropical rainforests,14 created nontidal freshwater wetlands,38

and mixed hardwood and heath wetlands,39 revealing that
denitrifying bacteria can be active in strongly acidic soils.40

Amendment effects on Denitrification Potential and
associated Nitrogen Cycling processes. While some
studies have reported that denitrification in restored wetlands
is limited by C availability,15,41−43 in these wetlands soil NO3

−,
C:N, and microbial biomass N were stronger predictors of
denitrification potential than CL. A positive influence of soil
NO3

− on denitrification potential is well-established,39,44−51

and microbial biomass N and C:N have also been shown to be
useful indices of N richness in wetland soils and important
predictors of N cycling.52,53

Topsoil plots had the highest rates of denitrification
potential, potential net N nitrification and mineralization, the
lowest C:N and the highest levels of NH4

+, NO3
−, and

microbial biomass N. The relatively high denitrification
potential in Topsoil plots is likely explained by an optimal
C:N ratio for producing high labile C and N for the processes
of the N cycle. The treatments with the highest CL (Mix and
Straw) had the highest C:N and the lowest soil nitrate. It is
likely that the high C:N stimulated immobilization and reduced
net mineralization and nitrification of soil N, creating N
limitation of denitrification and reducing the influence of CL on
denitrification potential. Whereas the Topsoil amendment
provided a mix of labile C and N that stimulated the highest
rates of denitrification, the high C:N of Straw and Biochar plots
likely did not provide enough N to stimulate denitrification
potential and internal N cycling. Given the high CL in plots
containing straw, N cycling may be stimulated by sufficient
inputs of exogenous N. As high inputs of exogenous N are
found in many restored wetlands, future research will compare
straw and topsoil amendments under different NO3

− loading
scenarios.

Figure 5. Treatment means of denitrification potential versus treatment means of the labile carbon pool (A), soil nitrate (B), and microbial biomass
N. Point labels indicate treatments (C = Control, S = Straw, T = Topsoil, M = Mix B = Biochar). Error bars represent standard error. Fit lines in
plots B and C correspond with significant correlations.
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Rates of potential net N nitrification and mineralization
across all treatments were in the normal range of similar
restored wetlands, but significantly lower than values reported
for comparable natural wetlands, suggesting that they have less
well developed capacities for nutrient cycling and sustained
plant production.15,53 Negative nitrification values are not
uncommon, and indicate a net immobilization of NO3

−.
Negative mineralization values indicate that while the sites are
not a source of NO3

− to the surrounding environment, supply
of N to plants is low.
Soil Amendments and Labile Carbon Pools. CL was

significantly influenced by the addition of amendments, with
Straw and Mix plots having the highest CL. The pool of labile C
is affected by production from organic matter and the addition
of amendments as well as by consumption by microbes. The
differences in this study were likely driven primarily by the
unique structural and chemical composition of the amend-
ments. Highly labile C sources are usually quickly decomposed
into CO2 and stable soil organic matter. The speed and extent
of decomposition is determined by the structure and chemical
composition of the substrate as well as by environmental
conditions such as temperature, which did not differ
significantly among plots. Differences in soil quality influence
the abundance, composition, and activity of decomposers,
which in turn also determine rates of decomposition.54

Straw is composed exclusively of plant material and thus
contains a greater proportion of decomposable nonhumic
substances (e.g., carbohydrates, proteins, and fats) and phenolic
substances (e.g., lignins and tannins) than other amendments.
Because straw is intermediately labile, it produces a steady
supply of labile C. Topsoil is composed of a complex of plant,
microbial, and animal products in various stages of decom-
position as well as an inorganic mineral component (e.g., sand
and clay). Like straw, topsoil contains nonhumic and phenolic
substances. However, topsoil also contains highly decomposed
and complex mixtures of humic substances.55 Humic substances
are composed of high-molecular weight aromatic structures
formed by dynamic alterations of resistant tannins and lignins
by abiotic and biotic reactions and are highly recalcitrant. The
higher proportion of C bound up in humic compounds was
likely responsible for the lower CL of these plots.
The pool of labile C in Straw plots was almost twice that of

the Biochar plots. Amending subsoil with biochar did not
increase CL relative to controls, likely due to the structure of
biochar, which is dominated by a core of aromatic C rings.56

These C rings are highly stable thereby making biochar far
more resistant to microbial decomposition than unmodified
organic matter such as straw. In terrestrial ecosystems, biochar
has been shown to have a very long residence time in the soil
(e.g., hundreds to thousands of years).57 Due to the slow
decomposition rate of biochar, it has the potential for long-term
C sequestration in the soil. Because of this, it has been
suggested that the application of biochar to soil could be a
significant long-term sink for atmospheric CO2, making it a
possible strategy to mitigate climate change.58,59

Costs Versus Benefits of Soil Amendments in
Restored Wetlands. While natural wetlands are known to
have highly effective water quality functions, wetlands restored
to replace lost ecosystem functions often go unevaluated or fall
below expectations. Previous examination of restored wetlands
have revealed that key drivers for denitrification, such as the
amount of Corg in the soil, are slow to develop to the levels of
their natural counterparts.17 This research shows that CL and

levels of Corg of restored wetland soil can be increased with the
use of soil amendments. Denitrification potential among
amendments was correlated with soil NO3

−, C:N, and
microbial biomass N, but not with CL as hypothesized. Rates
of denitrification potential were more than three times as high
in Topsoil plots than in unamended Control plots. The
potential benefits of straw and biochar treatments for increasing
denitrification potential were less clear. Neither straw nor
biochar inhibited N cycling, but more research is needed to
determine if there are benefits of these amendments (e.g., long-
term carbon sequestration, denitrification of exogenous nitrate)
that justify the additional cost and effort of application. In
particular, future studies should compare topsoil and straw
amendments under different N input scenarios to determine
how C:N affects internal vs external N cycling. While topsoil
additions provided the best mix of labile C and N and thus was
the most balanced amendment promoting internal N cycling,
straw’s high C:N might stimulate high denitrification rates in
the presence of exogenous NO3

−.
Addition of any amendment, particularly topsoil, adds to the

cost of a restoration project. Costs can be minimized, however,
if the topsoil used is salvaged from the restoration site itself
instead of transferred from elsewhere. Restoration projects that
require soil removal instead of, for example, simple drain tile
removal, can be bulldozed slightly deeper to make room for
addition of topsoil that was separated in the initial phases of
restoration. In this way, topsoil can be used as a soil
amendment and the desired water level can still be managed.
Before choosing to use a site’s native soil as a topsoil source,
however, care must be taken to make sure it is free of invasive
species whose propagules and seeds may be contained in the
seed bank.
In this study, we found that soil NO3

−, C:N, and microbial
biomass N were significant factors explaining differences in
denitrification potential among sites. These findings reflect the
potential influence of background soil conditions in stimulating
water quality functions of restored wetlands, and emphasize the
importance of considering soil conditions when selecting
potential restoration sites. For example, the high variability in
rates of N cycling processes of Topsoil plots reflects that the
degree of benefit from topsoil additions will depend on the
nature of the topsoil itself. Therefore, it is important to
thoroughly test topsoil as a part of site selection and
amendment planning.
Some site variables generally found to influence denitrifica-

tion did not explain the observed site differences. While pH,
soil C, soil moisture, and site hydrology did not appear to be
indicators of denitrification potential in our sites, we continue
to recommend that these variables be considered in site
selection for restored wetlands with goals of water quality
functions. Future research will reveal how differences in
denitrification potential among treatments and sites change
over time, and perhaps further illuminate mechanisms explain-
ing the observed differences among sites.

■ AUTHOR INFORMATION

Corresponding Author
*Phone: (413) 230-1897; fax: (413) 538-2239; e-mail:
kballant@mtholyoke.edu.

Notes
The authors declare no competing financial interest.

Environmental Science & Technology Article

dx.doi.org/10.1021/es500799v | Environ. Sci. Technol. 2014, 48, 7365−73737371

mailto:kballant@mtholyoke.edu


■ ACKNOWLEDGMENTS

We thank the Upper Susquehanna Coalition, the Cornell
Biological Field Station, John Brewer and Jim Carter of
Marshland Excavating, and Ron Vanacore, David Kitchie, and
Kim Farrell of the USDA-NRCS for help in finding and
restoring the field sites. Nick VanKuren, Andrew Myers, Masha
Pitiranggon, Brian Stilwell, and Jason Andras provided help in
the lab and field. This manuscript benefited from the comments
and suggestions of three anonymous reviewers. Financial
support was provided by the Environmental Protection Agency
Science To Achieve Results Fellowship, the IGERT in
Biogeochemistry and Environmental Biocomplexity Small
Grant Award, the Andrew W. Mellon Student Research
Grant, and the P.E.O. International Scholars Award.

■ REFERENCES
(1) Conley, D. J.; Paerl, H. W.; Howarth, R. W.; Boesch, D. F.;
Seitzinger, S. P.; Havens, K. E.; Lancelot, C.; Likens, G. E. Ecology.
Controlling eutrophication: Nitrogen and phosphorus. Science 2009,
323, 1014−1015.
(2) Seitzinger, S.; Harrison, J. A.; Böhlke, J. K.; Bouwman, A. F.;
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