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Abstract:

Denitrification measurements were made under sinulated field conditions using sediment cores

and water collected from the Hewmet/San Jacinto Multipurpose Demonstrauon Wedand (Riverside County,

California, USA). The 9.9 ha constructed wetland is used to both polish ammonia-dominated secondary
municipal effluent and provide migratory bird habitat. The wetland was originally constructed as a marsh-
pond-arsh system in 1994, Over the period from January through March 1998, measured denitvihcation
rates averaged 20.9 £ 20.9 punol N m~ h™' within the emergent marsh portions of the wetland and 646 *+
353 pmol N m~* h' in open waler areas. The mean areal denitrification removal rate for this period was
0.70 kg N ha~' d~', which accounted for about 8% of the total N removed by the wetland, Internal retentaon
was the main N-removal mechuanism. Synoptic water quality surveys indicated that denitrification was linited
by a lack of nitrificadon witbin the wetland. Belween April 1998 and January 1999, the wetland was recon-
figured as a hemi-marsh system, having cqual areas of interspersed emergent marsh and deep open waler.
In May 1999. measured denitrification ratcs averaged 1414 = 298 umol N m™? h~' within the cmergent
marsh zones and 682 % 218 pmol N m™ h™! in the open water areas. The inean areal denitrification removal
rate was 3.58 kg N ha~' d°', which accounted for 40% of the total N removed by the wetland. A synopuc
water quality survey indicated that nitrification within the wetland had been enhanced by the reduetion of
emergent macrophyle biomass and the increase in the area of inlerspersed deep open water. The inodifications
to the wetland shifted the nitrogen balance from a large intemal storage component and a small denitrification
component in 1998 1o a more denitnfying system in 1999,
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INTRODUCTION

Freshwatcr wetlands are considered a sink [or nat-
ural and anthropogenic nitrogen (N). They have been
shown (o Lrap, store, transform, and release nutrients,
thus significantly modifying the chernistry of the water
flowing through them and affecting the water quality
downstream (Hemond and Benoit 1988, Whigham et
al. 1988). Many studies have shown thuat treatment
wetlands reduce the quantity of N flowing throughb
them (Grant and Patrick 1970, Fetter et al. 1978, Dier-
berg and Brezonik 1984, Knight and Winchester 1985,
DeBusk and Reddy 1987, Knight et al. 1987, Knigbt
and Ferda 1989, Gearheart 1992, Kadlec 1993, 1994,
Patruno and Russell 1994). The general perception that
wetlands improve water quality through the reduction
of N has led to their use for the disposal and polishing
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constructed wetlands, nitrogen removal, denitrification

of wastewater in many parts of the world (Mitsch and
Gosselink 1993). Howewer, the pathways by which
wetlands process and retain N inputs are not well-un-~
derstood (Nixon and Lee 1986, Johnston 1991, Cole
1998).

Typically. a *‘black box™" approach has been used
to demonstrate the efficacy of wetands in decreasing
N concentrations in wastewater effluent (i.e., Dicrberg
and Brezonik 1984, Bowden [986, Gersherg et al.
1986, Cole 1998, Frankenbach and Meyer 1999).
These studies treat the whole wetland as a storage unit,
and the fluxes of N-species into and out of the wetland
are measured to derive the net effect on water guality.
Denitrification has often been invoked as the major
pathway of N removal from wetlands (Reed et al.
1988, USEPA 1988), including wetlands that are dom-
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Location of the sampling siles within the HemeU/San Jacinto Demnonstration Wetland. In [998, the sites werc: Pond,

Inlet—Open Water, Inlet—Veg 1 (Schoenoplecrus acutus).and Inlet—Veg 2 (Schoenoplectus californicus). In 1999, we in-
cluded a fifth sampling site in the oudet (Oullel—Veg, Schoenaplectus californicus). The asterisks indicate where the Hydrolabs
were deployed in 1998, and the triangles indicate where they were deployed in 1999, The transect line indicates where the

data were collected (o generale Figure 3.

inated by ammonia, where a close coupling of the pro-
cesses of nitrification and denitrification has been as-
sumed, based on studies such as those by Reddy et al.
(1989) and Yoh et al. {1990). However, quantification
of denitrification rates within constructed wetlands has
been largely neglected (Nixon and Lec 1936, Bowden
1988, Cole 1998, Xue et al. 1999). More importantly,
few measurements of denitrification under ficld con-
ditions have been made in either natural or constructed
wetlands (Seitzinger 1994), and we know of none from
ammonia-dominated treatment wetlands.

The goal of this study was to determine if deniti-
fication js the primary removal mechanism ot N within
a constructed wetland used to polish ammmonia-domi-
nated secondary effluent. The quantity of N removed
by the wetland was determined through inflow/outflaw
mass halances. and the rates of denitrification were
quantified in the taboratory under simulated feld con-
ditions. These rates were compared to the total quan-
tity of nitrogen removed during (ransit through the
wetland to determine the relative importance of deni-
trification within the treatment wetland.

STUDY SITE

The Hemet/San Jacinto Multipurpose Demonstra-
tion Wetland, located 6.4 km north of Hemet, Califor-
nia, USA (332 48" N, [17° 1° W). was constructed 1n

1994 and is owned and operated by the Eastern Mu-
nicipal Water District (EMWD). The wetland covers
9.9 ha with a baseball glove-like footprint (Figure 1).
The wetland was built to treat up to 18,925 m* d-! of
sccondary effluent from the Hemet San/Jacinto Re-
gional Water Reclamation Facility (RWRF), as well as
to provide migratory waterfowl habitat along the Pa-
cific lyway (USBR 1993). As onginally constructed,
the wetland had a marsh-pond-marsh configuration,
consisting of five marsh inlet arms (normal opcrating
water depth 46 cm), a central deep water pond (normal
operating water depth 2 m), and two polishing outlet
marshes (normal operating water depth 46 cm) sepa-
rated by a central berm to control short-circuiting of
the flow (Sriles [994). In September 1994, the wetland
was planted with local hardstem bulrush [Schoeno-
plectus {formerly Scirpus) acuius (G.H.E. Muhlen-
berg ex J. Bigelow) (Smith 1995)] and California bul-
rush {Schoenoplectus californicus (C.A. Meyer)
(Smith, personal comumunication)]. Within the inlet
and outlet arms, the bulrush was planted in strips sep-
arated by open water areas to control short-circuiting
of flows and to provide sampling access.

In January 1996, the constructed welland began to
be opcrated as an integral component of the RWRF
treatment system. Nitrogen transforimations in the wet-
land were investigated from January 1996 through
September 1997 using inflow/outflow nitrogen mass
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Tahle 1. Geocbemical characteristics of the scdiments in the
Hemet/San Jacinto Demonstration Wetland. Soil classification was
deiermined via 3 borcholes made by Inland Foundation Engi-
neering Inc. before the wetlands were constructed (USBR 1993),

% % Nit- % Phos- Classifi-

Site Carbon rogen  phorus cation

Pond 1.64 0.18 0.086 silty sand
inlet—open waler L.50 0.14 0.066 silly sand
Veg | 0.61 0.03 0.065  silty sand
Veg 2 .64 006 0070  silty sand
Outlet-veg 195  0.14  0.009  silty sand

balances supplemented with biannual, 45-station syn-
optic surveys to determine the mternal distribution pat-
terns of the various nitrogen species and total organic
carbon (Sartoris et al. 2000). Tbese investigations in-
dicated that niwogen dynamics in the wetland were
influenced not only by variations in loading from the
treatment plant, but also by iuternal loading from de-
caying bulrush, which increased as the emergent veg-
etation became more dense. By September 1997, the
mean total amunonia nitrogen removal efficiency of the
wetland had decreased to 4% from a wmean of 76% in
May 1996 (Sartoris et al. 2000). The first two denitri-
fication measurements of the present study were made
in January and March 1998. Results of these measure-
ments are discussed in this paper as the “"pre-reconfig-
uration”’ condition.

During the winter of 1997-1998, it was decided Lhat
reconfiguring the wetland into a hemi-marsh systern
(Weller and Spatcher 1965, Sartoris and Thullen
1988), with equal areas of interspersed emergent
marsh and decp open water. might help alleviate the
problems described ahove. On 1 Apnil 1998, the inflow
was lurned off, and the wetland was allowed to drain.
In September 1998, the welland was burned to elimi-
nate the accumulated aboveground emergent vegeta-
tion biomass and to reduce the internal N loading and
oxygen demand noted by Sartoris et al. (2000). Fifty
percent of the wetland area was then deepened to 1.8
m to produce hemi-marsh conditions for the enhance-
ment of DO within the wetland,

The upper S m of the soil profile under the wetland
consists of silty sand thar is underlain by silty clay or
clayey silt, which precludes seepage loss from the wet-
land (USBR 1993). Ground-waler depths range from
4-7 m, consequently ground-water inflow js also un-
likely (USBR 1993). Sediment carbon, nilrogen, and
phosphorus content is fairly uniform across the wet-
land (Table 1), and the sediments ol the Hve locations
sampled average 1.47%, 0.11%, and 0.07]% for Lhese
elements, respectively.

The RWREF is an activated sludge process plunt pro-
ducing an average of 28,388 m® d~! of secondary ef-

fluent. Wetland inflow and outflow volumes vary ac-
cording to daily operational requirements of the
RWREF, seasonal variations in reclaimed water de-
mand, and requirements for occasional flnshing flows
o preclude avian botulism outbreaks. Hydraulic reten-
tion times varicd from 9 to 14 days bctween January
1996 and April 1998. After the modifications 1o the
wctland and unreclated trcatment plant upgrades, hy-
draulic retention times varied from & to 12 cays during
1999,

METHODS

The study periods were 8 January-3] March 1998
and 25 March—-9 May [999. During these periods, the
quanlity of water Aowing into and out of the wetland
was measurcd daily by tolaling flow meclers located in
the supply and exit pipelines. Inflow quantity was
measured by means of an in-pipe magnetic meter,
while outflow quantity was measured by an in-pipe
propeller meter. Both meters were fitted with flow to-
tulizers, which were read and reset on a daily basis by
the RWRF operations staff. lInflow and outflow water
samples were collecled from the supply and exit pipe-
lines on a weekly basis and analyzed within 24 hours
of collection for lolal ammonia, total Kjeldahi-N, ni-
trite-N, and nitrate-N according 10 EPA protocols
(USEPA [984) by EMWD personnel at the District
laboratory in Perris, California. Total ammonia was
determined by the titrimetric distillalion procedure
(EPA Method 350.2). Total Kjeldahl-N was delter-
mined by the semi-automated block digester, autoan-
alyzer method {EPA Method 351.2). Nitrire-N data
wele obtained by spectrophotomewry (EPA Method
354.1), and nmtrate-N dala were obtained by ion chro-
matography (EPA Method 300.0). The nitrogen masy
imported and exported by the wetland was estimated
by comhining the Taboratory-obtained concentration
data with the total inflow and outfiow volumes mea-
sured on the same day that the particular water sample
was collected. The imported and exported loads were
calculated in this manner for each N speeies. Nitrogen
loading rates reported for periods previous lo this
study were taken from Sartoris et al. (2000).

The Hemet/San Jacinto Demonstration Wetland has
become an important stopover site for migrating and
nesting waterfowl along the Pacific Flyway. Inputs of
N from waterfow] are potentially an iraportant com-
ponent of the N budget of the wetland, and estimales
of avian N loading were made. Bird censuses were
conducted wice each week in 1998, and the average
of those counts was used as an estimnate of species-
specific abundances tor cacb day of the week in which
counts took place. For waterfow] and wading muarsh
birds, N inputs for a particular day were generated as
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the product of the number of individual birds multi-
plied by the N output per bird. The latter value was
obtained as the product of N output for the Canada
Goose (1.57 g d~', Manny et al. 1994) and the fraction
of a Canada goose’s (Branta canadensis L..) biomass
(3033 g) represented by cach species’ biomass. For
red-winged blackbirds (Agelaius phoeniceus L..), N in-
put was cstimated as the number of birds roosting
overnight mulliplied by the N conlent (9.6%) of an
individual bird's nightly production of fecal material
(0.727 g dry mass, Hayes and Caslick 1984). Total N
input by birds is the sum of the N inputs for each
species.

Measurements of denitrification were made in Jan-
uary and March 1998 and in May 1999. Triplicate sed-
iment cores were collected from four sites in 1998
(Figure 1), which were chosen to represent the four
different regions of the wetland: deep water pond
(Pond); open water band within inlet arm 5 (Inlet—
Open Water); emergent marsh containing Schoenc-
plectus acurus in inlet arm 1 (Inlet—Veg 1): and emer-
gent marsh containing Schoenoplectus californicus in
inlet arm 2 (Inlet—=Veg 2}. In 1999, a fifth site was
added 10 measure denitrification in a vegetated band
containing Schoenoplectus californicus of the outlet
arn (Outlet=Veg). The cores consisted of schedule-40
PVC pipe (ID, 7.62 cm: length, 33 cm). which were
inserted into a one-way valve that was connected to a
smaller diameter pipe used to drive the cores into the
sediments. Once collected, the cores were scaled on
the top and bottom with black rubber caps that were
sccured with hosc clamps. Al the time of core collec-
tion. about 30 L of water were collected in carboys to
scrve as fecd water for the core incuhalion experi-
ments. The sealed cores and carboys were shipped
overnight express to the University ot Colorado at
Boulder, where they were placed in an incubator main-
tained at a temperature similar to the water temperature
at the time of sampling (incubation temperature: 15—
18~ (). Each sct of sediment cores, along with a blank
core consisting of waler {rom (be respeclive field sile,
was maintained within a flow-through system. The
cores were continually supplied with the water col-
lected fromm the field sites. Flow through the cores was
provided by a Rainin peristaltic pump set at a flow
rate of ca. 0.3 L hr™!; urmover time of the water over-
lying the sediments was about 3 hours. The overlying
water was gently stirred by a magnetic stir har at a
rate of 22 RPM.

Denitrification measurements were madc using
membrane inlet mass spectromctry (MIMS), an inno-
vative method developed by Kana et al. (1994, 1998).
Briefly. triplicate water saimnples were collected from
the inlet and outlet line of each sediment core hy over-
flowing 5-ml glass test tubes. The test tubes werc

sealed by the bottom of another glass test tube fitted
with a Tygon collar. The samples were analyzed with-
in 4 hours of collection for dissolved N, and Ar using
the MIMS system. The quadrupole mass spectrometer,
which attains the greatest precision with ratio data, way
tuned to masses 28 and 40, and the ratio of N,: Ar
wus continuously displayed by the MIMS software.
Instrument standardization was conducted cvery six
samples using two air-equilibrated DI standards main-
tained at 15.0°C and 21.5°C. The equations of Colt
(1984) were used 1o calculate the dissolved N, and Ar
concentratious of the standards.

The flux of N, was determined by the tfollowing
equation:

F = [(C—C) V. / Al-F, (1)

where, F is the N, Aux (pumol N m=2 h=Y), C, and C,
are the concentration of N, into and out of the cores
(pmol N L"), V, is the volumetric flow rate (L h™').
A 15 the sediment surface arca within the cores (m?),
and F, is the N, flux in the blank core (umol N m~—
h™'). The flux of the blank core was calculated from
the above equation excluding the term B

At the time of the core collections. a synoplic survey
was conducted to monitor N concentrations throughout
the demonstration wetland. Surveys had been con-
ducted on a hiannual basis since May 1996 and are
described in Sartoris et al. (2000). Pertinent wo this
study, 1-L water samples were collected at the sam-
pling sites. and they were analyzed for N species by
EMWD personnel as described previously. Hydrolab
Corporation Recorder multi~probe walter quality data
loggers were deployed over a 3-day sampling period
to determine ambicnt water temperature, dissolved ox-
ygen concentration (DO), and pH on an hourly basis.
In January 1998, Hydrolabs wete deployed just below
the water surface and just above the sediment-water
interface of the deep water pond and also mid-water
colummn within a vegetated strip in inlet arm 2 {Figure
1). In March 1998. an additional monitoring site was
establishicd within an open watcer strip of inlet arm 2.
In May 1999, the Hydrolabs were deployed as in
March 1998; however, the inlel arm 2 monitoring site
was moved to inlet arm 3.

We estimated rates of volatilization using the fol-
lowing data: pH and temperature data recorded by the
Hydrolabs on an hourly basis; hourly windspeed data
ohtained by M. Bisbop (U.C. Riverside); and the total
ammonia concentrations determined during the syn-
optic surveys. The percent unionized ammonia present
at the sampling sites were calculated as in Demuncad
et al. (1982):

A= C /1 + 10Qwoss « 272992m-pH) 2)

where, A and C are aqueous NH; and ammoniacal ni-
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trogen ([NH, — NH,']) concentrations in water (g N
m~*) and T is temperature (K). The equilibrium NH,
vapor pressure was calculated from the following
(Denmead et al. 1982):

p. = 0.00488 AT/1Qu77T-169%D) (3

where p, is in mbar. Finally, the rate of volatilization
was determined as in Freney ct al. {1985):

F =k u, (p,—n,) (4

where. F is the flux of ammonia from the wetland (pg
N m=2s7'), k is the exchange coefficient (0.885 x 10773,
Freney et al. 1985), u, is the mean windspeed (m s~'),
and p, is the ammonia concentration at reference
height z (we assumed p, = 0 (o calculale a worst-case
volatilization rate).

Aerial photographs were taken in April 1998 and
May 1999 w0 record the arcal coverage of emergent
vegetation within the wetland. Photos were taken with
color infrared and natural color film from a height of
427—488 m above the ground (nominal scale 1:2500).
The spatial extent of vegetation was derived by scan-
ning polygons hand-drawn around interpreted vegetat-
ed areas on clear Mylar sheets or by color scanning
the photographs when the vegctation was very sparse.
Photo interpretalion was validated by ground inspec-
tion. The scanned data were rectified using landmarks
visible on both the photographs and the wetland dia-
gram (see Sartoris et al. 2000). Coordinate transfor-
mation, area computation, mapping, and plotting were
performed using ARC/INFO Geographic Information
System software.

RESULTS

The mean loading rates of total N into and out of
the wetland over the entire period that it was in op-
eration through May 1999 are presented in TFigure 2.
The quantity of N loading into the wetland increased
three-fold over the 2.5-year period of opcration in its
original configuralion, and ammonia accounted for
>95% of the total N load. During the 1998 swdy pe-
riod (Junuary to March), the total N load into the wet-
land was 17.26 kg N ha~' d~', and about half this
amount exited the welland through the outlets. Once
the wetland had been modified and had gone back on-
line in 1999, nitrogen loading increased considerably.
The mean daily load of total N for the 1999 study
period (25 March to 4 May) was 24.80 kg N ha™' d™,
and 15.93 kg N ha™' d~' exited the outlets. The influent
inorganic nitrogen loud consisted of 72% lotal am-
monia-N and 17% nitrite plus nitrate-N, which indi-
cates that the modifications on the treatment plant im-
proved the quality of water entering the demonstration
wetland.
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Figure 2. Total mtrogen loading into and out ol the Hemet/
San Jacinto Demonstration Wetland over Lthe period of its
operation (Jan 1996-Mar 1998 and Mar - May [999). Mean
loads were determined for the periods when synoptic surveys
were conducled.

A (ransecl of nitrogen concentrations across the wet-
tand (sce Figure 1) illustrates within-wetland nitrogen
translormations ag the influent traversed the wetland
(Figure 3). In 1998, total ammonia-N levels decreased
along the transcet, and concentrations were approxi-
mately ewo-thirds their original concentration upon ex-
iting the outet. Nitrite-N and nitrate-N remaincd low
throughout the wetland (<1 mg/L, except one loca-
tion). and organic N constiluted between 5 and 14%
of the tatal N within the wetland. After modifications
to the wetland were completed, total ammonia-N lev-
els did not change as dramadcally as was observed in
1998, but nritratc-N became more prevalent aeross the
transect (129 of the total N in the effluent). Nearly
half of the effluent consisted of non-ammonia species,
which is in contrast to the efflaent’s constituency in
1998.

A second polential source of nitrogen (o the dem-
onstration wetland is waterfowl. A histogram of total
N inputs into the wetland from waterfowl for January
to April 1998, is shown in Figure 4. From January o
March, N inputs were generally between 100 and 200
g d-'. Tn early March, when a large influx of red-
winged blackbirds occurred. inputs jumped 10-fold to
ncarly 1000 g d='. When the cumulative inputs were
converted o an arcal basis, the loading rates of N by
waterfowl were insignificant compared to the loading
from the trealment plant. We cstimate that water{fow]
inputs were equivalent to 0.02 kg ha™' d~!. which is
roughly 0.1% of the avcrage loading rate from the
RWREF for the period of January-—March, 1998.

Figure 5 illustrates typical DO concentratious in the
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Figure 5. Diel patterns of dissolved oxygen for the 4-day
deployment period of the Hydrolabs in March [998. The top
two panels represent data collected from the open water and
vegetated strips that were adjacent to cach other; water depth
was about (.5 m. Note change in scule between graphs.

three regions sampled in 1998, In the shallow open
water strip of inlet arm 2, DO levels showed a typical
diel pattern where DO coneentratons peaked around
noon, decreased in the late afternoon, and remained
low throughoul the evening. Within the corresponding
vegetated site (see Figure 1), DO concentrations re-
mained low throughout the deployment period; often,
values were <<0.3 mg L-'. DO levels were the most
variable in the bottom walcrs of the deep water pond
site, and they seemed to be related to the combination
of wind spced and direction. A weather stalion main-
tained at the treatment wetland by the University of
Calitornia at Riverside rccorded wind speed and di-
rection during the study period. Unfortunately, the an-
emometer was not calibrated for absolute wind dirce-
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g Table 2. Denitrification rales of cores collected from the Hemet/
77 5| Open Water San Jacmto Demonstration Wetland. The inlet open water sifes
g Inlet Arm 3 were shallow in (998 and were deep in 1999. The sample sizc is
= 4" 3 for each site, excepl for Inlet—Veg 2, March 1998, when only 1
% . core was collected. The crror represents the slandard error. See
g i Figurc | for site Jocations.
e 2
_§ DO NO3 Denitrification
8 7 Site (mg L™Y (mg N L") {pmol N m= h=!)
0 ' . : ' . January 1998-incubator temperature 15° C
0 400 800 1200 1600 2000 2400 Pond 1.00 <02 1799 + 947
186 Inlet—open water 0.25 <0.2 177 = 44
£~ 14} Vegststion [nlet-veg | 0.65 <0.2 0+0
é 12| Inlet Arm 3 [nlel-veg 2 0.30 <0.2 63 + 62
g w0l March 1998-incubator temperature 18° C
o Pond 0.22 0.05 66 + 7
& o Inlcl-open water 2.9 0.7 (98 + 198
?; 6 [nlel—veg | 0.30 0.05 00
g 4 Inlet-veg 2 0.30 0.05 0
a 2 May 1999—incubator lemperature 18° C
0 R : : : Pond 1.6 1.6 B9 * 110
& 400 800 1200 1600 2000 2400 Inlel—open waler 3.0 1.5 975 + 310
[nlel-veg } 10.4 1.7 685 * 172
6 Inlet-veg 2 10.4 1.3 1456 * 41}
% 5| Open Water Pond —e— 5 May Outlet-veg 6.0 2.0 2444 + 175
% Bottom —0— 8May * An algal bloom occurred within the feed water during the experiment.
T 4r —T— 7May See text for explanation.
o
=
£ o
B 2} Typical DO concentrations measured during 1999
2 are contrasted in Figure 6. We ohserved that DO levels
a in the open water strips showed diel variations, but
0 : : : . they were dampened compared to that of 1998. During
o 400 g 1e0c  ge: 2000 2edl modification, the open water strips of the inlets and
Time (hours)

Figure 6. Diel patierns of dissolved oxygen for the 3-day
deployment period of the Hydrolahs in May 1999, The top
lwo panels represent data collecied from the open water und
vegetated strips that were adjacent to cach other: water depth
was about 2 meters and 0.5 ., respectively. Nole change in
scale between graphs.

lion, but we observed on 30--31 March 1998, when
mean wind direction was 260° and DO levels were
< 1.0 mg L7, that the correlation between wind speed
and DO levels was insignificant based on Sigma Stat
5.0 linear regression analysis (# = 0.01, n = 31, p >
0.05). On 1 and 2 April 1998, the mean wind direction
shifted by 55°, and there was a small but significant
corrclation between wind speed and DO concentraiion
(r* = 0.32, n = 34, p<0.001). We speculate that the
wind came frotu the southwest al this time, crosscd the
maximumn fetch of the deep water pond, and nixed
DO into the bottoin wauters, as suggested by the similar
top and bowom water DO readings obtained on 1-2
April with the Hydrolabs.

outlets were deepened, and hence, bottom water DO
levels were lower. DO levels within the vegelated
strips, which had been hypoxic during 1998, ranged
from 10-14 mg L~" at mid-day to < 2 mg L~' at night.
Tt should he noted, however, that at this time, the emer-
gent vegetation in this strip was only beginning to re-
establish jtself after being burned the previous fall. so
it was sparse compared with the 1998 vegetation. We
observed no consistent patlern of DO in the deep watet
pond, and DO levels decreased with the passage of
cach day as the thermocline strengthened.

The mean denitrification rates measured at the four
wetland sites in 1998, along with the DO and nitrate
data colleered at the time of sampling the wetland, are
shown in Table 2. ln general. when denitrification was
detected, the rates were highly variable for a given site.
Coefficients of varnation ranged from 15% (Pond,
March) to 173% (Inlet—=Veg 2, January). Denitritica-
tion rales werc highest within the two open waler sites,
and except in one core (Inlet—Veg 2, January), we de-
tected no denitrification within the vegetated areas.
Overall, denitrification rates within open water regions
averaged 646 = 353 pmol N m~2 h™', which is nearly
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Figure 7. Comparison of light and dark weatments on de-
nitrification rares. Error bars represear rhe standard error,

twenty times greater than the average rates measured
wilhin vegelated areas (20.9 = 20.9 pmol N m~-2 h™"),

Al the time of core collection, both DO and nitrate
concentradons at the sites were generally low (<1.0
mg L. Only at the two open water sites (Pond, Jan-
uary and Inlei—Open Water. March) did DO concen-
trations rise to or above 1.0 mg L.-'. During the first
denitrification measurements (Pond, January), the in-
cubator was mainlained on a day-night cycle that was
sirnilar to that of the wetland in California. Over the
course of the incubation, an algal bloom occurred
within the feed water, and nitrate levels rose to 2.5 g
L' The presence of high levels of nitrate stimulated
denitrification, and thus, the cores registered very high
rates that probably were not representative of field
conditions at this site.

In 1999, we tested the effect of light and dark con-
ditions on denitrification rates by incubating a series
ol cores under the two regimes. We analyzed the re-
sults using one-way ANOVA (Sigma Stat 5.0). The
results werc somewhat inconclusive, as we tound that
denitrification rates were significantly higher (F =
79.6. n = 6, p < 0.000) in the dark for the corcs
collected from the deep water pond, and the opposite

was true (F = 91.7, n = 6, p < (.001) for the cores
collected from Inlet—Veg | (Figure 7). At the other
three sites, we found no significant effect (F = 0.68,
0.001, 0.002; p > 0.05) from light exposure or ab-
sence. Consequently, we maintained the incubator in
total darkness for the remamnder of the measurements,
and we assume the rates can be extrapolaled Lo a 24-
hour period.

After modifying the wetland, DO and nitrate levels
were higher than observed in 1998, and we found
higher denitrification rates at Teast within the reestab-
lishing vegetated zones. Variability in the rates was
generally lower than in 1998, and the CVs ranged {rom
a low of 10% at the Qutlet—Veg site to a high of 78%
at the Inleti-Veg | site. Overall deuitrification rates av-
eraged 682 = 21R pmol N mn~? h~! within open water
arcas and 1414 = 298 pmol N m™ h™' within the
emergent marsh zones.

For a nitrogen balance, the point measurements of
denitrification must be scaled up to a wetland-wide
rate. This was aecomplished by computing the product
of the areal coverage of the four wetland regions {deep
water pond, open waler strip, and the two types of
vegetation) delineated using the photographic images
and the average denitrilication rates for each region.
The wetland-wide deuitrificaton rale [lor the 1998
study period is 0.70 kg ha=' d~', and for the 1999 study
period is 3.58 kg ha™' d™".

The range in water temperature and pH recorded
within the three regions of the wetland during the 3-
day Hydrolab deployment periods is shown in Table
4. When water temperatures were cooler (1998), the
pH of the surface waters in the three regions ranged
from a low of 6.90 to a high of 7.64. In May 1999,
water lemperature averaged ca. 22 °C and pH ranged
from 7.37 10 8.39. In January, the %NH, precsent in
the wetland never excecded 0.50%. In March, when
pH rose abave 7.5 in three cases, the highest percent-
age of NH, present was ca. 1.1%. In terms of NH,
concentration, the values ranged from 0.03 Lo 0.23 mg
N L~ ju 1998. In May 1999, the pH on occasion drift-

Table 3. The range in water temperature (C) and pH in a vegetated band of an inlet, an open band of an inlet, and the decp open water
pond. The mean is shown in parentheses below each range. The values reflect the range and mean in data collecied on an hourly basis
over a three-day period. A Hydrolab was not deployed in an open water band in January 1998,

January 1998 Mareh 1998 May 1999
Site Temp pH Temp pH Temp pH
Vegetation 15.6-16.7 7.02-7.19 11.8-13.6 6.90-7.23 17.3-27.9 7.37-8.39
(16.2) (7.07) (12.5) (7.02) (22.5) (7.66)
Open water — — 11.7-15.2 7.13-7.64 18.3-24.9 7.50-7.66
(13.1) (7.26) (22.3) (7.5
Pond 10.8-14.3 6.97-7.09 10.4-12.2 6.92-7.25 15.6-26.6 7.85-8.11
(12.4) (7.01) (11.5) (7.08) (21.1) (7.98)
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ed above &, and as a consequence, the NH, levels
reached between 6 and 14% or [ to 2 mg N L',

To obtain wetland-wide rates, amumonia volatiliza-
tion was estimated on an hourly basis. An average dai-
ly rate was determined for each station in which a
Hydrolab was deployed, and thc ratcs were extrapo-
lated Lo a wetland-wide rale as in the denitrification
rates. In May 1999, when water temperatures and pH
were the highest, volatilization averaged 0.0002 kg N
ha~' d'. Rates were even lower in 1998, when tem-
peratures and pH were lower.

DISCUSSION

This study examined the role of demtrification in
the removal of nitrogen from a constructed wetland
{or waslewaler (reatment (CWWT) that receives am-
monia-dominated effluent. Furthermore, this study was
designed to compare the relative immportance of deni-
trification during two phases of the wetland’s estab-
lishment. First, denitcification rates were measured at
a mature stage in the wetland’s development, when
internal toading of ammonia-N and anoxia caused by
extensive biomass accumulation had reduced treatment
cfficiency (Sartorts et al. 2000). Second, denitrification
rates were measured after the wetland had been recon-
figured, and a uew ‘‘set-point’’ representing an early
stage in wetland development had been established.
The balance between N inputs, outputs, and internal
storage at these two developmental stages is illustrated
in Figure 8.

Nitrogen Balance—~The Mature Wetland

Nitrogen Inputs.  Total nitrogen inputs from the RWRF
dominate N loading into the wetland. Over the 8 Janu-
ary—31 March 1998 study period. the wetland received
17.26 kg N ha~' d™' of TN, and ammonia was the dom-
inant nirogenous species flowing into the wetland (Fig-
ure 3). Even though waterfowl counts were high at the
welland, estimated N input from birds was only .02 kg
N ha=' d7', a negligiblc component of the N balance.
Two other possible inputs of N werc ground-water seep-
age and precipilation. We assume that ground water at-
tributed nothing Lo the N budget. as the underlying soils
are clayey silt and ground-water depths range from 4 to
7 m (USBR 1993), which precludes ground-waler seep-
age inlo the wetland. We also assume that precipitation
did not conuibute significantly to N inputs. as Hemcl is
focated in an arid climate. Typically rainfall is ca. 10 cm
per annum (hup:/www4.ncde.noaa.gov/cgi-win/
wwegl.dl?7wwDI~SnSrch~StnID~20001573). How-
ever, during this study period. Hemet received ca. 36 cm
of rainfall. Assuming an even spread of rainfall over the
swrface of the wetland. precipitation contributed roughly
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4 A l
Valalilization |} Denitritication |
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Wast - - Wetland
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Ground Water
0
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Figure 8. TInputs, outputs, and internal storage of total ni-
trogen lor the 1998 and 1999 study periods; all units are in
kg Nha ' d7'. In both 1998 and 1999, 8 kg N ha ' d' was
removed through internal processing by the wetland. The
parentheses within the shadowed boxes show the percentage
of TN removed perinanently via denitrification and tempo-
rarily through internal storage.

144 of the average daily inflow to the treatment wetland.
Since we did not analyze the precipitation for nitroge-
nous species, the quantity of N attributable to precipita-
tion ducing this period is unknown.

Nitrogen Ouwtputs. There are Lhree palthways of per-
inanent nitrogen loss from the Hemet San/Jacinto
Demonstration Wetland: exporl of dissolved nitroge-
nous species through the outlet weirs, gaseous escape
of NH; through volatilization. and loss of N, and N,0
via denilrification. TN export during the smdy period
averaged 8.98 kg N ha™! d=', or about hal( of the
wastewater additions. Loss of N through volalilization
was negligible, as <0.01 kg N ha™' d~' was eslimaled
to be lost from Lhe wetland through this process.
Denitrification played a minor role in the removal
of N from the wetland during this period. The wettand-
wide denitrification rate was 0.70 kg N ha=' d~', which
represents less thanl0% of the TN removed by the
wetland (Figure 8). Denitrificaton relies on the pres-
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ence of nifrate as a precursor and organic carbon com-
pounds to provide elecwons for denitrifying hetero-
trophs te form N, and N,0 (Knowles 1982). Most like-
ly, DOC was not limiting to denitrification in this
study because concentrations ranged from 9.25 to 11.7
mg I.7" (L. Barber, unpublished data). Nitrogen inputs
were dominaled by ammonia, and nitrate levels were
probably oo low to support much dircct denitrification
(Table 2; Figure 3). Instead, the coupled process of
nitrification-denitrification was a more likely pathway
for denitrification within this ainmonia-dominated wet-
land. This process has been found to be particularly
impostant within the sediment-rhizome matrix where
macrophytic release of DO within anoxic sediments
facililales thesc transformations (Reddy et al. 1989,
Caffrey and Kemp 1992). However, this did not occur
readily in the wetland during 1998, as denitrification
ratcs were zero within the vegetated areas in nearly all
cases. Instead, nitrification of ammonia within the wa-
ter-column of the open water areas and suhsequent de-
nitrification within the sediments must have occurred,
since denitdfication was only consistently detected
within the open water sites. An example of the im-
portance of DO in the ammonia-rich water-column is
found during the March sampling. At this time, cores
were collected from the deep water site (Pond) on 31
March, when DO levels were <(0.5 mg L' (Figure 5).
Niwrification was probably limited by the relative lack
of DQ; hence, denitrification rates were lower than the
shallow open water site (Inlet—OQOpen Water). which
had higher DO concentrations {Table 2).

Inrernal Storage of N. The difference between the
measured inputs and outputs of nitrogen represent the
internal slorage component of the wetland. Loss of N
to the sediments via burial or assimilation of N by
macrophytes, periphyton. and algae are Lthe two routes
for internal storage. Both of these pracesscs represent
a temporary loss of N from the wetland because dis-
solved inorganic N is rcleased hack to the water col-
umn when organic material within the sediments or
within the senescent biomass is mineralized. We esti-
mate that internal storage during the [998 study period
was 7.60 kg N ha™' d~'. Thus, of the 8.98 kg N ha™'
d™' removed by the wctland, more than 90% was
stored internully (Figure 8).

Nitrogen Balance—The Immature Wetland

Nirrogen Inputs.  Again, total nitrogen inputs from the
RWREF doininate N Joading into the wetland during
the 1999 study period. Loading rates of TN were abaut
50% greater than in 1998, with an average rate of
24.80 kg N ha~' d-*. Nitrite-N + nitrate-N was a more
important component of the TN loads, and together,

they averaged 4.16 kg N ha~! d~t. No waterfowl counts
were made in 1999, but we assume that the loading
rate from hirds was equivalent to the previous year.
Precipitation was most likely an insignificant compo-
nent of the input budget of N, as rainfall was only 6
cm during this study period and represented <1% of
the average daily inflow.

Nitrogen Outputs. TN cxport during this study period
averaged 15.93 kg N ha™ d~' or about 60% of the
loading from the RWRF. Loss of N through volatili-
zation was negligible, bul denitrification played a more
important role in the removal of nitrogen. The wetland
denitiified 3.58 kg N ha ' d~', a rate five times greater
than that measured in 1998. In addition to receiving a
more nitrified effluent, DO concentralions within the
wetland were high enough to support the conversion
of ammonia to nitrate, which increased wetland nitrate
concentrations. During the sediment core incubations,
we found a significant positive relationship (r* = 0.70.
n =15, p < 0.05) between the rate of nitrate decrease
within the cores {delta NO,) and denitrification rates
{Figure 9a). The slope of the line for the vegetated
sites 15 20% steeper than the slope of the line for (he
non-vegetated sites. We also found that as the number
ol culms increased within the sediment cores, the rale
of denitrification increased (Figure 9b). These obser-
vations suggest that the vegetation aided denitrification
through the coupled process of nitrification-denitrifi-
cation, and as a cousequence, for a given amount of
water-column nitrate, the vegctated areas yielded a
higher denitrification rate.

Internul Strorage of N We estimate that internal stor-
age during the 1999 study period was 5.31 kg N ha™'
d~' or roughly 60% of the TN removed by the wetland.
The modifications to the wetland, along with the treat-
ment plant upgrades, shifted the nitrogen balance from
a large internal storage component and a small deni-
trification component in 1998 to a more denitiifying
system in 1999,

Comparison to Other Studics

Tt is difficult to compare our denitrification data to
those of other studies because very few quantitative
data exist, and methodologies vary and are not directly
comparable {Seitzinger et al. 1993). Two recently pub-
lished studies, wbich report a nitrogen budget (Fran-
kenbach and Mcyer 1999) and in sire denitrification
rates (Xac ct al. 1999) for CWWTs, merit comparison
with our swdy. Tn a small (0.74 ha) constructed treat-
ment wetland located in Arcata, California, Franken-
bacfi and Mcyer (1999) measured the total N content
of the influent and effluent, the plant biomass. and the
sediments, and they estimated denitrification hy mass
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Figure 9. (A) The relationship between the change n ni-
wate concentration of the {eed water and the denimification
rates for the May 1999 sediment core measurements, The
solid line illustrates the slope of the data for the open watcr
siles (triangles), and the dashed line illustrates the slope of
the darta for the vegetated sites (circles). (13) The relationship
between the number of shoots within the sediment cores and
denitrification rates. The data points for zero shoots are from
the opeun water sites, and they were not included in the cor-
relation analysis,

balance. The composition of the influent difered (rom
that of the Hemet wetland in that the main nitrogen
component was organic N (ca. 50%), and the HRT was
considerahly shorter (20 hours). This wetland was in-
e(ficient in the removal of TN, us only 17% was re-
moved on an annual basis. The estimated wetland-
wide denitrification rate was 9.88 kg N ha' d=! (in
comparison, the loading rate was 61.34 kg N ha™' d'),
and it accounted for aboul 90% ol the TN rcinoved by
the wetland. We question whether planr hiomass might
have accounted [or a larger percentage of the internal
storage component of the Arcata wetland, TN content
of the rhizomes. phytoplankton, and periphyton was
not measured, and the litter component wus assumed
to be zero. Furthermore, precipitalion inputs were not

included in the inodel used to derive flow rates out of
the wetland (flow rvates were nol measured), which
could affeet the TN balance, given that Arcata is lo-
cated in a moderately wet climate, As a consequence,
the mass balance-derived denitrification rates may be
less than Frankenbach and Meyer (1999) estimated,
and the internal storage component may be larger than
reported.

During two tdiuc periods, January—February and
May—June, Xue et al. (1999) measured denitrification
rates by the acetylene block technique in small con-
strucled wetlands (0.6-0.8 ha) located in Illinois.
These wetlands received agricultural tile drainage that
ranged from O to 10.5 mg L~ of NO,-N and had an
HRT of 7 days. The denitrification rates ranged from
143 1o 843 pmol N m~2 h™', Based on the mean TN
load during their measurement periods and the mea-
sured denitrification rates, Xue et al. (1999) estimate
that deniuificalion could, on average, accouut for 33%
of the TN removal in the lllinois wedands. Even
though the Ulinois and Hemet/San Jacinto wetlands arc
different in size, have different HRTs, receive effluents
of different qualitics. and arc located in different cli-
mates, the measured denitrification rates overlap one
another {Table 2).

Given the increasing use of constructed wetlands 1o
treat a variety of wastewater types, more direct mea-
surcments of denitrification are required to detcrmine
the relative importance of denitrification and internal
storage as nilrogen removal mechanisms in CWWTs.
Denitrification rate estimates for CWWTs that are de-
rived using a subtractive approach aud a nitrogen bud-
get model have (he inherent problem of leading the
errors of cstimation or omission of compartments into
the unmeasured compartiient, in this case denitrifica-
tion. 1f the denitrification rates are overestimated, then
the internal storage compartmenr will be underesti-
mated. Consequently, the useful rreatment life of a par-
ticular CWWT muy be overestimated. The Hemet/San
Jacinto Demonstration Wetland reached maturity at a
rclatively rapid rate, but this is not unprecedented in
the Southwest. A siinilar sized constructed wedand lo-
cated in Kingman, Arizona apparently required burn-
ing after not quite five years ot operation (Pinney et
al. 2000), Vegetation clearing was also required at the
Swectwater Wetlands in Tucson, Arizona, after ap-
proximately three yeuars of operation, it order to (main-~
tain flow and rcduce mosquito breeding habitat (Prior
2000). We hope that the reconfiguration of the Hemet/
San Jacinto Demonstration Wetland into a hemi-marsh
will result in a more sustainable treatment system.
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