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hydrologic requirements in order to be delineated as wetlands.
For example, while storm water detention basins support wet-
land vegetation and attract diverse wildlife, they have variable
hydroperiods and water level fluctuations that fail to meet
the wetland delineation criteria given above. There is debate
that water level fluctuations impair wetland structure and
function and that such systems, despite displaying many wet-
land features, should not be designated as wetlands (Bolscher,
1995; Schouwenaars, 1995; Sheldon et al., 2005). A fundamen-
tal issue surrounding wetland delineation, then, is whether
the hydrologic character of a wetland is the definitive attribute
for its classification.

A major function of wetlands that is affected by variable
hydroperiods and water level fluctuations is nitrate (NO3™)
removal. The conventional thinking about NO;~ removal in
wetland systems is that it is largely controlled by hydroperiod
(detention time), and that lower hydraulic loading rates
relative to longer hydroperiods provide optimal conditions
for nutrient removal (Kadlec and Hey, 1994; Phipps and
Crumpton, 1994; Kadlec and Knight, 1996; Shutes et al., 1997;
Stober et al., 1997; Carleton et al., 2001). Spieles and Mitsch
(2000) showed that flood conditions reduced nitrate removals
considerably. However, other biogeochemical factors may
also be important in determining the rates of NO3~ removal
in wetlands. There is little detailed knowledge about how the
characteristics of the bacterial community influence NO3;~
removal rates or how the interplay of the many parameters
defining wetlands affects NO3~ removal. For instance, we do
not understand how wetland hydrology may influence bac-
terial community structure. Since bacteria are key players in
nitrogen cycling in wetland systems it is important to under-
stand the impacts of fluctuating water levels on microbial
communities (Bowden, 1987). We pose the question: do water
level fluctuations and shortened hydroperiods impair wetland
function in terms of NO3~ reduction by altering the bacterial
community structure and function relative to that observed
in wetland systems having stable water levels and increased
hydroperiods?

The goal of this research was to probe the effects of vari-
able hydroperiod and water level fluctuations on wetland
performance (in terms of NO3~ removal), bacterial function
(in terms of denitrification potential), and benthic cell den-
sity and bacterial community structure. In our study, two
hydraulic regimes were implemented in paired, experimental
wetland cells. One hydraulic regime was designed to mimic
an inundated wetland pool with dampened water level fluc-
tuations and increased hydroperiod (pooled treatment), and
the second regime was designed to simulate widely fluc-
tuating water levels and shortened hydroperiods in a fill
and drain basin having no outlet control (swale treatment).
We hypothesized that (1) the pooled treatment wetlands
with longer hydroperiods and dampened water level fluctu-
ations would outperform the swale (highly variable) treat-
ment wetlands in terms of bulk nitrate removal, and (2) dif-
ferences in bacterial community structure (as fingerprinted
by terminal restriction fragment length polymorphisms, T-
RFLP) and function (denitrification potential, as measured
by the acetylene inhibition method) would be observed in
the experimental wetlands as a function of the hydrologic
treatment.

2. Experimental
2.1. Site description

The constructed wetlands in this study are located at the
Des Plaines River Wetland Demonstration Project (DPRWDP),
a 550-acre experimental station that was established in
1989 along a 2.8mile stretch of the Des Plaines River
(DPR) in Wadsworth, Illinois, 35miles north of Chicago
(http://www.wetlandsresearch.org). The DPRWDP is a long-
term project dedicated to the study of wetland restoration
and the comparison of constructed wetland function to that of
natural systems (Sanville and Mitsch, 1994). The constructed
wetlands are fed by the DPR, which flows south, draining 200
square miles in southern Wisconsin and northeastern Illinois.
In this geographic region, the watershed is 70% agricultural,
9% urban, 15% forest, 4% open water, and 2% wetland (USGS,
2005a). Experiments were conducted from 2001 to 2004 in the
smaller, northern tier wetland cells: C-1, C-2, C-3 and C-4
(Fig. 1a). Typha x glauca, a hybrid cattail was the dominant wet-
land vegetative species having an average aerial coverage in
the experimental wetland cells of 40% (mean based on cover
class midpoints) over the duration of our study. All other veg-
etative species combined had an average cover of 28%, such
that the total average vegetative coverage was 68% (Boers et
al,, in press).

The areas and volumes of the experimental cells varied
slightly and are listed in Table 1. The widths of the experi-
mental cells varied from 40 to 45 m, and the lengths were each
approximately 150 m (USGS, 2005b). Wetland area and volume
calculations were based upon stage-storage and topographic
data. C1 and C3 were paired as the pooled treatment wetlands
because they showed the greatest differences in wetland vol-
ume and area. By pairing the most differently sized wetlands,
our goal was to test the pooled treatment on the widest range
of wetland size possible. The remaining cells, C2 and C4 were
the most similar in wetland volume and area and were paired
as the swale treatment wetlands.

2.2. Planned storm events

We designed a schedule of random storm events of five dif-
ferent magnitudes for the water level fluctuation study and
performed two series of experiments over 2003 and 2004. The
results of experiments conducted in 2004 are presented here.
DPR water was pumped into the experimental wetlands, each
with an influent pipe. The characteristics of the pumping sys-
tem are described elsewhere (Hey et al., 1994). The storm event
calculations were based upon the probability of occurrence in

Table 1 - Wetland cell volumes and areas (Olson et al.,
2004)

Parameter Wetland cell

Cil C2 C3 C4
Volume (m?) 8782 12748 14973 12990
Area (mz) 1986 2257 2467 2467
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Fig. 1 - Aerial view of the Des Plaines River Wetland Demonstration Project (USGS, 2005b) (a). Experiments were conducted
in the smaller, northern tier wetland cells, cells 1-4 (C1-C4). Water from the adjacent Des Plaines River (DPR) was drawn
from the intake just east of C4 and pumped throughout the site. A cross-section of the wetland cells indicating sampling
locations—trough, mid, and berm, illustrates our sampling scheme to account for different wetting patterns (b). Note that

the figure is not drawn to scale.

a typical 10 acre watershed in Northeastern Illinois (Table 2).
The conventional method of calculating runoff volumes is
based upon an assumed rainfall runoff depth multiplied by the
area of the watershed. Weir boards were installed at the out-
lets of only the pooled treatment wetlands to dampen water
level fluctuations during storm events and to control outflow
rates such that hydroperiods were 3-5 days. Hydroperiods of
the swale treatment wetlands were less than 1 day regardless
of the magnitude of the storm event. In order to ensure longer
detention timesin the pooled treatment wetlands, we selected
weir board dimensions to force outflow from a small orifice.

The outlet orifice had a diameter 3.8 cm located approximately
0.38 m above the datum, the weir width was 1.8 m (fixed), and
the total weir height was 0.71m.

Automated water gages (Ecotone™, Remote Data Systems,
Whiteville, NC) were installed at the outlets of the pooled
treatment wetlands and were programmed to take water
height measurements above the wetland datum at 10 min
intervals for accurate outflow volume calculations. Manual
measurements were taken at the outlets of the swale treat-
ment wetlands at hourly intervals during storm simulations
and at corresponding sampling times.

Table 2 - Storm event flow rates and durations (Olson et al., 2004)

Storm magnitude Runoff Runoff Pumping Pumping
depth (cm) volume? (m3) rate (m3/s) time (h)

3 months 0.508 206 0.014 4

1year 1.27 514 0.036 4

2 years 2.54 1028 0.048 6

5 years 3.81 1542 0.071 6.05

10 years 5.08 2056 0.057 10

a8 Assumes a 10 acre watershed.
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2.3. Nitrate amendments

Denitrification rates are positively influenced by increased
NO3~ concentrations (Lowrance et al., 1998; Sartoris et al.,
2000). In order to focus our study on the effects of our water
level fluctuation treatments, we monitored the influent NO3~
concentration to ensure that the minimum NOs;~ levels did
not dip below 1ppm NO3;-N. We measured the NO3~ con-
centrations of grab samples of influent DPR water prior to
each storm simulation via a colorimetric screening method
(HACH Nitrogen-Nitrate, Model NI-14, Loveland, CO). When
NO3~ concentrations were less than 1 ppm NOs-N, DPR water
was amended with potassium NOs3 ™~ to bring the influent con-
centrations to 1ppm NO3-N. Historical data show that the
NOs3~ concentrations of the Des Plaines River near Wadsworth
are generally low (less than 1ppm NOs3-N) during summer
and high during spring (1-11 ppm NO3-N) (USGS, 2005a). Since
the majority of the 2004 study was conducted in the spring
season, the DPR NO3~ levels varied from 0.1 to 8 ppm NO3-
N and only one storm event, storm event 5, required NO3~
seeding.

2.4.  Water quality measurements

Influent and effluent water quality samples were drawn from
all wetland cells to evaluate wetland performance in terms
of nutrient removal. Effluent samples were collected for each
wetland cell during and following each storm event. Both
filtered and unfiltered samples were collected, transported
on ice and frozen until analysis. Unfiltered samples were
analyzed for pH (Corning pH meter 340), turbidity (by neph-
elometric method; APHA Standard Method 2130 B (APHA,
1998)), and total phosphorus (APHA Standard Method 4500-
P (APHA, 1998)). Syringe-filtered samples (APHA Standard
Method 1060 C (APHA, 1998)) were analyzed for dissolved
NOs~ by the hydrazine reduction method (APHA Standard
Method 4500-NO3 H (APHA, 1998)), dissolved ammonia by
the phenate method (APHA Standard Method 4500-NHj F
(APHA, 1998)), dissolved phosphate (PO4™~) by the ascorbic acid
method (APHA Standard Method 4500-P E (APHA, 1998)), and
dissolved organic carbon (DOC) by the heated-persulfate oxi-
dation method (APHA Standard Method 5310 C (APHA, 1998)).
Influent and effluent loads were calculated based upon mea-
sured water quality parameters, influent flow rate, and outflow
volume. Outflow volume calculations were based upon stage-
storage data from topographic maps and water level measure-
ments.

2.5.  Sediment-sampling plan

The experimental wetland cells (cross-section shown in
Fig. 1b) all had depressed troughs in the center, and sloped
sides. Due to the sloped geometry of the experimental cells,
different areas within the cells experienced varying levels
of saturation or wetting depending upon the magnitude of
the storm event. To account for this variation, a sediment-
sampling plan was established in order to determine if there
were latitudinal or longitudinal effects of the hydraulic treat-
ments within wetland cells, as well as between the pooled and
swale treatments.

Sediment cores were drawn from the inlet, and outlet of
each wetland cell. A sampling depth of 3-5cm was chosen
because previous studies have shown that this is the region
of maximum denitrification rates (Joergensen, 1989; Joye et
al., 1996; Sirivedhin and Gray, 2006). Each sediment core was
drawn with a mini-corer (2.5cm in diameter) to the depth
of 3-5cm and subsequently transferred to a sterile falcon
tube. At each location within the experimental wetlands, sedi-
ment cores were classified as either “trough,” “mid,” or “berm”
according to their location relative to the trough (Fig. 1b).
“Trough” sediment cores were collected within 5m of either
side of the trough. “Mid” sediment cores were collected at 1m
intervals beyond the trough samples. “Berm” sediment cores
were collected at 1 m intervals beyond the mid samples. Sed-
iment core samples were collected prior to the onset of the
storm simulations on 12 April 2004. Subsequent samples were
collected at the conclusion of storm events and thus prior to
the following storm event on 26 April, 3 May, 10 May, 17 May,
and 2 August. Samples were also collected on 15 June, between
storm events 4 and 5.

At the inlet and outlet of each wetland 10 sediment cores
were drawn from each of these locations (trough, mid, and
berm) for a total of 60 cores per experimental wetland cell, per
sampling event. The sediment cores were transported back to
the laboratory on ice and stored at 4 °C. Each set of 10 sediment
cores was mixed with an electric blender to form sediment
composites, which were subsequently divided for the various
analyses within 24 h of sample collection. One gram of com-
posited sediment was stored in 9mL of fixative solution (4%
para-formaldehyde and 10 mM sodium phosphate) at 4°C for
bacterial cell counts. Approximately 0.5 g of composited sedi-
ment was stored at —80°C for DNA extractions and microbial
community structure analyses.

2.6. Biological analyses

2.6.1. Denitrification potential: acetylene block method

The denitrification potential (DNP) rates of the sediments were
measured in triplicate via the acetylene inhibition method
(also acetylene block method), which is described in detail
elsewhere (Yoshinari and Knowles, 1976; Sirivedhin, 2002).
DNP data were grouped by sampling location and treatment
type and were analyzed for statistical differences by one-way
analysis of variance (ANOVA) in MiniTab (Minitab Inc., State
College, PA).

2.6.2. Bacterial cell density

Bacterial cell densities were determined in selected samples
by total cell counts via 4/,6-diamidino-2-phenylindole (DAPI)
staining followed by epifluorescent microscopy (Zeiss Axio-
phot, mercury bulb) (Kepner and Pratt, 1994). The specific
bacterial count protocol was adapted from Gough and Stahl
(2003).

2.6.3. Analysis of bacterial community structure: T-RFLP

Following DNP rate screening, selected samples from 2004
were analyzed for microbial diversity via T-RFLP analysis
(Liu et al, 1997). DNA was extracted from the sediment
samples with a Soil-DNA Extraction Kit (MoBio Laboratories
Inc., Carlsbad, CA) according to the protocol recommended
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by the manufacturer, and amplified via polymerase chain
reaction (PCR) using universal eubacterial primers 8F (5'-
AGAGTTT-GATCCTGGCTCAG (Liu et al., 1997)) and 926R (5'-
CCGTCAATTCCTTTRAGTTT (Liu et al., 1997)). Primers were
obtained from LI-COR (LiCor Inc., Lincoln, NE), and the forward
primer included a fluorescent tag (IRD-800). Each 50 uL PCR
reaction contained 1uL of diluted template DNA (10-2 dilu-
tion), 3 U Taq DNA Polymerase (Fermentas), 160 pM each dNTP,
20pmol DNA primers, 1x PCR buffer (Fermentas), 2.5mM
MgCly, and 10 pg Bovine serum albumin. PCR reactions were
carried out in a thermal cycler (PCR Express Thermal Cycler,
Thermo Hybaid, Ashford, Middlesex, UK) under reaction con-
ditions specified by Janus et al. (2005). Duplicate PCR reactions
were performed with each DNA sample, then concentrated
2x using the UltraClean PCR Clean-Up Kit (MoBio). The PCR
products were quantified based on analysis of agarose gel
band intensities using Quantity One Software (BioRad, Her-
cules, CA). PCR products (30ng) were digested individually
with Mspl and Hhal (New England Biolabs) in a 20 uL reac-
tion volume for 12h at 37°C, then, the enzymes were inac-
tivated at 65°C for 20min. T-RFLP analyses were performed
according to previously established protocols (Janus et al,,
2005). The size and intensity of the terminal restriction frag-
ments (TRFs) were determined using Quantity One Software
(BioRad). For subsequent analysis, each individual TRF was
scored as present or absent and analyzed as binary data, and
only TRFs that were present in at least three samples were
included.

The T-RFLP data set was analyzed by non-metric multi-
dimensional scaling (MDS) using the Primer V.5 software pack-
age (Primer-E Ltd., Plymouth, UK). MDS is a multivariate sta-
tistical tool that uses an iterative algorithm to represent the
data from a similarity matrix in two-dimensional (or poten-
tially three-dimensional) space. For a full description of MDS
procedure see Clarke and Warwick (2001). The T-RFLP data
set was imported into Primer V.5 and a similarity matrix was
calculated using the Bray-Curtis coefficient (Bray and Curtis,
1957). The MDS procedure was then used to ordinate the sim-
ilarity data (ordination was computed following 100 random
restarts). The analysis of similarity (ANOSIM) routine in Primer
V.5 was used to examine the statistical significance of differ-
ences between groups of samples.

3. Results and discussion
3.1. Storm events

Five storm events were simulated from April to August of
2003 and 2004. Only the results of the 2004 experiments are
presented here as they replicated the observations made in
2003, but were collected with better control over field condi-
tions. Furthermore, we only analyzed the bacterial commu-
nity structure on the 2004 samples. The dates of the storm
events and influent water quality and total nutrients and car-
bon loads are shown in Table 3. Total loads were calculated
on a per mass basis from influent concentrations, flow rates,
and storm duration, and averaged over all wetlands (wetlands
received similar loads).
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concentration

Average P
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Influent NO3~
concentration

Average
NO3~ load

Date Magnitude
(year)

Storm event

(kgC) (ppm C) (kgN) (ppmN)

(ppmP)

(ppmN)

(kgN)

2.0 0.024 0.020 4.3 4.2 0.020 0.02
3.5

3.8
7.9

2.1

21 April

7.6
5.6

10.6

5.9
10.8

0.030
0.030
0.100
0.060

0.021

2.7
7.4

15.3

28 April
5 May

0.050

10
10

0.1

0.261

20.5
124.9

0.279

12 May
26 July

0.02

0.028

82.6

0.097

1.0

1.4

5a

a Storm event 5 was amended with potassium nitrate.
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Table 4 — The percent removals for nitrate and phosphate were calculated by a mass balance, and averaged by treatment

type

Storm event (date of event)

Pooled treatment

Swale treatment

% dissolved

% total phosphorus

% dissolved % total phosphorus

nitrate removed removed nitrate removed removed
1(26 April) 91.8 93.0 28.1 18.5
2 (3May) 93.1 54.4 39.0 51.0
3 (10 May) 88.1 73.2 11.1 26.1
4(17 May) 71.9 48.4 3.2 21.8
5 (2 August) 94.0 77.6 93.4 82.7

All wetlands in storm event 5 were operated as pooled treatment wetlands.

3.2. Nutrient removal

As hypothesized, the pooled treatment wetlands showed
higher rates of nutrient removal for the first four storm events
(Table 4). When averaged across the first four storm events,
the pooled treatment wetlands removed 88% of influent dis-
solved NO3;~ and 69% of influent total phosphorus whereas
the swale treatment wetlands removed 20% of influent dis-
solved NOs~ and 29% of influent total phosphorus. These
results suggest that superior nutrient removal occurs in a
system with controlled or dampened water level fluctuations
and extended hydroperiods in comparison to systems with
uncontrolled water levels and shortened hydroperiods. One
explanation of these observations is that increased detention
times allow for sufficient reaction times (Kadlec and Hey, 1994;
Kadlec and Knight, 1996; Shutes et al., 1997; Stober et al., 1997;
Carleton et al.,, 2001). Another possible explanation of these
findings is that the more stable water levels of the pooled treat-
ment wetlands created more consistently anoxic conditions,
which selected for a bacterial community that was optimized
to remove NO3~ more effectively and rapidly.

In order to test the latter explanation and determine if the
swale treatment permanently altered the nutrient removal
ability of the experimental wetland systems, we converted
the swales to pools in storm event 5. Identical outlet weirs
were installed in C2 and C4 (former swale treatment wet-
lands) such that all wetland cells were operated as pooled
treatment wetlands with dampened water level fluctuations
and extended hydroperiods. Although the swale treatment
wetlands did not effectively remove NO3~ in the first four
storm events, as shown in bold for storm event 5 in Table 4,
the former swale treatment wetlands performed just as well
as the pooled treatment wetlands and removed 93% of the
influent NO3™~ load, and 83% of the influent phosphorus load
when operated as wetland pools. These results are consistent
with common design practice that the NO3~ removal perfor-
mance of wetland systems is dependent upon detention time,
or more generally, controlled release. The water level fluc-
tuations, however, did not cripple the potential capacity of a
wetland for nutrient removal.

Although our treatments did not alter wetland system
function on a macro-scale in terms nutrient removal abil-
ity, we wanted to determine if the hydraulic treatments had
significant effects on wetland function on a micro-scale. We
focused our study on the structure and function of the benthic-
bacterial community.

3.3. Denitrification potential rates

Denitrification potential rates were determined for all six sam-
pling locations (trough, mid, and berm at both the inlet and
outlet) for all experimental wetlands on the seven sampling
dates. The DNP results for the inlet trough, outlet berm, and
outlet trough (representing highest, lowest, and intermedi-
ate rates, on average) are shown in Fig. 2 with DNP rates
normalized on a per sediment dry mass basis. On average,
the DNP rates measured at the outlet berm location for the
swale treatment experimental wetlands were 2.7 mgN,0/d/kg
dry sediment versus 3.8mgN,0/d/kg dry sediment for the
same location in the pooled treatment wetlands. However,
when considering the sensitivity of DNP rate measurement
(£1.2mgN,0/d/kg dry sediment, based upon the maximum
standard deviation of triplicate samples in this study), these
are not significant differences. One-way analysis of variance
(ANOVA) confirmed that there was no significant effect of
treatment type on DNP rates except at the outlet berm location
(Table 5).

Although there were no significant differences in DNP rates
based upon hydraulic treatment, there were variations in DNP
rates based upon sampling location as confirmed by ANOVA
(Table 5). The DNP rates measured at the inlet trough sampling
location were significantly higher than those measured at all
other sampling locations. These differences may have been
due to differences in NO3;~ levels since the inlet trough sam-
ples experienced the highest NO3~ concentrations (Lowrance
et al.,, 1998; Sartoris et al., 2000). The difference between the
inlet trough and the other locations in terms of DNP rates is
especially apparent for the 17 May sampling, when influent
NO3~ concentrations were the highest (right Y-axis of Fig. 2).
When all systems were operated as wetland pools in storm
event 5, all DNP rates were lower than measured following
storm event 4 (Fig. 2). However, the lower observed DNP rates
might have been due to low N loadings (Table 3).

3.4. Bacterial community analyses

Bacterial cell density and community analyses were per-
formed on selected sediment samples. The sampling dates
chosen for further microbial analyses included 12 April, 3
May, 17 May, and 2 August because samples collected on 12
April and 2 August were the baseline and post-treatment
data, respectively, and 3 and 17 May were intermediate, time-
step samples during treatment. Additionally, the storm events
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Fig. 2 - The DNP rates shown as bars are on a per dry sediment mass basis, averaged by treatment type and sampling
location. The sampling locations depicted were at the inlet-trough (IT), outlet-trough (OT), and outlet-berm (OB). Shown on
the right Y-axis as closed squares are influent nitrate concentrations of the storm event prior to the sampling date.

prior to 3 and 17 May (storm events 2 and 4) were contrasting
events in terms of storm magnitude and loadings (Table 3).
The sampling locations chosen for further microbial analyses
included the inlet trough, outlet berm, and outlet trough sam-

Table 5 - ANOVA results for DNP data?

Comparison Fold.£,N] p

Pooled vs. swale treatments 0.030.1{1,48] 0.857
Pooled vs. swale, IT 0.010.111,7) 0.934
Pooled vs. swale, IM 0.060.1[1,7] 0.807
Pooled vs. swale, IB 0.310.111,7) 0.586
Pooled vs. swale, OT 0.040.111,7) 0.841
Pooled vs. swale, OM 0.730.111,7) 0.408
Pooled vs. swale™*, OB 4.200.171,7) 0.063
All locations” 6.120,001(5,28] 0.000
IT vs. IM 4.210,05[1,29] 0.045
IT vs. IB 8-10.025[1,28] 0.006
IT vs. OT 6.650.025[1,28] 0.013
IT" vs. OM 13.030,001(1,28] 0.001
IT" vs. OB 12,,001[1,28] 0.001
IM vs. IB 1.060,1{1,28) 0.307
IM vs. OT 0.60.1(1,28] 0.440
IM"* vs. OM 5.310,05(1,28] 0.025
IM"* vs. OB 4.240,05[1,29] 0.044
IB vs. OT 0.010,171,8) 0.932
IB"* vs. OM 3.180.1[1,28] 0.080
1B vs. OB 2.050.11,28] 0.158
OT vs. OM 1.770_1[1'231 0.190
OT vs. OB 1'120.1[1,28] 0.295
OM vs. OB 0.250 1[1,28] 0.622

Shown are F-statistics, significance levels and degrees of freedom

(subscripts), and p values.

2 IT, inlet trough; IM, inlet mid; IB, inlet berm; OT, outlet trough; OM,
outlet mid; OB, outlet berm.

* Significantly different DNP rates within the comparison as deter-
mined by ANOVA.

* Differences in average DNP rates that are less than the sensitivity
of our DNP rate measurement.

pling locations. On average, the samples collected from these
locations represented the highest, lowest, and intermediate
DNP rates, respectively. With these comparisons, we sought
to determine if different environmental conditions or different
DNP rates were associated with distinct bacterial community
characteristics.

3.4.1. Bacterial cell densities

The bacterial counts data of the aforementioned samples are
shown as box plots in Fig. 3. The mean counts are represented
by the dots within each box. The bottom of the lower box rep-
resents the first quartile (Q1) and the dividing line is at the
third quartile (Q3). The whiskers are the lines that extend
from the top and bottom of the box to the adjacent values,
the lowest and highest observations still inside the region
defined by the lower limit Q1 —1.5 (Q3 — Q1) and the upper
limit Q3+ 1.5 (Q3 — Q1). Asterisks indicate the outlying data
points (cell counts ranged from 1.5E13 to 2.5E14 cells/kgdry
sediment). On average, the cell counts of the sediments from

3.00E+014
2.50E+014 *
2.00E+014 4

1.50E+014 ®

1.00E+014

Cell Count (cells/kg dry sed)

5.00E+013 x

xH

0.00E+000 ~

T T T T T T
POOLEDIT SWALEIT POOLEDOT SWALEOT POOLEDOB SWALECB

Treatment Type & Sampling Location

Fig. 3 — Box plot of the microbial cell counts for selected
samples grouped by treatment type and sampling location.
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Table 6 — Results of ANOVA of microbial cell densities of

inlet trough, outlet trough, and outlet berm sampling
locations as a function of hydraulic treatment type

Comparison Fold.f,N] p

Pooled vs. swale treatments 0.060.1{1,12] 0.815
Pooled vs. swale, IT 0.030.1[1,4) 0.874
Pooled vs. swale, OT 0.170.111,4) 0.696
Pooled vs. swale, OB 0.00.1[1,4) 0.972
IT vs. OT vs. OB 3.9%.1p.8] 0.034
IT vs. OT 5.040.11,8) 0.041
IT vs. OB 5.1101[1,8) 0.040
OT vs. OB 0.129 11 0.729

Shown are F-statistics, significance levels and degrees of freedom
(subscripts), and p values.

* Significantly different cell counts as determined by ANOVA.

the same locations in the pooled and swale treatment wet-
lands did not differ, and ANOVA confirmed that there was
no significant effect of hydraulic treatment on cell densi-
ties (Table 6). Thus, the water level fluctuations had little to
no influence upon the benthic-bacterial cell densities in the
experimental wetland cells.

However, as with the DNP data, there was an effect of
location on the cell densities (Fig. 3). When averaged over all
sampling dates, the greatest cell densities were at the inlet
trough locations for both hydraulic treatments—1.13E14+
0.2E14 cells/kgdry sediment for the pooled treatment and
1.19E14 £ 0.3E14 cells/kgdry sediment for the swale treat-
ment. The bacterial numbers for the outlet trough and out-
let berm samples were very similar and lower than at the
inlet trough for both treatments—6.66E13 + 2.1E13 cells/kg dry
sediment and 7.44E13 + 1.5E13 cells/kgdry sediment for the
pooled and swale outlet trough samples, respectively,
and 6.52E13+2.7E13cells/kgdry sediment and 6.42E13+
2.1E13 cells/kgdry sediment for the pooled and swale outlet
berm samples, respectively. ANOVA confirmed that the cell
densities at the inlet trough location were significantly higher
than those at the outlet trough and outlet berm sampling
locations regardless of hydraulic treatment (Table 6). In com-
parison to the bacterial cell densities measured in wetland
sediments in other studies, these cell densities are one order
of magnitude higher (Khoshmanesh et al., 2001). The elevated
cell densities at the inlet trough location are likely due to
the concentration gradients of DOC and nutrients (nitrogen
and phosphorous) within the experimental cells. At the inlet
trough location, the benthos is exposed to the highest influent
nutrient and DOC concentrations of all sampling locations.

The higher cell densities at the inlet trough location (Fig. 3)
may explain the higher DNP rates observed at this location
(Fig. 2 and Table 5). But, differences in capacities for deni-
trification may also result from differences in the bacterial
community composition.

3.4.2. Bacterial community structure

Although water level fluctuations and variable hydroperiods
did not have significant effects on DNP rates or bacterial cell
densities, our goal was also to determine if the hydraulic
treatments had effects on the bacterial community struc-
ture. An additional goal was to determine to what extent

the benthic-bacterial community structure explained the
observed differences in DNP rates and bacterial cell densities
based on sampling location. Bacterial community structure
was probed by T-RFLP analysis, and the samples selected for
T-RFLP analysis corresponded with the samples analyzed for
bacterial cell density—inlet trough, outlet trough, and outlet
berm samples from the 12 April, 3 May, 17 May, and 2 August
sampling dates. In these analyses, we employed eubacterial
primers 8F and 926R to determine total bacterial diversity.

Initially, we attempted to characterize denitrifying bacte-
rial community structure with primers targeting two vari-
ants of the nitrite reductase gene: nirK1F/nirK5R for nirK
and nirS1F/nirS6R for nirS (Braker et al., 1998). However, we
were unable to successfully amplify the nitrite reductase
genes in our samples with these primer sets despite attempts
at PCR optimization. Recent work by Throback et al. (2004)
has indicated that primers nirS1F/nirS6R do not amplify nirS
from all known denitrifiers containing nirS and that primers
nirK1F/nirK5R do not amplify nirK from all known denitrifiers
containing nirK. Therefore, our failure to achieve amplifica-
tion of nitrite reductase genes may indicate that these primers
were too specific and did not target the denitrifiers found in
our samples.

The T-RFLP data are represented as an MDS plot in Fig. 4
and MDS analysis of the T-RFLP data revealed no separation of
samples based on hydraulic treatment. The stress value of 0.18
(less than 0.2) supports the validity of the MDS analysis. Table 7
shows the results of ANOSIM (represented as R-statistics and
p values) based on Bray-Curtis similarities of the presence or
absence of the terminal restriction fragments. ANOSIM con-
firmed that there were no significant differences among the
benthic-bacterial communities of the sediment samples based
on hydraulic treatment, as the R-statistic comparing the sam-
ples from the pooled treatment wetlands to samples from
the swale treatment wetlands was very low (R-statistic =0.131)
and statistically significant (p<0.022), thus supporting the
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Fig. 4 - Multi-dimensional scaling plot based on
Bray-Curtis similarities of the T-RFLP data set consisting of
the presences/absence of the terminal restriction
fragments. Closed circles (pooled outlet berm), open circles
(swale outlet berm), closed squares (pooled inlet trough),
open squares (swale inlet trough), closed triangles (pooled
outlet trough), open triangles (swale outlet trough). Stress
of the plot=0.18.
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Table 7 - Analysis of similarity (ANOSIM) for the T-RFLP

data, based on Bray-Curtis similarities of
presence/absence of the terminal restriction fragments

Comparison R-statistic p value
Two-way crossed
Between locations 0.744 0.001
Between OB and IT 0.893 0.001
Between OB and OT 0.658 0.001
Between IT and OT 0.679 0.001
Between treatments 0.131 0.022
One-way for IT location
Between treatments 0.124 0.143
One-way for OT location
Between treatments 0.144 0.115
One-way for OB location
Between treatments 0.124 0.121

Locations were outlet berm (OB), inlet trough (IT), and outlet trough
(OT). Treatments were pooled and swale. The p value represents the
significance of the computed R-statistic.

null hypothesis. These results show that even though the
hydraulic treatments resulted in drastically different wet-
land performance in terms of nitrate removal, the treat-
ments did not significantly affect the bacterial communities
present.

Although T-RFLP analysis based on eubacterial 16S primers
did not reveal a change in bacterial community composition
based on hydraulic treatment, it is possible that this assay
may not reveal a shift in denitrifying bacterial populations as
they may represent only a fraction of the total bacterial com-
munity. MDS analysis showed clear differences in the bacte-
rial community composition between the sampling locations
within the experimental wetlands (i.e. inlet trough, outlet
trough, outlet berm) (Fig. 4). Additionally, ANOSIM indicated
that the differences between these locations were statisti-
cally significant (Table 7). ANOSIM comparison of samples
from the inlet trough, outlet trough, and outlet berm locations
showed significant differences in the bacterial community
structure (R-statistic=0.744, p <0.001), and pair-wise compar-
isons of each of the locations revealed statistically significant
differences between each of the pairs (Table 7). The great-
est differences occurred between the outlet berm and inlet
trough sampling locations (R-statistic =0.893). These results
support the conclusion that the microbial communities at
each of the sampling locations were significantly different,
and the elevated DNP rates observed for the inlet trough loca-
tion were due, at least in part, to differences in the com-
position of the benthic-bacterial communities. These differ-
ences in benthic-microbial community composition between
locations may be explained by differences in ambient NO3~
concentrations, or carbon availability. The microbial com-
munities at the inlet trough locations were exposed to the
highest concentrations of influent DOC and NOs3;~, whereas
the communities at the outlet berm locations were exposed
to the lowest NO3;~ and DOC concentrations. Past study has
shown that differences in microbial communities in soils
can be related to soil carbon to nitrogen ratios (Rich et al,,
2003).

3.5.  Implications for wetland delineation

In systems exhibiting the vegetation and soil characteristics
of delineated wetlands, fluctuating water levels and short-
ened hydroperiods did not alter the wetland’s capacity for NO3~
removal. Based upon the DNP rate, microbial counts and com-
munity diversity analyses, widely fluctuating water levels did
not promote significant differences in the mature, experimen-
tal wetland cells studied in this research. Our findings indicate
that NO3;~ removal in the experimental wetland systems used
in this study is kinetically controlled. Given sufficient deten-
tion time, wetlands effectively removed NO3s~ regardless of
previous hydraulic operation, as highly fluctuating water lev-
els did not diminish the capacity of treatment wetlands for
NOs3;~ removal. The swale treatment wetlands with widely
fluctuating water levels did not support higher cell densi-
ties or select for a significantly different microbial community
than the pooled treatment wetlands with stable water lev-
els. Rather, both treatment types supported robust bacterial
communities capable of denitrification and showed similar
microbial community structure as characterized by T-RFLP.

Based upon their study of the effects of variable wetland
hydroperiod on the below-ground processes of wetland plants
and organic turnover, Day and Megonigal recommended the
revision of current hydrologic requirements for wetland delin-
eation (Day and Megonigal, 1993). Day and Megonigal’s results
show that it is imprudent to rely upon hydroperiod as a deci-
sive factor for wetland delineation. Our results support their
recommendation and we agree that hydroperiod is an inad-
equate parameter for wetlands delineation. We have demon-
strated that experimental wetlands (supporting the plant and
soil characteristics of wetlands) subjected to fluctuating water
levels and shortened hydroperiod display microbial commu-
nity characteristics that are not significantly different than
experimental wetlands operated with dampened water level
fluctuations and extended hydroperiods. Experimental wet-
land hydraulic operation, however, did significantly affect sys-
tem performance as measured by bulk nitrate removal.

4. Summary and conclusions

In terms of surface water quality enhancement, the results
of this study confirmed the benefits of stable water levels
and increased detention time. The pooled treatment wetlands
effectively removed on average 88% of influent dissolved NO3~
loads and 69% of influent total phosphorus loads in contrast
to the 20% and 29% removals of NOs~ and PO, respec-
tively, achieved by the swale treatment wetlands. Although
the swale treatment systems with highly fluctuating water
levels and shortened hydroperiod did not effectively remove
NO3~, the system’s capacity for NO3;~ removal, as measured
by DNP, was not impaired. When the swale treatment wet-
lands were operated as pooled systems in storm event 5, the
former swales effectively removed NO3~ showing little differ-
ence relative to systems long operated as pooled treatment
wetlands. Regardless of system hydraulic operation there were
no significant differences in DNP rates, bacterial cell den-
sity, or benthic-bacterial community structures. Rather, sig-
nificant differences in denitrification potential rates, bacterial
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cell densities and community structure occurred within sys-
tems according to sampling location.

This study illustrates that highly fluctuating water levels
influence wetland system performance but do not adversely
affect the potential for systems to respond to favorable
hydraulic operation for NO3~ removal. In other words, widely
fluctuating water levels do not impair the biogeochemical abil-
ity of wetlands to provide full water quality service once their
hydraulic operation is optimized. Finally, these findings sup-
port a reassessment of the wetland delineation requirements
concerning hydrologic characteristics.
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