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a  b  s  t r  a  c  t

In the  last  several  decades,  there  has  been  considerable  effort  to protect  and  restore  wetlands  throughout
the  USA.  These  efforts  have  required  significant  investment  of both  private  and  public  funds.  Accordingly,
it  has  become  important  to  document  the effectiveness  of  this  protection  and  restoration.  This  study  for
the  Mid-Atlantic  Region  (MIAR)  Wetland  Conservation  Effects  Assessment  Project  (CEAP)  was  part  of  the
US Department  of  Agriculture  CEAP.  This study  compared  natural,  converted,  and hydrologically  restored
wetlands  in  the  states  of  Delaware,  Maryland,  and  Virginia.  There  were  forty-eight  total  sites,  and  each
site  was  sampled  at 4 landscape  elevations  (wettest  to driest)  during  a three  year  period.  Here  we  report
an  assessment  of  soil  denitrification  conducted  as  one  component  of the  MIAR  Wetland-CEAP  using deni-
trification  enzyme  activity  (DEA).  DEA  values  varied  significantly  with  relative  elevation  and  management
DEA  response  to nitrate  addition  varied  significantly  with  relative  elevation  and  management.  In stepwise

regression,  total  C and moisture  were  the  most  influential  physiochemical  conditions  for  the  converted
and  natural  wetlands,  respectively.  Total  C and  Ca  were the most  important  for  the  restored  wetlands.
Moreover,  the  percentage  of  denitrification  as nitrous  oxide  and  nosZ  gene  abundances,  differed  by rel-
ative  elevation  and  management.  In  all aspects  of  DEA,  the restored  wetlands  were  more  similar  to  the
natural  wetlands  than to  the  converted  wetland.

Published by  Elsevier B.V.
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. Introduction

Throughout the USA, North America, and the world there is a
eneral awareness of the extensive losses of wetlands (Coleman
t al., 2008; Heal, 2000; Nicholls et al., 1999). There is also con-
iderable documentation of the negative impact of these losses on
etlands services (Airoldi and Beck, 2007; Costanza et al., 1997;
efting et al., 2013; Moreno-Mateos et al., 2012). Recognition
f this fact has lead to various wetlands policies and legislation
Brinson and Eckles, 2011; Eckles, 2011; Farnese and Belcher,
006). Accordingly, within the USA during recent decades, there

ave been substantive efforts and expenditures to restore wet-

ands. For instance, the Conservation Reserve Program and the
etland Reserve Program (Eckles, 2011). With the expenditure of

∗ Corresponding author. Tel.:+1 8436695203; fax: +1 8436696970.
E-mail address: thomas.ducey@ars.usda.gov (T.F. Ducey).
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ttp://dx.doi.org/10.1016/j.ecoleng.2014.07.040
925-8574/Published by Elsevier B.V.
oth public and private funds to restore wetlands, there was  a need
o assess the effectiveness of restored wetlands in reestablishing
heir original functions and services. Thus, to make this assess-

ent as well as other related conservation assessments the U.S.
epartment of Agriculture Conservation Effects Assessment Project

CEAP) was initiated (Duriancik et al., 2008). It is a multi-agency
ffort to quantify the environmental benefits of conservation prac-
ices. The Mid-Atlantic Regional CEAP-Wetland Study is one of
ve regional studies undertaken as part of the national CEAP-
etland effort. This project is assessing various wetland functions

nd services for natural, converted, and restored wetlands in the
egion.

In this region as well as many other regions of the world, one
f the important biogeochemical functions of wetland ecosystems

s their cycling of nitrogen. In particular, wetlands remove signifi-
ant quantities of nitrogen by removing nitrogen via denitrification.
his is especially true when the excess nitrogen enters the wet-
and in the form of nitrate. This nitrate is quite readily converted

dx.doi.org/10.1016/j.ecoleng.2014.07.040
http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoleng.2014.07.040&domain=pdf
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o dinitrogen gas via denitrification. The level of denitrification is
requently limited by available nitrogen rather than carbon (Hunt
t al., 2004). Unfortunately, the denitrification does not always go to
ompletion with the formation of dinitrogen gas. Under some con-
itions such as low C/N ratios, the denitrification will produce the
nd product gas nitrous oxide (Dodla et al., 2008; Hunt et al., 2007;
llah and Moore, 2011). Not only is nitrous oxide a very potent
reenhouse gas, its production is a significant air quality problem.
hile this is of concern, natural wetlands do not appear to be a

niformly overwhelming contributor of nitrous oxide (Audet et al.,
013; Jacinthe et al., 2012; Morse et al., 2012). Numerous meth-
ds have been employed to assess denitrification; two commonly
sed methods are denitrification enzyme activity (DEA) and quan-
ification of denitrifying gene abundances. One denitrification gene
ommonly measured is nosZ, which encodes nitrous oxide reduc-
ase, the enzyme responsible for reducing N2O to N2 (Knowles,
982). Abundances of nosZ have been demonstrated to correlate
ith N2O/(N2 + N2O) levels (Ducey et al., 2011; Philippot et al.,

009).
To more fully understand denitrification in the restored wet-

and of the Mid-Atlantic’s Delmarva region, the investigations of
his paper was undertaken. The objectives were to assess the fol-
owing: (1) physiochemical conditions; (2) denitrification enzyme
ctivity; and (3) the nosZ gene abundances within soils of the nat-
ral, converted, and restored wetlands.

. Materials and methods

.1. Site description

The Mid-Atlantic Region CEAP-Wetland project included four
tates on the East Coast: Delaware, Maryland, Virginia, and North
arolina. This paper concerns the Delaware, Maryland, and Vir-
inia sites. Three land use types were compared in this study,
ncluding restored, converted, and natural wetlands. For this study,
atural wetlands were selected to serve as a measure of pre-
isturbance conditions. The converted wetlands were derived from
reviously natural wetlands that had been drained to allow agricul-
ure production. The restored wetlands were converted wetlands
hat had been hydraulically restored by the Natural Resources
onservation Service (NRCS). The wetlands were restored under
onservation Practice Standard 657 (Wetland Restoration) or Con-
ervation Practice Standard 646 (Shallow Water Development and
anagement). Restored wetlands were selected from a series of

andidate sites provided by the NRCS in each state. All of these
etland types had been restored between two to eight years prior

o the beginning of this study. They were primarily selected to
e depressional wetlands not affected by riverine or tidal waters.
he converted wetlands were all sites which had been drained or
lled for agricultural use prior to 1985. Natural wetlands were

orested wetlands with no known history of drainage, although
ogging may  have occurred at some point in their history. Fol-
owing their initial selection from the NRCS candidates, restored
ites were further evaluated through aerial photography and site
isits before final selection. Both converted and natural wetlands
ere selected to be within 1 to 4 km from the restored sites. Many

f the natural sites were managed by the nature conservancy or
ere state forests. There were a total of 39 sites (14 restored,

1 natural, 14 converted) split across the three states. Of these
9 total sites, 21 were in Maryland (8 restored, 7 natural, 6 con-

erted), 10 in Virginia (3 restored, 3 natural, 4 converted), 8 in
elaware (3 restored, 1 natural, 4 converted). Access and per-
ission made it difficult to have a totally balanced number of

reatments.
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.2. Field sampling

For DEA, four points along a topographic gradient were sam-
led at each site. The four sampling points were selected prior to
eld sampling using ArcGIS (ESRI, Redlands, CA). A digital eleva-
ion model (DEM) was  used to select the boundary of each study
ite. Within each wetland boundary, four evenly split topographic
lasses were defined using ArcGIS. Each topographic class repre-
ented one of the four sampling locations. These are referred to

 relative elevation 1–4. Elevation class 1 was the lowest and 4
as the highest elevation class. Sampling points were randomly

elected from each topographic class. For field sampling, geo-
raphic coordinates or these sampling sites uploaded into a global
ositioning unit (Trimble Navigation Limited, Sunnyvale, CA). The
nit was then used for accurate placement of the sampling sites.

At each sampling location, three samples were collected within
 0.5 m radius of the sampling location from the upper 10 cm of the
oil. These were combined into a composite sample. Each sample
as placed in a cooler to be returned to the lab for DEA analy-

is. Soil temperature and electrical conductivity were measured
n situ using an ECTestr11 + meter (Spectrum Technologies, East
lainfield, IL). Soil moisture was measured using a Delta-T HH2
oisture Meter (Dynamax, Houston, TX).
Sampling of each site was  performed over a three year period.

he first sampling occurred in June 2009 and continued through
ovember 2009. Sampling was  continued from May  2010 through
ovember 2010, and additional sampling was done in the May
011. Over this period each site was sampled at least three times
o obtain annual and seasonal variation in DEA.

.3. Laboratory analysis

All samples collected from 2009 to 2011 were analyzed for DEA
nalysis using the acetylene inhibition method (Miller et al., 2012;
iedje, 1994). All soils were kept under refrigeration at their initial
eld moisture. An additional set of samples were stored at −80 ◦C

or DNA extraction. From each sample, 10–15 g of soil was placed
n 60 mL  serum bottles (three replications). The treatments were
s follow:

(A) Five mililiter of a solution containing chloramphenicol (1 g L−1)
and 15 × 10−3 L of acetylene (produced from calcium carbide)
to block denitrification at the nitrous oxide phase for measuring
actual complete denitrification;

(B) Five mililiter of a solution containing chloramphenicol (1 g L−1)
to inhibit protein synthesis and to measure actual incomplete
denitrification;

(C) Five mililiter of a solution containing chloramphenicol (1 g L−1)
and nitrates (200 mg  L−1 NO3–N), and 15 × 10−3 L of acetylene
to measure potential complete denitrification;

D) Five mililiter of a solution containing chloramphenicol (1 g L−1)
and nitrates (200 mg  L−1 NO3–N) to measure potential incom-
plete denitrification.

In addition to direct comparison of treatments A–D, the ratios
etween actual and potential incomplete DEA rates were also
ompared. These ratios are an indication of the percentage of
ncomplete DEA occurring in a system at the time of measurement
ratioBA), or the potential maximum rate that can occur in a system
f provided with an unlimited amount of nitrate (ratioDC).

Soil C and N were measured using a TruSpec CN analyzer (Leco

orp, St Joseph, MI). Soil pH was  measured using a 1:1 (w/w) mix-
ure of soil and water. Air dried soil samples were extracted using

 Mehlich 1solution. The extracts were subsequently analyzed on
n inductively coupled plasma (ICP)-atomic emission spectrometry
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ICP, Vista Pro, Varian Inc., Walnut Creek, CA) for Al, Ca, Cu, Fe, K, Mg,
a, P, and Zn. These soil samples were also extracted using water at

 ratio of 5:1; extracts were filtered through a 0.2 �m filter. Anions
ere then measured by chemically suppressed ion chromatogra-
hy (IC) using a Dionex 2000 Ion Chromatograph (ASTM Standard
4327-11). The following anions were measured: Cl, SO4–S, and
O4–P.

.4. Soil DNA extraction

Soil DNA extraction was performed using a PowerSoil DNA
xtraction Kit (MO  BIO Laboratories Inc., Carlsbad, CA) according to
anufacturer specifications. DNA was extracted from a total of 472

amples (107 in 2009, 299 in 2010, 66 in 2011). DNA quality and
uantity were determined via Biophotometer (Eppendorf, Ham-
urg, Germany), and electrophoresis on a 1% agarose gel stained
ith SYBR Safe.

.5. nosZ quantitative real-time PCR (qPCR) assays

All qPCR assays were performed using the LightCycler 480 Real-
ime PCR Detection System (Roche Diagnostics, Indianapolis, IN).
wo primers nosZF (CGYTGTTCMTCGACAGCCAG) and nosZ-1622R
CGSACCTTSTTGCCSTYGCG) capable of producing a ∼450 bp ampli-
cation product were used in the study; these were obtained from

ntegrated DNA Technologies (Coralville, IA). Assays were carried
ut using SYBR GreenER qPCR SuperMix (Invitrogen, Carlsbad,
A) in a total volume of 25 �L. The final reaction concentration
f reagents was as follows: 1× SYBR GreenER qPCR SuperMix;
00 nM each of forward and reverse primers; and 10 ng of DNA
emplate. The qPCR reaction conditions were as follows: (1) an
nitial denaturation at 95 ◦C for 5 min; (2) 50 cycles of denatur-
tion at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, and elongation
t 72 ◦C for 30 s; and (3) a final melting curve analysis to con-
rm amplification product specificity. Fluorescent measurements
ere taken during the annealing phase of each cycle. Data was  col-

ected and processed using the LightCycler 480 software package.
ll qPCR assays included control reactions without template, and
ere performed in triplicate. A nosZ DNA standard, derived from

he linearized plasmid pCPDnosZ1 (Ducey et al., 2011), was  uti-
ized to develop a standard curve from between 101 and 109 copies
er reaction; this standard was also used to calculate an amplifica-
ion efficiency of 1.90 according to the equation: E = 1 + 10[−1/slope]

Pfaffl, 2001).

.6. Statistics

The data were statistically analyzed using SAS v 9.3 (SAS
nstitute and Inc, 2002). Analysis of variance for DEA rates of NosZ
ene copies was done using GLIM-MIX procedure. The replications
ere considered random; sites, sampling dates, and laboratory

eplication were pooled for replication. The treatments were con-
idered fixed; these were wetland management type and relative
levation class. Treatments were analyzed using the least squares
ean (LSM) method. The treatment differences of analyzed vari-

bles were compared using the pdiff option. The T value grouping
or treatment LSM was at P ≤ 0.05. The DEA and nosZ gene copies
ere also analyzed using stepwise regression. The regression was
one within each wetland management. In the case of DEA, the
tepwise regression was more specific being done for each DEA
reatment (A–D) within each wetland management type. Twenty
ne parameters used in the stepwise regression were moisture, pH,

C, TC, TN, CN ratio, Al, Ca, Cu, Fe, K, Mg,  Na, P, Zn, Cl, PO4–P, SO4–S,
l/(Ca + Mg), K/(Ca + Mg), and P/(Al + Fe). With the stepwise analy-
es, there was a first step linear regression of the best linear fitted
ariable. Subsequently, the regression was expanded by stepwise

n
t
f
e

eering 71 (2014) 438–447

egressions to determine if additional parameters provided signifi-
ant improvement to the regression. Generally, three or more of the
ariables were significant for the linear regression with a P value
f ≤0.001. Additionally, the Mallow’s Cp values for the final step of
he stepwise regressions were typically near the desired value that
orresponded to the number of variables used in the final regres-
ion step. Thus, these Cp values were consistent with an acceptably
ow collinearity in the stepwise regression model.

.7. Soil physiochemical characteristics

The natural wetlands were statistically different from the
onverted wetlands in all soil physiochemical characteristics
Tables 1–3). For most, but not all, of the measured parameters,
he restored wetlands showed greater similarity to the converted
etlands than the natural wetlands. While this is not the most
esirous effect of wetland restoration, it is not an unsuspected
esult (Brinson and Eckles, 2011). It is reasonable to hypothe-
ize however, that time will lessen the agricultural legacy of the
estored wetlands, and they will more closely approximate the
hysicochemical makeup of the natural wetlands analyzed in this
tudy.

In regards to soil C, natural wetland soils had contents three
imes higher than either the restored or converted wetlands. In the
atural wetlands, the soil carbon was greatest (7.5%) in the low-
st landscape position, relative depth 1. This result is consistent
ith the wetter soil conditions of the lower elevation. It decreased
ith increasing relative landscape position to the highest position,

elative depth 4, with a soil C content of 5.6%. It should be noted
hat this content was still nearly threefold higher than the high-
st soil C content of either the converted or restored wetlands.
n contrast to the considerable effect of elevation on C content in
he natural wetlands, the restored wetlands varied very little with
elative depth, with a range from 1.8% to 2.0%. In the converted
etlands, the soil C contents were lower, ranging from 1.5% to

.0%, and was effected by elevation. Thus, the highest value was
t the lowest relative depth in the natural wetlands, and the low-
st soil C content was at the highest elevation of the converted
etlands.

Similar to soil C, the soil N contents of the natural wetlands
ere highest, with a significant increase over both the restored

nd converted sites at all elevations. The soil N content of the
atural wetlands ranged from 0.28% to 0.48%. The lowest relative
epth had the greatest N content; the highest relative elevation
ad the least soil N content. In the restored and converted wet-

ands, the soil N contents were all ≤0.2%, and they varied very
ittle with relative depth. These values for C and N are similar
o those of forested and non-forested riparian wetlands for the
elaware River basin reported by Bedison et al. (2013). Their

orested soil had C and N contents of 4.8 and 0.3%, respectively.
he non-forested soil had C and N contents of 2.3 and 0.1%,
espectively.

As a result of the soil C and N concentrations, the C/N ratios
ere highest in the natural wetlands. In the natural wetlands the
/N ratio was  greatest for the highest elevation (19.7) and smallest

or the lowest elevation (13.8). Elevation had no significant impact
n the soil C/N ratio in the restored wetlands; they were all above
.0. The lowest C/N ratio (7.5) was  found in the converted wet-

ands at the highest elevation. These low carbon and nitrogen ratios
ould certainly be expected to enhance incomplete denitrification
Hwang et al., 2006; Zhang and Wang, 2009). However, even the

atural wetland C/N ratios could be suspect for incomplete deni-
rification, and the restored and converted could be highly suspect
or this incomplete denitrification (Hunt et al., 2007; Klemedtsson
t al., 2005).
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Table  1
Wetland soil physicochemical characteristics for different managements and relative elevations.

Management Relative Elevation TC TN CN ratio pH EC (�S/cm) ORP (mV) Moisture (%) Soil temp (◦C)

%

Natural 1 7.5a† 0.48a 13.8d 4.43f 41.1e 621b 34.4a 21.8d
2  7.1b 0.42b 15.2c 4.23g 37.7e 606b 32.5b 22.0d
3  6.1c 0.35c 16.7b 4.17g 46.6e 624b 28.6c 21.4d
4  5.6d 0.28d 19.7a 4.25g 44.0e 654a 22.1e 22.1d

Restored 1  2.0e 0.18ef 9.3e 5.61e 69.2cd 500f 24.6d 25.0abc
2  2.1e 0.19ef 9.1e 5.78d 53.0de 468g 19.5f 24.6bc
3  2.1e 0.19ef 9.3e 5.72d 50.5e 538e 17.2gh 24.3c
4  1.8ef 0.18ef 9.3e 6.12a 54.3de 549de 13.5i 24.7bc

Converted 1  2.0e 0.20e 9.3e 6.01b 141.9a 540de 18.6fg 25.3ab
2  1.9ef 0.19ef 9.0e 5.92c 144.1a 543de 16.2h 25.0abc
3  1.6fg 0.18ef 8.0f 6.02b 108.9b 574c 14.0i 24.9abc
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4  1.5g 0.17f 7.5g 

† Based on least significant means values (P < 0.05).

In the case of soil pH the natural wetlands were quite acidic
anging from 4.17 to 4.43. The restored and converted wetlands
ere more neutral in pH, with ranges of 5.72 to 6.12 for restored

ites, and 5.9 to 6.02 for converted sites. With the exception of
he highest elevation in the restored sites which was  statistically
he soil with the highest pH in the study, the converted sites were

ore neutral than the restored. This is to be generally expected and
ndicative of liming to achieve soil pH’s conducive for micronutrient
olubility (Hue and Licudine, 1999).

Somewhat similar to pH, the EC values were lower for either the
atural or restored wetlands relative to the converted wetlands.
onverted wetlands had EC values > 83 �S cm−1. The restored had
ad EC values were <70 �S cm−1, and the natural wetlands had EC
alues were <47 �S cm−1. Moreover, the EC decrease with depth
as most pronounced for the converted wetlands. This is indicative

f an agricultural legacy of the converted and restored sites, as fer-
ilizer use has been demonstrated to increase soil EC (Agassi et al.,
981). In the case of soil moisture, the natural wetlands were signif-

cantly wetter than the converted wetlands; the moisture contents
anged from 22.1% to 34.4% and 11.2% to 18.6%, respectively, for the
atural and converted wetlands. The restored wetlands showed an

ntermediate pattern. At each relative elevation they were wetter
han the converted wetlands, but dryer than the natural wetlands,
ith a range of moisture contents from 13.5% to 24.6%. The higher
oisture content of the natural wetlands would be expected to

nfluence a lower soil temperature and that was  the case. While
heir soil temperatures were <23 ◦C, the soil temperatures of both
he restored and converted wetlands were >24 ◦C.

Significant differences occurred in the plant available nutrient
ontent among soils of natural, restored, and converted wetlands.
or plant available Al, Ca, Cu, K, and Mg,  the natural wetlands were
tatistically different from both restored and converted wetlands
Table 2). For Fe, P and Zn, the restored wetlands were more simi-
ar to the natural wetlands than to the converted wetlands. As for
a and Mg,  the restored wetlands were more similar to converted
etlands. At the individual landscape level, the highest nutrient

ontents were mostly in the lowest elevation for the natural and
onverted wetlands. However, only Al, Fe, K, Na, P, and Zn were
ighest in the lowest elevation of the restored wetland.

The Al/(Ca + Mg)  and P/(Al + Fe) molar ratios was  used to assess
f restored wetlands were recovering the plant available nutrient
omposition of natural wetlands. Compared to the natural wet-
ands, significant lower Al/(Ca + Mg)  ratios (0.21–1.12) in both the

estored and converted wetlands were indicative of Ca and Mg
ddition to converted wetlands as lime amendment. Lime amend-
ent maintained the soil pH of converted wetlands in the range of

.90 to 6.02 (Table 1). In restored wetlands, the agricultural legacy

L
c
n
r

.90c 83.6c 558cd 11.2j 25.5a

f these lands – Ca and Mg  inherited from their previous converted
etlands status – contributed to maintaining the soil pH in the

ange of 5.61 to 6.12. On the other hand the significantly higher
l/(Ca + Mg)  ratios for the acidic natural wetland soils were the
esult of Al predominance in the more acidic soil environments
hat existed between pH 4.17 and 4.43 (Table 1). These significant
ifferences in pH among the three wetland management types also
ffected P solubility.

In restored wetlands, solubilization of residual P fertilizer is pos-
ible because the redox potential can vary with fluctuating water
able (Scholz, 2011). Inorganic P is retained in phosphate form by
erric-iron oxides but decreasing redox potential can induce iron
eduction into soluble ferrous form with simultaneous release of P
Reddy et al., 2000). However, P can be strongly bound to Al com-
ounds in restored wetland soils even during fluctuating redox
otentials (Scholz, 2011). Compared to the natural and restored
etlands, the plant available P levels were significantly higher for

onverted wetland (Table 2). Since the highest plant available P
s at a maximum near neutral to slightly acid pH of 6.5 (Havlin
t al., 1999), the highest available P concentrations were found in
he slightly acidic converted wetland soils. The P/(Al + Fe) molar
atio has been used as an index to infer P availability across soils
f the Mid-Atlantic area including restored wetland soils (Moser
t al., 2009; Sims et al., 2002). Compared to natural wetlands,
igh significant P/(Al + Fe) indices (0.215–0.233) indicated higher

 availability in converted wetlands across the four elevations. In
urn, low P/(Al + Fe) indices (0.028–0.035) in natural wetland soils
ndicated low P availability in all four landscape positions. With
espect to P availability in restored wetlands, they had significantly
igher P/(Al + Fe) values than the natural wetlands. Conversely,
hey had much lower P/(Al + Fe) values than the converted wet-
ands. This indicated transition of the restored wetlands toward
atural wetland conditions—a much desired condition for water
uality.

.8. Soil denitrification enzyme activity

The DEA values were converted to the natural log to obtain bet-
er analyses of the substantially variable rates. The natural log of
EA will be hence represented by LDEA. The DEA treatments pro-
uced results with the expected relationships (Miller et al., 2012).
he greatest rates were found where non-nitrate limiting N was
dded. For these treatments when acetylene was  added, the mean

DEA rate was 2.82 �g N2O–N kg−1 soil h−1; this rate was signifi-
antly higher than the other three treatments. When acetylene was
ot added, the natural log of nitrous oxide (LN2O) accumulation
ate was  2.00 �g N2O–N kg−1 soil h−1. When no additional nitrate
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ig. 1. DEA (a) and non-nitrate limited DEA (b) in CEAP management types at land-
cape position 1 (lowest elevation).

as added, the LDEA rate was  2.08 �g N2O–N kg−1 soil h−1. In the
ontrol where neither acetylene nor nitrate additives were present,
he LN2O accumulation rate of 0.95 �g N2O–N kg−1 soil h−1 was sig-
ificantly lower than any of the other treatments. The wetland
anagement type and relative elevation were significant in the
NOVA at the 0.01 level. Additionally, the interaction of type and
levation was significant in the ANOVA at the 0.01.

.9. Relative elevation 1 (lowest elevation)

The converted wetlands had an LDEA rate of
.49 �g N2O–N kg−1 soil h−1(Fig. 1a). This rate was significantly
igher than the LDEA rates of either natural or restored wetlands,
.06 or 2.33 �g N kg−1 soil h−1, respectively. These DEA rates were
ithin the reported range for riparian buffers in a Coastal Plain

f North Carolina (Hunt et al., 2007). As would be expected, they
ere lower than the mean LDEA of 4.7 �g N2O–N kg−1 soil h−1

n a riparian buffer that was significantly impacted with swine
astewater application (Hunt et al., 2004). When acetylene
as not added to block nitrous oxide conversion to dinitrogen

as, the nitrous oxide accumulation was  substantive for all the
anagement types. This indicated a considerable potential for

ncomplete denitrification. The LN2O accumulation rate for the
onverted wetlands, 1.59 �g N2O–N kg−1 soil h−1, was  not sig-
ificantly higher than the other two  management types. For
he natural and restored wetlands, the LN2O accumulation rates
ere 1.20 and 1.36 �g N2O–N kg−1 soil h−1, respectively. The
ercentages of nitrous oxide accumulation in the non-acetylene
ontrol compared to the DEA rates were 25% for the converted
etlands and <44% for either of the other management types

ratioBA, Table 4). This percentage is higher than the 25% found in
he Coastal Plain riparian buffers by Hunt et al. (2007). However,

ll of the wetland sites of this CEAP evaluation had C/N ratios
20, and many of the riparian buffer sites had C/N ratios >25.
hese higher ratios are generally associated with less base level
ccumulation of nitrous oxide (Klemedtsson et al., 2005). When
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Table  3
Wetland soil physicochemical characteristics for different managements and relative elevations.

Management Relative Elevation Cl NO3–N SO4–S PO4–P

mg/kg

Natural 1 11.55cd† 4.91ef 49.93a 2.37d
2  10.47de 5.32e 40.62b 2.65d
3  11.05cd 5.29e 30.02c 2.41d
4  11.73cd 4.51ef 17.21de 2.59d

Restored 1  8.00e 6.13e 14.68ef 0.89f
2  9.46de 2.81f 13.19fg 1.25e
3  9.89de 6.92e 12.84fg 1.32e
4  10.59d 11.13d 11.07g 2.35d

Converted 1  33.06a 21.36b 19.17d 4.73a
2  21.97b 25.10a 14.76ef 4.12b
3  21.76b 22.15b 11.11g 4.64a

13.62c 17.81c 7.51h 3.74c
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† Based on least significant means values (P < 0.05).

itrate was added, the LDEA increased in both the converted
nd restored wetlands to 3.71 and 3.70 �g N2O–N kg−1 soil h−1,
espectively (Fig. 1b). Moreover, the natural wetlands increase to a
.34 �g N2O–N kg−1 soil h−1 which was not significantly different
han the other two management practices. Thus, denitrification
ates in soils of all of the management types were limited by
itrate, but the converted wetlands were less limited. This would
e consistent with a reasonable assumption that the converted
etlands received direct or indirect N fertilization associated
ith production of agriculture crops. In all of the management

onditions, the addition of nitrate increased the amount of nitrous
xide that accumulated even when acetylene blockage was  absent.
his is similar to the lack of significant difference in DEA between
atural and created wetlands reported by Ahn and Peralta (2012)
hen the DEA samples were amended with nitrate. The DEA of

heir sites ranged from 41 to 228 �g N2O–N kg−1 soil h−1. While the
2O accumulations were not significant different for management

ypes, they were a significant percentage of the total DEA. They
anged from 2.61 �g N2O–N kg−1 soil h−1 in the restored wetlands
o 3.03 �g N2O–N kg−1 soil h−1 in the converted wetlands (Fig. 1b).
his was 49 to 66% of the non-nitrate limited DEA; the natural
etlands were the highest (ratioDC, Table 4).

.10. Relative elevation 2

The LDEA rate was again the significantly highest for the con-
erted wetlands, 2.91 �g N2O–N kg−1 soil h−1(Fig. 2a). While lower,
he restored and natural wetlands were very similar for LDEA rates,
.10 and 2.18 �g N2O–N kg−1 soil h−1, respectively. When no acety-

ene was added, the level of N2O accumulated was not significantly
ifferent for the management conditions (Fig. 2a). The LN2O ranged

rom 1.13 to 1.32 �g N2O–N kg−1 soil h−1. The percentages of non-
cetylene block N2O–N (ratioBA) was lowest in the converted
etlands and highest in the natural wetlands, 24 and 52%, respec-

ively (ratioBA, Table 4). When nitrate was added, the LDEA were

W
r
e
t

able 4
EA ratio’s.

CID Natural Restored 

RatioBA RatioDC RatioBA 

%

1 44.0abc† 65.9a 37.1cd 

2  51.6a 63.3ab 38.6bcd 

3  50.3ab 56.0abc 46.1abc 

4  51.7a 64.1ab 36.5cde 

† Based on least significant means values (P < 0.05).
ig. 2. DEA (a) and non-nitrate limited DEA (b) in CEAP management types at land-
cape position 2.

igher, but they were not significantly different for management
ype. The LDEA ranged from 3.43 to 3.19 �g N2O–N kg−1 soil h−1.

hen nitrate was added in the absence of acetylene, the natu-

al and restored wetlands were not significantly different from
ach other and >2.58 �g N2O–N kg−1 soil h−1. Yet, both were higher
han the converted management 1.95 �g N2O–N  kg−1 soil h−1.

Converted

RatioDC RatioBA RatioDC

56.5abc 25.4ef 48.7cd
51.6bcd 24.2f 40.9d
55.2abc 23.4f 39.2d
45.9cd 31.1def 44.2cd
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ig. 3. DEA (a) and non-nitrate limited DEA (b) in CEAP management types at land-
cape position 3.

ccordingly, the converted wetlands had a considerably lower per-
entage of incomplete denitrification, with 41% of the non-nitrate
imited DEA; the other wetland types had percentages >63%
ratioDC, Table 4).

.11. Relative elevation 3

As anticipated, the soils of this higher relative elevation had
ower LDEA rates (Fig. 3). Furthermore, the natural wetlands had
ignificantly lower LDEA, 1.67 �g N2O–N kg−1 soil h−1 than either
f the other wetland management types (Fig. 3a). The restored and
onverted wetlands were both >2.33 �g N2O–N kg−1 soil h−1 and

on-significantly different from each other. When acetylene was
ithheld, the LN2O of 1.39 �g N2O–N kg−1 soil h−1 in the restored
etlands was significantly higher than the other management

ypes; they were <0.92 �g N2O–N kg−1 soil h−1. The reason for the

N
r
o
a

able 5
tepwise regression of DEA (control) by landscape management.

Type Treatment step Variable 

Converted A 1 CN ratio 

2  Zn 

3  TN 

B 1  CN ratio 

2  Fe 

3  Zn 

Natural A 1  P ratio 

2  Moisture 

3  CN ratio 

B 1  P ratio 

2  Moisture 

3  K ratio 

Restored A 1  Ca 

2  K 

3  K ratio 

B 1  TC 

2  P 

3  Al 
ig. 4. DEA (a) and non-nitrate limited DEA (b) in CEAP management types at land-
cape position 4 (highest elevation).

estored wetlands being so high is not clear. When nitrate was
dded, the LDEA was  not significantly different for the treatments;
hey ranged from 2.57 to 2.90 �g N2O–N kg−1 soil h−1 (Fig. 3b).
he nitrate had again eliminated the management differences.
owever, when acetylene was  withheld, the LDEA derived from

ncomplete denitrification was least in the converted wetlands,
.31 �g N2O–N kg−1 soil h−1. This was 39% incomplete denitrifica-
ion; the other management types were >55% (ratioDC, Table 4).

.12. Relative elevation 4

At the highest relative elevation, the highest LDEA of 2.27 �g

2O-N kg−1 soil h−1 occurred in the restored wetlands (Fig. 4a). This

ate was significantly lower than the > 2.1 �g N2O–N kg−1 soil h−1

f other two management types. When acetylene was  withheld
ll of the management types were statistically different from each

Partial R2 Model R2 C Prob. F

0.24 0.24 102.61 <0.0001
0.07 0.31 52.91 <0.0001
0.03 0.34 30.62 <0.0001
0.30 0.30 87.02 <0.0001
0.06 0.36 43.06 <0.0001
0.03 0.38 24.94 <0.0001
0.14 0.14 99.86 <0.0001
0.05 0.19 73.88 <0.0001
0.03 0.21 61.29 0.0004
0.21 0.21 114.75 <0.0001
0.06 0.28 79.54 <0.0001
0.04 0.31 58.49 <0.0001
0.15 0.15 140.14 <0.0001
0.05 0.20 100.34 <0.0001
0.04 0.25 68.05 <0.0001
0.16 0.16 160.78 <0.0001
0.06 0.22 117.23 <0.0001
0.03 0.25 97.89 <0.0001
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Table  6
Stepwise regression of DEA (non-nitrate limiting) by landscape management.

Type Treatment step Variable Partial R2 Model R2 Cp Prob. F

Converted C 1 TC 0.30 0.30 159.39 <0.0001
2  CN ratio 0.06 0.36 101.88 <0.0001
3  Zn 0.06 0.42 51.53 <0.0001

D 1  CN ratio 0.34 0.34 153.51 <0.0001
2  Mg 0.08 0.42 76.46 <0.0001
3  Fe 0.04 0.46 44.34 <0.0001

Natural C 1  Moisture 0.34 0.34 152.25 <0.0001
2  Mg 0.04 0.39 119.33 <0.0001
3  P ratio 0.03 0.41 98.99 <0.0001

D 1  Moisture 0.31 0.31 145.72 <0.0001
2  Mg 0.05 0.36 109.30 <0.0001
3  P ratio 0.02 0.38 93.52 0.0002

Restored C 1  Ca 0.18 0.18 207.69 <0.0001
2  Fe 0.06 0.24 152.66 <0.0001
3  K 0.05 0.29 107.96 <0.0001

o
0
w
a
d
n
W
a
T
1
w
t
d

2

p
t
f
c
D

r
i
t
t
w
i
t
c
D
t
r
w
o
a
w
I
r
s
e
T
R

c
D

t
t
l
(
r
w
r
W
T
A
t
ture and K ratio increased the R to 0.31. The final regression was
N2O–N = 25.6 P/(Al + Fe) + 0.03 moisture −0.97 K/(Ca + Mg)  − 0.09.

Treatment C was the measure of DEA with non-limiting NO3–N
added. For the converted wetlands, the best stepwise regression

Table 7
nosZ gene abundances by management and elevation.

Management Samples (n) Mean† ± S.E. Grouping‡

Converted 129 6.783 ± 0.045 A
Restored 160 6.686 ± 0.046 B
Natural 97 6.439 ± 0.045 C

Elevation Samples (n) Mean ± S.E. Grouping

1 = Lowest 96 6.705 ± 0.046 A
2 96 6.662 ± 0.045 B
3 96 6.674 ± 0.046 A,B
4 = Highest 98 6.501 ± 0.045 C

Management Elevation Mean ± S.E. Grouping

Converted 1 6.897 ± 0.049 A
Converted 2 6.799 ± 0.049 B
Converted 3 6.782 ± 0.049 B
Restored 2 6.716 ± 0.048 C
Restored 4 6.703 ± 0.048 C,D
Restored 3 6.678 ± 0.048 C,D
Converted 4 6.653 ± 0.049 D
Restored 1 6.646 ± 0.048 E
Natural 1 6.573 ± 0.049 F
Natural 3 6.563 ± 0.051 F
D 1  TC 

2  Cu 

3  K 

ther, and the natural wetland, were again the least with a LDEA of
.01 �g N2O–N kg−1 soil h−1. The restored wetlands were highest
ith a rate of 1.09 �g N2O–N kg−1 soil h−1. When nitrate was

dded, the restored and converted wetlands were not significantly
ifferent, and they were >2.28 �g N2O–N kg−1 soil h−1 (Fig. 4b). The
atural wetlands were lowest with 1.06 �g N2O–N kg−1 soil h−1.
hen nitrate was added without acetylene, the wetland man-

gement types were all significantly different from each other.
he restored wetlands were the highest with a LN2O rate of
.79 �g N2O–N kg−1 soil h−1. The natural wetlands were lowest
ith 0.56 �g N2O–N kg−1 soil h−1; this was 52% incomplete deni-

rification. The other management types had <37% incomplete
enitrification (ratioDC, Table 4).

.13. Stepwise regression

Stepwise analysis allow for insight into the relationship of soil
hysiochemical condition impacting DEA. In some past investiga-
ion of wetland riparian buffers Hunt et al. (Hunt et al., 2004) have
ound soil C and N to have R2 correlations of >0.75. Such was not the
ase in this investigation different factors appeared to be impacting
EA in the natural, converted, and restored wetlands.

Treatment A is an acetylene blocked DEA measurement which
esults in the block of denitrification at the nitrous oxide phase, and
s therefore used to measure actual complete denitrification. For
reatment A of the converted wetlands, the DEA was best correlated
o CN ratio with an R2 of 0.24 (Table 5). The CN ratio of the converted
etlands was the lowest. Yet, the likelihood for fertilizer nitrate

nducing enhanced denitrification was considerable, and the deni-
rification of this nitrogen would have been impeded by low soil
arbon. This difference in denitrification is consistent with that of
ing et al. (2012) where varying levels for CN ratio were added

o treatment wetlands. The addition of Zn and TN in the stepwise
egression increased the R2 to 0.34. The final regression equation
as DEA = 0.40 CN ratio + 0.19 Zn + 10.19 TN - 1.91. The impact of TN

n denitrification in wetland is quite expected (Hunt et al., 2004),
nd Zn and Al have also been reported to impact denitrification in
etland systems (Sakadevan et al., 1999; Zhang and Wang, 2009).

n the case of the restored wetlands and treatment A, the best cor-
elation was with Ca, R2 of 0.15. Adding the K and K ratio to the

tepwise regression increased the R2 to 0.25. The final regression
quation was DEA = −0.00003 Ca + 0.03 K–9.08 K/(Ca + Mg)  + 1.88.
he natural wetlands were best correlated with P ratio with an
2 of 0.14. The addition of moisture and CN ratio increased the
0.15 0.15 230.62 <0.0001
0.07 0.22 171.83 <0.0001
0.03 0.25 149.05 <0.0001

orrelation to an R2 of 0.21. The final regression equation was
EA = 23.7 P/(Ca − Mg)  + 0.02 moisture −0.07 CN ratio + 1.63.

Treatment B is the measure of N2O–N accumulation absent
he acetylene to block of the final conversion of denitrification
o di-nitrogen. In the case of treatment B for the converted wet-
ands, the best correlation was the CN ratio; it had an R2 of 0.30
Table 5). The addition of Fe, Zn, and moisture to the stepwise
egression increased the R2 to 0.38. The final regression equation
as N2O–N = 0.35 CN ratio + 0.005 Fe + 0.18 Zn − 2.49. The best cor-

elation for the restored wetlands was the TC with an R2 of 0.16.
hen P and Al were added, the R2 improved to 0.25 (Table 5).

he final regression equation was  N2O–N = 0.89 TC + 0.03 P − 0.002
l − 0.09. As with treatment A in the case of the natural wetlands,

he best fit was P ratio with an R2 of 0.21. The addition of mois-
2

Natural 2 6.472 ± 0.050 G
Natural 4 6.146 ± 0.051 H

† Copy numbers per gram of soil are log10 transformed.
‡ Based on Duncan’s multiple range values (P < 0.05).
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Table  8
Stepwise regressions between nosZ gene abundance and environmental variables.

Management Variable (R2)†

All Ca (0.21) Moisture (0.03) RK (0.03) SO4 (0.01) Na (0.01)
Converted Ca (0.20) C:N (0.04) Cu (0.04) SO4 (0.04) Na (0.02)
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Restored Ca (0.28) Moisture (0.04) 

Natural C:N (0.11) RK (0.05) 

† Variables placed in order of ranking in stepwise regression. Top five for each m

orrelation, R2 of 0.30 was with TC (Table 6). The R2 was  increased
o 0.42 with the addition of the CN ratio and Zn. The final regression
quation was DEA with non-limiting NO3–N = 0.86 TC + 0.27 CN
atio + 0.27 Zn − 0.95. In contrast, none of these wetland parameters
ere greatly correlated to treatment C in the restored wetlands.

heir best correlation was  an R2 of 0.18 with Ca. The correla-
ion was increased to an R2 of 0.29 by the addition of Fe and K
Table 6). The final regression equation was DEA with non-limiting
O3–N = 0.002 Ca + 0.006 Fe + 0.01 K + 1.12. The natural wetlands

he best correlation, R2 of 0.34 was with soil moisture. The correla-
ion was increased to an R2 of 0.41 by the addition of Mg and P ratio
Table 6). The final regression equation was DEA with non-limiting
O3–N = 0.05 moisture + 0.010 Mg  + 14.6 P/(Al + Fe) + 0.27.

Treatment D was the measure of N2O–N accumulation when
on-limiting NO3–N added in the absence of acetylene to block of
he final conversion of denitrification to di-nitrogen. In the con-
erted wetlands the best correlation, R2 of 0.34 was  with the CN
atio (Table 6). The R2 was  increase to 0.46 by addition to the step-
ise of Mg  and Fe (Table 6). The final regression equation was
2O-N with non-limiting NO3–N = 0.39 CN ratio + 0.005 Mg + 0.007
e − 2.34. In the case of the restored wetlands, the best R2 was
nly 0.15 with TC. The R2 was increased to 0.25 by the addition
f Cu and K (Table 6). The final regression equation was N2O-

 with non-limiting NO3–N = 0.60 TC + 1.57 Cu + 0.009 K + 0.20. As
ith treatment C, the natural wetlands were best correlated for

reatment D by soil moisture. The R2 was 0.31. The R2 was  increased
o 0.38 by the addition of Mg  and P ratio (Table 6). The final
egression equation was N2O–N with non-limiting NO3–N = 0.05
oisture + 0.01 Mg  + 13.5 P/(Al + Fe) − 0.13.

.14. Nitrous oxide reductase (nosZ) gene abundances

Quantitative Real-Time PCR (qPCR) results for soil nosZ gene
bundances can be found in Table 7. Comparison of land man-
gement types reveals that converted and restored wetlands had
ignificantly (P < 0.05) greater abundances of nosZ than natural wet-
ands; natural wetlands contained roughly half the number of nosZ
ene copies per gram of soil (∼2750,000), as converted (∼6000,000)
nd restored (∼5000,000) wetlands. Additionally, converted and
estored wetlands were also statistically different from each other
P < 0.05). Levels of nosZ in these soils reflected levels previously
eported in wetland and cropland soils (Ji et al., 2012; Miller et al.,
009). The difference of nosZ abundances as a function of land man-
gement is reflected in a majority of the chemical characteristics
s well. The direct impact of land management on both soil pH and
oil nutrients has been previously demonstrated as having a sig-
ificant effect on other genes within the denitrification pathway
Enwall et al., 2010). In a study by Miller et al. (2009), they hypoth-
sized that high N fertilization rates in cropping system soils may
ave resulted in increased denitrifier populations.

Examination of nosZ gene abundances along the elevation gra-

ient demonstrated increased nosZ gene abundances as elevation
ecreased (Table 7). There were significantly (P < 0.05) greater
bundances at the lower elevations, with ∼5000,000 copies of nosZ
er gram of soil at elevation 1, and ∼3250,000 copies of nosZ per

t
t
p
t

Cu (0.03) RK (0.02) Na (0.02)
Moisture (0.03) pH (0.02) EC (0.01)

ment are listed. All variables are significant (P < 0.0001).

ram of soil at the highest elevation (elevation 4). The middle ele-
ations (elevations 2 and 3) had ∼4250,000 copies of nosZ per gram
f soil. Higher abundances of the nosZ gene at the lowest elevation
oincide with the average soil moisture, which also peaked at lower
levations (Table 7). These depression-situated soils are more likely
o become saturated, resulting in a reduced environment favor-
ble to denitrification (Fellows et al., 2011; Hunter and Faulkner,
001). Closer inspection however revealed that while this trend
eld true for both converted and natural management soils, the

nverse was true for the restored management soils. In the restored
anagement, soils at the highest elevation had ∼5000,000 copies

f nosZ whereas soils at the lowest elevation had only 87.7% that
bundance (∼4400,000 copies; P < 0.05). Given the recent activity,
ithin the past two  to eight years, in restoring these soils to wet-

and status however, the switch in abundance patterns could be
ndicative of a microbial community currently in flux. When look-
ng at denitrification gene abundances in a series of agricultural and
uccessional sites, Morales et al. (2010) noted that the impacts of
gricultural management on soil microbial populations could last
or decades after the practices have ceased.

When looking at the relationship between nosZ gene abun-
ances and environmental variables across all treatments, the
trongest link identified was  to Ca (R2 = 0.21, P < 0.0001; Table 8).

hen looking at each management separately, Ca was  also the
trongest related variable for both converted (R2 = 0.20, P < 0.0001)
nd restored (R2 = 0.28, P < 0.0001). As mentioned previously, this
s most likely indicative of the agricultural legacy of these soils. For
atural wetlands, the strongest relationship was between nosZ and
N ratio (R2 = 0.11, P < 0.0001).

It has been previously demonstrated that while nosZ is responsi-
le for reducing nitrous oxide to dinitrogen gas, gene abundances
f this gene are not directly correlated to DEA. However, a rela-
ionship between nosZ gene abundance and N2O/(N2 + N2O) has
een previously reported, whereby higher abundances of the nosZ
ene correlate with lower N2O production (Ducey et al., 2011;
hilippot et al., 2009). Examining the relationship between mean
osZ gene abundances and mean ratioBA percentages (Table 4)
evealed a similar relationship. A strong negative relationship
y = −30.504x + 239.37, P = 0.01, R2 = 0.44) was  demonstrated, indi-
ating that as nosZ gene abundances increased, the amount of
ncomplete denitrification decreased. Of note is that these results
ollow along management type, with converted wetlands having
ower percentages of incomplete denitrification and natural wet-
ands having the highest percentages of incomplete denitrification.

. Conclusion

Two major goals of the Conservation Effects Assessment Project
CEAP) are to examine the effectiveness of conservation practices,
nd develop management practices to ensure continued envi-
onmental quality standards for agriculture. Given those goals,

his research focused on wetlands regions of the Mid-Atlantic US
o study the effects of wetland restoration on nitrogen cycling
rocesses. Nitrous oxide, a product of incomplete denitrifica-
ion, is a greenhouse gas with potentially major environmental
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mplications. A series of hydrologically-restored wetlands were
ompared to currently existing wetlands (natural wetlands) and
etlands that were drained to use for agricultural purposes

converted wetlands). Physicochemically, restored wetlands were
tatistically different from both converted and natural wetlands.
enitrification enzyme activity (DEA) and abundances of the gene

esponsible for the reduction of nitrous oxide (nosZ), also demon-
trated that restored wetlands differed from both converted and
atural wetlands. Comparisons of all three management types
eveal that while restored wetlands can be demonstrated to have
n agricultural legacy, it appears that efforts to restore their hydro-
ogical features is having an environmentally beneficial impact on
hanging denitrification towards a more natural wetland condition.
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