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Particulates, Not Plants, Dominate Nitrogen Processing in a Septage-Treating Aerated
Pond System

M. Robert Hamersley,* Brian L. Howes, and David S. White

ABSTRACT to NOx via oxygen (O2) loss from roots (Reddy et al.,
1989). Plants are sources of organic carbon that canIn pond and wetland systems for wastewater treatment, plants are
support the denitrification of NOx to nitrogen gas (N2)often thought to enhance the removal of ammonium and nitrogen

through the activities of root-associated bacteria. In this study, we by providing carbon substrate and/or creating anaerobic
examined the role of plant roots in an aerated pond system with microsites (Gersberg et al., 1986; Hamersley and Howes,
floating plants designed to treat high-strength septage wastewater. 2002). Microenvironments surrounding submerged roots
We performed both laboratory and full-scale experiments to test the and leaves may also indirectly affect N cycling by sup-
effect of different plant root to septage ratios on nitrification and porting the activities of nitrifying and/or denitrifying
denitrification, and measured the abundances of nitrifying bacteria bacteria. Plant roots create fixed attachment sites forassociated with roots and septage particulates. Root-associated nitrify-

N-processing bacteria, potentially increasing populationsing bacteria did not play a significant role in ammonium and total
(Kaplan, 1983).nitrogen removal. Investigations of nitrifier populations showed that

Direct N uptake by plants is proportional to biomassonly 10% were associated with water hyacinth [Eichhornia crassipes
(Mart.) Solms] roots (at standard facility plant densities equivalent production rate and plant N content. Water hyacinth
to 2.2 wet g roots L�1 septage); instead, nitrifiers were found almost has frequently been used for wastewater N removal
entirely (90%) associated with suspended septage particulates. The because of its growth rates (�42 dry g m�2 d�1) and N
role of root-associated nitrifiers in nitrification was examined in labo- uptake (�19.7 mg N m�2 h�1) (Reddy and Sutton, 1984).
ratory batch experiments where high plant root concentrations (7.4 Nitrogen removal by plant uptake requires regular bio-
wet g L�1, representing a 38% net increase in total nitrifier populations mass harvest, or else biomass N storage reaches steadyover plant-free controls) yielded a corresponding increase (55%) in

state, where uptake is balanced by the return of N intothe non-substrate-limited nitrification rate (Vmax). However, within
the wastewater through senescence, leaching, and decay.the full-scale septage-treating pond system, nitrification and denitrifi-
The benefits of N removal through plant uptake arecation rates remained unchanged when plant root concentrations were

increased to 7.1 g roots L�1 (achieved by increasing the surface area also limited by the potentially costly composting and
available for plants while maintaining the same tank volume). Under drying procedures required for biomass disposal (Bag-
normal facility operating conditions, nitrification was limited by am- nall et al., 1987; DeBusk and Reddy, 1987). Regardless,
monium concentration, not nitrifier availability. Maximizing plant root plant uptake is only a partial solution to the problem
concentrations was found to be an inefficient mechanism for increasing of N disposal, since N is merely transferred from inor-
nitrification in organic particulate-rich wastewaters such as septage. ganic to organic forms, which can subsequently re-release

inorganic N to the environment on decay.
Although plant uptake can remove NH4 from waste-

Nitrogen (N) removal from wastewater is mandated water, oxidation to NOx by nitrifying bacteria is the
in most jurisdictions because of the toxicity of am- dominant removal mechanism in most biological treat-

monium (NH4) to aquatic fauna and the contribution ment systems. The contribution of O2 lost through wet-
of N compounds (including nitrite � nitrate [NOx]) to land plant roots (0.02–9.6 g m�2 d�1) to wastewater aera-
the eutrophication of aquatic ecosystems. In pond and tion may be small relative to O2 diffusion from thegravel bed wastewater treatment systems engineered atmosphere (Moorhead and Reddy, 1988; Howes andfor N removal, aquatic macrophytes are thought to con- Teal, 1994), and unaerated constructed wetlands typi-tribute to N removal through a variety of mechanisms

cally have low dissolved oxygen (DO) concentrations(Orth and Sapkota, 1988; Peterson and Teal, 1996;
(approximately 0.5 mg L�1). As a result, long retentionWeisner et al., 1994). Early research on plant roles in
times are required to reduce NH4 concentrations to lev-wastewater N removal focused on N uptake through
els that allow discharge to aquatic environments (Dingesbiomass production (Reddy and Sutton, 1984). Aquatic
and Doersam, 1987; Reed and Brown, 1995). Althoughplants may also promote microbial nitrification of NH4 O2 translocation is critical to aquatic plant survival, in
practice it does not seem to contribute significantly to
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mand of wastewaters may therefore require costly me- guard against washout of suspended bacteria, and plant
root systems may provide a high-surface-area fixed bio-chanical aeration to support adequate nitrification.

Wastewater NOx removal through denitrification to film substrate (40–200 times the plant cover area; Kin-
singer et al., 1991). Although nitrifiers have been foundN2 requires an organic carbon substrate to proceed

(Focht and Chang, 1975). However, in most aerobic attached to aquatic plant roots (Matulewich and Finstein,
1978; Ottová et al., 1997), the contribution of plants tobiological wastewater treatment systems, organic car-

bon oxidation and nitrification occur simultaneously, total nitrifier populations in wastewater-treating ponds
and wetlands has not yet been quantified.resulting in an effluent high in NOx but low in organic

carbon. To support denitrification in these wastewaters, In this study, we investigate the role of plants in nutri-
ent uptake and in supporting nitrification and denitrifi-soluble organic carbon may be added to the nitrified

process stream in the form of acetate, methanol, or food cation within a septage-treating aerated pond system.
Septage is the waste solids periodically pumped fromprocessing wastes (Isaacs and Henze, 1995; Halling-

Sørensen and Jørgensen, 1993). Similarly, harvested septic tanks and its disposal is an important problem in
rural areas because of its high concentrations of recalci-wetland plant material has been successfully used to

stimulate denitrification in constructed wetlands (Gers- trant organic matter and ammonium (Hamersley et al.,
2001). The aerated pond system we studied was part ofberg et al. 1986; Weisner et al., 1994; Hamersley and

Howes, 2002). However, it is not clear whether organic an engineered pond–wetland designed to treat septage
to nutrient removal standards (Teal and Peterson, 1991,carbon losses from living plants growing within the pro-

cess stream contribute significantly to denitrification 1993; Teal et al., 1994; Peterson and Teal, 1996). In
earlier publications (Hamersley et al., 2001; Hamersleyin wastewater.

The availability of attachment sites for nitrifying bac- and Howes, 2002) we constructed nitrogen and carbon
budgets for the septage-treating pond–wetland systemteria can limit nitrification rates when they are not lim-

ited by substrate (NH4) and DO availability (Kaplan, and its components, measured rates of N mineralization,
nitrification, and denitrification reactions, and studied1983). In suspended-growth biological nutrient removal

systems, suspended organic particles provide a substrate the role of septage particulate organic carbon in sup-
porting denitrification in this highly particle-loaded sys-for bacterial biofilm growth, while in attached-growth

systems, a fixed, high-surface-area mechanical support tem. During a 6-mo study period, the influent septage
had a high organic matter and N content, with totalfills the role (Horan, 2002). Biofilms on fixed substrates
suspended solids (TSS) concentrations averaging 45
times (7460 vs. 165 mg L�1) and ammonium N (NH4–N)
more than three times (32.8 vs. 10.1 mg L�1) local sewage
levels (Hamersley et al., 2001). Raw septage was first
treated by preliminary biological oxidation and sedi-
mentation; further oxidation and nitrification took place
in an aerated pond system containing floating tanks
(Fig. 1). After secondary sedimentation, it flowed into
a gravel wetland bed for final solids polishing and denitrifi-
cation. Ninety-nine percent of the influent N was removed
during treatment, primarily by sedimentation (58%) and
sequential mineralization–nitrification–denitrification
(41%). The total nitrogen (TN) concentration of the
septage-treating wetland’s effluent averaged 6.1 mg L�1,
well below that of a nearby septage-treating rotating
biological contactor (52.6 mg L�1). Effluent inorganic
N concentrations were also low, with NH4–N averaging
0.6 mg L�1 and nitrate � nitrite N (NOx–N) averaging
1.7 mg L�1.

In the present study, we chose the aerated pond sys-
tem portion of the septage-treating wetland to study the
effects of plants on nitrogen processing and removal,
since it was the site of rapid nitrification (0.61 mg L�1

h�1) and the effects of plants as attachment sites for
nitrifying bacteria could be studied separately from any
oxygen-transporting capabilities. This system consisted
of two trains of nine aerated tanks (0.75 m in diameter �
1.5 m high; 640 L) each containing a mixture of floating

Fig. 1. Schematic of the Marion, MA septage-treating pond–wetland plants (see Materials and Methods, below), and later,
system (not to scale). Percentages indicate fate of total nitrogen water hyacinth (Fig. 1). The influent to the tanks was
(TN) flowing into the aerated pond system containing floating septage that had been subjected to preliminary biologi-plants over a 6-mo period (flow-weighted mass balance; Hamersley

cal oxidation and sedimentation; however, organic nitro-et al., 2001). Concentrations indicate composition of N species in
pond influent and effluent (flow-weighted average during 6 mo). gen (ON) still accounted for 84% of TN, mostly (91%)
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as particulates (Hamersley et al., 2001). Influent NH4 Laboratory Batch Experiment
and NOx levels were similar to local sewage, but ON To examine N processing in septage treated with and with-
levels exceeded typical sewage levels by more than five- out root biomass, laboratory batch experiments were con-
fold. During the 4.8-d retention time, 47% the influent ducted with an N-Serve (2-chloro-6-[trichloromethyl] pyri-
TN was removed by denitrification, 26% as settled sol- dine; Dow AgroSciences LLC, Indianapolis, IN) treatment

added where nitrification was blocked. N-Serve inhibition ofids, and 2% by direct plant N uptake (Fig. 1). In this
nitrification allowed an accurate determination of N mineral-study, we quantified the distribution of nitrifying bacte-
ization rates from NH4–N accumulation. Twenty microcosmsria and their activity throughout the septage-treating
(4 L each) were filled with septage from Tank 2 (266 � 11 mgpond system and in plant root material. We manipulated
L�1 particulate organic carbon, 47.1 � 1.8 mg L�1 ON, 0.23the abundance of rhizospheric nitrifiers both within the
� 0.01 mg L�1 NH4–N). All microcosms were adjusted withprocess stream and in laboratory experiments and mea- NH4Cl to bring the initial NH4–N concentration from the atypi-

sured the effect of these manipulations on nitrification cally low value to 6.65 mg L�1 (typical for this part of the
and denitrification rates under different levels of sub- treatment train; Hamersley et al., 2001) and to release nitrifica-
strate (NH4) availability during septage treatment. tion from substrate limitation. Ten microcosms were stocked

with water hyacinth from the tanks to a mean root concentra-
tion of 7.4 wet g L�1; the other ten were left without plants.MATERIALS AND METHODS A subsequent experiment was conducted with root concentra-
tions of 12.4 g L�1. N-Serve was added to half of the plantSite Description
and half of the control microcosms, to a final concentration

The study system was a 2200 L d�1 demonstration scale of 10 mg L�1. The microcosms were aerated at levels equiva-
septage-treating artificial wetland in Marion, MA (designed lent to those used in the full-scale facility and incubated in
and operated by Ecological Engineering Associates, Weston, daylight for 12 h, with 15-mL samples withdrawn at time zero
MA) described in detail in an earlier study (Fig. 1; Hamersley and every 2 h thereafter. Samples were immediately cooled
et al., 2001). Our study focused on mechanisms of treatment on ice, filtered (0.45 �m; Millipore, Bedford, MA), and ana-
in the aerated pond system of nine interconnected planted lyzed for NH4 within 1 h (see Analytical Methods, below).
tanks. Each tank maintained a mixture of floating plants in- Samples were also collected at the beginning and end of the
cluding willows (Salix nigra Marshall), water hyacinth, penny- experiment for determination of NOx and particulate organic
wort (Hydrocotyle umbellata L.), primula (Primula veris L.), nitrogen (PON) concentrations. Water volume in the micro-
and mint (Mentha arvensis L.). To study the role of plants in N cosms was measured at the beginning and end of the incuba-
removal within the aerated pond system, plant root to septage tions, and measured concentrations were corrected for evapo-
ratios were manipulated in three different experiments: (i) a transpirative water losses. Nitrogen mineralization rates were
batch experiment using laboratory microcosms (the “labora- calculated as the slope of a linear regression of the interval
tory batch” experiment), (ii) an in situ experiment conducted of linear NH4–N increase in the N-Serve treatment. The miner-
under batch conditions with septage flow stopped and the alization rate was subtracted from the NH4 loss rate in the
tanks isolated (the “in situ batch” experiment), and (iii) an non-N-Serve-amended microcosms to obtain the nitrification
in situ experiment under normal operating conditions (the rate during each 2-h sampling interval. The inhibition of nitrifi-
“in situ flow” experiment). We have expressed the different cation by N-Serve was cross-checked by measuring the PON
experimental treatment levels of plant roots and “root concen- change from the beginning to the end of the experiment. Since
trations” in units of wet plant root weight per liter of septage. the decline in PON equals N mineralization (dissolved organic
A concentration (L�1) rather than a density (m�2) measure- nitrogen [DON] remains constant; Hamersley et al., 2001), it
ment was chosen since in these well-mixed tanks, the plant provided an independent estimate that was only 12% lower
roots came in contact with all of the septage in the tank. We than the mineralization rate derived from NH4 production
chose wet root weight rather than dry weight or total biomass under N-Serve. The NH4–N concentrations in control micro-
since we felt that this measure best expressed the physical cosms did not decline to nitrification-limiting levels (only one
capability of the plants to serve as attachment sites for bacteria. point of �1 mg L�1) during the first experiment, so the experi-
Although dry biomass density is the most common expression ment was repeated with control microcosms with a lower initial
for plant density reported in the literature, comparisons with NH4–N concentration and data from both experiments were
our values would be misleading, since the root to leaf ratios pooled for analysis. In both the in situ and laboratory batch
and organic matter composition of septage-grown plants differ experiments, nitrification rates were determined at 2-h inter-
from plants grown in other environments. vals while NH4–N levels decreased, which permitted a nonlin-

ear fit of the Michaelis–Menten equation (Stryer, 1988):
Nitrifying Bacteria

RN �
Vmax � [NH4]
KM � [NH4]

[1]We determined the populations of nitrifying bacteria in raw
septage, during preliminary biological oxidation (Fig. 1), in
pond system influent, within the tanks of the aerated pond where RN is the nitrification rate, Vmax is the maximum (non-
system, and in water hyacinth roots, using the most probable substrate-limited) nitrification rate, and KM is the half-satura-
number (MPN) method (American Public Health Association, tion constant. The Vmax thus estimated was used to separate
1999). Septage and hyacinth roots from Tanks 1 through 9 substrate limitation of nitrification from the effects of the ex-
were sampled on two dates. All samples were stored on ice perimental manipulations of the plant root–nitrifier complex.
for less than 24 h. The samples were then homogenized (VirTis
[Gardiner, NY] blender) for 4 min (empirically derived time In Situ Experimentsrequired to maximize MPN results). Test tubes containing
sterilized ammonia oxidizer medium (Schmidt and Belser, To study the effect of plants in situ in the full-scale aerated

pond system, we redirected two-thirds of the flow from Tank1982) mixed with phenol red indicator were inoculated with
serial 10-fold dilutions of root and septage homogenates. 2 in each of the two tank trains to an experimental tank system,
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nitrogen (PON), dissolved organic nitrogen (DON), NH4–N,
and NOx–N (see Analytical Methods, below). We determined
N transformation rates in the in situ batch experiment from
temporal changes within a single tank. Rates during the in
situ flow experiment were determined from changes in N
species concentrations between two adjacent tanks, divided
by the tank hydraulic retention time (method detailed in Ham-
ersley et al., 2001). Nitrogen mineralization rates were deter-
mined from changes in organic nitrogen (ON � PON � DON)
concentrations, nitrification rates (including all net NH4–
oxidizing processes) from changes in ON and NH4–N, andFig. 2. Schematic of experimental tank system with varying root con-
denitrification rates (including all gaseous N losses) by differ-centrations. Plant root concentrations were manipulated by chang-

ing the proportions of the tanks; tank volumes and hydraulic reten- ence from the changes in TN (ON, NH4–N, and NOx–N).
tion times were the same across treatments. One such experimental Losses through sorption and sedimentation were ruled out,
tank system was inserted into each of the two pond system tank and the only other potential N loss pathway was by plant
trains. T2 and T5, aerated Tanks 2 and 5; SB, flow splitter box; uptake, which was known to be �4% of nitrification–
L3 and L4, low root concentration treatment (2.5 g L�1 septage); denitrification losses (Hamersley et al., 2001). Temperature,H3 and H4, high root concentration treatment (7.1 g L�1 septage).

flow rate, and DO (calibrated YSI [Yellow Springs, OH] oxy-
gen meter) were measured concurrently with water sampling.

after which it returned to Tank 5 (Fig. 2). We selected Tanks Mechanical aeration (as in the standard tanks) averaged 1.8
3 and 4 for the experimental manipulations because NH4 levels m3 m�3 septage h�1, and was adjusted to maintain a DO level
here were less likely to be limiting to nitrification, permitting of �5.0 mg L�1 (mean 7.2 � 0.2 mg L�1) in all tanks. Aeration
the experiments to focus on the role of plants (Hamersley et was kept high to study the interaction between the availability
al., 2001). In addition, since the essential processes controlling of root-associated nitrifiers and substrate on nitrification rates
N transformation in all the tanks are independent of location without limitation by aeration.
within the train, temporal variation in waste stream character-
istics allowed study of conditions similar to those found at

Plant Growthlocations throughout the treatment train through long-term
measurement of these experimental tanks. Two parallel sub- During the in situ experiments, the experimental tanks were
trains of two tanks each were inserted in series into each of planted with a mixture of plants (water hyacinth, willow, pen-
the two main treatment trains for a total of eight experimental nywort, primula, and mint). During this period, plants were
tanks (Fig. 2). The experimental tanks were stocked with hya- harvested only as needed, and were not managed for maximum
cinth at the same areal density as the standard tanks. However, growth rates. The weight of all plants harvested was recorded,
although all of the tanks had the same volume (186 L, one- and subsamples taken for N content determination. In the
third of the standard tank volume), the tanks of one subtrain following year of study, the tanks were planted with water
were shallow (0.4 m), providing nearly three times the standard hyacinth only, and these plants were used for the laboratory
root concentration (7.1 vs. 2.2 wet g root L�1 septage). The batch experiments, MPN measurements of nitrifiers, and
tanks of the other subtrain had a depth (1.2 m) similar to the quantification of maximum plant N uptake rates. To determine
standard tanks (1.4 m), hence a similar root concentration maximum plant N uptake and study the effect of root concen-
(2.5 g root L�1 septage). The distribution of flow to the sub- tration on uptake rates, half the hyacinths in each experimental
trains was periodically checked using graduated flasks and tank were harvested every two weeks to maintain exponential
a stopwatch, and adjusted to maintain equal flow across all growth. Growth rates in each of the eight tanks were deter-
treatments. Chloride tracer studies (unpublished data, 2002) mined by summing the final plant biomass with the weight of
during system operation showed that flow in both the standard plants harvested during a 69-d growth period (September–
and the experimental tanks conformed to the tanks-in-series November), and subtracting the initial plant biomass. Plant
model (Ruzicka and Hansen, 1988). The model showed that roots were gently rinsed to remove excess septage particulates.
the effective mixed volume of the experimental tanks averaged Tops and roots were weighed separately and dried at 60	C to
72% of the total tank volume, for a mean hydraulic retention constant weight before a subsample was ground for C and N
time of 4.2 h per tank. The hydraulic retention times of each content analysis on an elemental analyzer.
subtrain were the same; only the depth and therefore the root
concentration were altered. Analytical MethodsFor the in situ batch experiment, after two weeks of equili-
bration we temporarily halted septage flow, and prevented All septage samples collected during the in situ flow and

in situ batch experiments were collected in duplicate and im-flow between the tanks (Fig. 2). During the subsequent incuba-
tion, variation in septage characteristics and flow rate was mediately transported (45 min) to the laboratory on ice. Upon

reaching the laboratory, the first sample was pressure-filteredeliminated, and all transformations and losses of N resulted
from in situ processes alone. The batch experiment lasted 12 h (0.22 �m) and the filtrate assayed for NH4–N, NOx–N, and

DON. The NH4–N was analyzed immediately (to prevent am-with sampling at 2-h intervals. Initial NH4–N concentrations
varied from tank to tank because of their respective positions monia volatilization) by a colorimetric indophenol method

(Scheiner, 1976). The NOx–N was analyzed with azo dye afterin the treatment train, permitting study of the effects of both
plant root concentration and substrate (NH4) limitation on cadmium reduction using a Lachat (Milwaukee, WI) auto-

mated ion analyzer (Wood et al., 1967). Total dissolved N wasnitrification. For the in situ flow experiment, we sampled sep-
tage from Tank 2 and the experimental tanks in both trains measured as NO3 following persulfate oxidation (D’Elia et

al., 1977). Dissolved organic N was measured as the differenceeight times during 22 d of normal flow and operating con-
ditions. between total dissolved N and NH4–N and NOx–N. The second

sample was vacuum-filtered through tared precombustedDuring both of the in situ experiments, septage samples
for nutrient analysis were analyzed for particulate organic Whatman (Maidstone, UK) GFF filters and dried to constant
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weight (60	C) to collect solids for TSS, particulate organic
carbon, and PON content determination on a PerkinElmer
(Wellesley, MA) Model 2400 CHN elemental analyzer. All
reported values are means � standard error (SE).

RESULTS
The abundance of nitrifying bacteria associated with

septage increased from 0.8 � 108 MPN L�1 in raw sep-
tage to 1.4 � 108 MPN L�1 during preliminary biological
oxidation, in part because of the influx of activated
solids from secondary sedimentation (Table 1, Fig. 1).
Nitrifier levels in the pond system influent (2.0 � 108

MPN L�1) were 2.5 times higher than in the raw septage,
and reached their peak in passage through the aerated
pond system by Tank 2 (6.0 � 108 MPN L�1). Nitrifier
concentrations declined (along with NH4 concentra-
tions; Hamersley et al., 2001) to 1.6 � 108 MPN L�1 by
Tank 9, and the average concentration within the pond
system was 3.7 � 108 MPN L�1. A 4-min sample homoge-
nization was required to maximize nitrifier recovery,
suggesting that nitrifiers within the septage are associ-
ated with organic particulates, rather than existing free
in the water, since disturbance was required to dissociate
nitrifiers from the particles. Further, the highest nitrifier
levels in the facility were found within the solids gener-
ated by secondary sedimentation (5.0 � 108 MPN L�1),
while the supernatant (pond system effluent) had the
lowest nitrifier levels (0.008 � 108 MPN L�1). When
nitrifier abundances were normalized to particulate con-
centrations (TSS), patterns of change in particle-associ-
ated nitrifiers can be seen independently of sedimenta-
tion effects. The TSS-specific nitrifier concentration
increased until the pond system tanks, but by secondary
sedimentation, both the recycled solids and the superna-
tant (pond system effluent) solids had lower concentra-
tions than in other parts of the facility (Table 1). How-
ever, the TSS-specific nitrifier concentration was the
same in both the solids and the supernatant (pond sys-
tem effluent), indicating that partitioning of nitrifiers
by sedimentation matched the partitioning of solids,
further support for the dominance of particulate-associ-
ated nitrifiers in this system. Nitrifiers were found asso-
ciated with hyacinth roots at 0.19 � 108 MPN wet g�1.
In a standard tank in the aerated pond system (2.2 g
roots L�1), the standing stock of nitrifiers found on plant
roots therefore represents only an 11% enhancement
over the number of septage particulate-associated nitri-
fiers present in the tank.

The laboratory batch experiment demonstrated that
the presence of plants could affect non-substrate-limited
nitrification rates. Initially, we observed some sorption
of added NH4 onto septage particulates in N-Serve-
amended treatments (Fig. 3a). The NH4–N concentra-
tion subsequently increased as a result of N mineraliza-
tion unbalanced by nitrification. In the plant-containing
N-Serve-amended treatments, NH4–N levels began to
decline after 10 h, probably due to N-Serve degradation
and the resulting release of nitrification from inhibition.
The linear portion of the time course was therefore
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Fig. 4. Substrate limitation of nitrification in laboratory batch experi-
ment differs between treatments containing plants versus no plants.
Values are means � SE (n � 5). Lines are nonlinear Michaelis–
Menten fits to unaveraged data points for calculation of maximum
(non-substrate-limited) nitrification rate (Vmax) and half-saturation
(Michaelis) constant (KM). No plant roots treatment (0.0 g L�1):
Vmax � 0.608 � 0.031 mg N L�1 h�1, KM � 0.85 � 0.14 mg N L�1,
n � 70, R2 � 0.85, P � 0.001. Plant-containing treatment (7.4 g
roots L�1): Vmax � 0.942 � 0.047 mg N L�1 h�1, KM � 0.62 � 0.12 mg
N L�1, n � 35, R2 � 0.88, P � 0.001. The Vmax of nitrification in
treatments containing plants was significantly higher than that of
treatments containing no plants (P � 0.001), but no significant
difference was found for KM.Fig. 3. Change in NH4–N concentration with time during laboratory

batch incubations of septage. Rates of change for particulate or-
ganic nitrogen (PON) and NOx–N are reported in the text. Values kinetics, and there was a significant difference between
are means � SE (n � 5); error bars are often smaller than points. the responses of the two treatments. The Vmax of nitrifi-
(a ) Increase in NH4–N concentration due to N mineralization in

cation in control microcosms (0.608 � 0.031 mg L�1 h�1;treatments where nitrification was inhibited by addition of N-Serve.
nonlinear Michaelis–Menten fit) was 35% lower thanInitially, NH4–N concentration declined due to sorption onto sep-

tage particulates. In treatments containing plant roots, N-Serve that of the plant-containing treatment (0.942 � 0.047 mg
inhibition of nitrification decreased after 8 h. Nitrogen mineraliza- L�1 h�1) (Fig. 4; one-tailed t test, P � 0.001), though
tion rates were calculated from the slopes (�SE) of linear regres- no significant difference was found in KM (P � 0.05).sions (lines shown) of unaveraged NH4–N concentrations during

Denitrification rates (measured as NOx–N loss underthe period of linear NH4–N increase. Nitrogen mineralization was
threefold higher with plant roots present (0.190 � 0.031 mg N L�1 N-Serve amendation) in control and plant-containing
h�1, n � 20, P � 0.001), versus absent (0.0605 � 0.0089 mg N L�1 microcosms in this experiment did not significantly dif-
h�1, n � 25, P � 0.001). (b ) Decrease in NH4–N concentration, fer (mean 0.13 � 0.01 mg N L�1 h�1; two-tailed t test,
due to nitrification in excess of N mineralization in treatments

P � 0.10), but a significant increase (to 0.27 � 0.03 mgcontaining no plants or 7.1 g plant roots L�1. Earlier work showed
N L�1 h�1; two-tailed t test, P � 0.004) was observed atthat plant uptake was �4% of denitrification losses (Hamersley

et al., 2001). the highest tested plant root concentration (12.4 g L�1).
The in situ batch experiment indicated that nitrifica-

tion within the aerated pond system was controlled byof mineralization in the control microcosms was 0.061 �
0.008 mg N L�1 h�1, compared with 0.190 � 0.015 mg NH4–N concentration rather than plant root concentra-

tion (Fig. 5). Nitrification rates were highest at the startN L�1 h�1 in the plant-containing microcosms (7.4 g
roots L�1), probably due to mineralization of particulate of the experiment when NH4–N concentrations were

high, but declined during the course of the experimentorganic matter trapped on the roots. The large continu-
ous decline in NH4–N concentrations in the non-N- as NH4–N concentration declined (as a result of nitrifica-

tion in excess of N mineralization rates). No significantServe-amended treatments indicates nitrification rates
in excess of N mineralization rates (Fig. 3b). The de- difference was found between Michaelis–Menten con-

stants (Vmax and KM) derived from separate nonlinearcrease in NH4–N levels reflects the sum of NH4–
producing mineralization and NH4–consuming nitrifica- fits to data from high and low plant treatments (two-

tailed t test, P � 0.01). When all treatments were pooled,tion reactions. The rate of net NH4–N decrease was
initially greater in plant-containing versus control treat- nitrification rates followed substrate-limited kinetics

with a Vmax of 0.811 � 0.056 mg NH4–N L�1 h�1 and aments, but net NH4–N change decreased during the ex-
periment, as declining NH4 levels limited nitrification KM of 0.75 � 0.13 mg NH4–N L�1 (P � 0.001, R2 � 0.76).

Likewise, under normal facility operating conditionsrates.
Nitrogen mineralization rates (determined from the during the 22 d of the in situ flow experiment, root

concentration did not significantly affect mean N miner-N-Serve treatments) were added to the net NH4–N
change in non-N-Serve treatments to determine the ni- alization, nitrification, or denitrification rates within the

experimental tanks (Table 2, Fig. 2) (2.5 g roots L�1 vs.trification rate during each 2-h period (Fig. 4). Both
plant and control treatments showed substrate-limited 7.1 g roots L�1; two-tailed t test, P � 0.50). In both
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Table 2. Rates of major N transformations and concentrations
of selected N species during the in situ flow experiment where
the experimental tank system (see Fig. 2) contained different
plant root concentrations. Values are means, with standard
errors in parentheses.

Plant root concentration
(g L�1)

2.5† 7.1‡

Rate, mg N L�1 h�1§

N mineralization 0.47 (0.06) 0.56 (0.09)
Nitrification 0.72 (0.10) 0.76 (0.12)
Denitrification 0.26 (0.07) 0.29 (0.10)

Concentrations within the experimental tanks, mg L�1§

Organic N (ON)‡ 24.3 (2.0) 23.8 (1.8)
NH4–N 4.3 (0.7) 5.3 (0.9)Fig. 5. Substrate limitation of nitrification by NH4–N concentration
NOx–N 8.1 (1.3) 7.4 (1.2)follows Michaelis–Menten-type kinetics in eight experimental and

two standard tanks during the in situ batch experiment (Fig. 2). Concentrations in influent and effluent of experimental tanks
Each point represents conditions in a single tank over a 2-h period, (Fig. 2; retention time 8.4 h), mg L�1§
with measurements repeated every 2 h for 12 h total. Initial NH4–N Influent¶ Effluent
concentrations varied from tank to tank due to differences in in

ON# 30.2 (2.7) 22.1 (2.9) 22.3 (2.5)situ conditions at start of experiment when flow between tanks NH4–N 6.7 (1.2) 3.0 (0.5) 4.0 (1.0)
was stopped. No significant differences were found between the NOx–N 1.9 (1.0) 10.4 (2.0) 9.7 (1.9)
parameters maximum (non-substrate-limited) nitrification rate

† Sample size � 13.(Vmax) and half-saturation (Michaelis) constant (KM) of nonlinear
‡ Sample size � 12.Michaelis–Menten fits to high and low (including standard) plant
§ No significant differences between root concentration treatments (two-root treatments (P � 0.10). Line shows the Michaelis–Menten fit

tailed t test, P � 0.50).to the pooled data set. Vmax � 0.811 � 0.059 mg N L�1 h�1, (P � ¶ Sample size � 14.
0.001), KM � 0.78 � 0.13 mg N L�1, (P � 0.001), n � 60, R2 � 0.76. # Particulate ON � dissolved ON. Mean dissolved ON was 4.95 (0.12)

mg L�1 throughout the aerated pond system.
treatments, nitrification was the most active N transfor-
mation process, followed by N mineralization and deni- ever, the pattern was reversed when N uptake was nor-
trification. Similarly, root concentrations did not signifi- malized for tank volume, with a lower rate found at the
cantly affect concentrations of ON, NH4–N, or NOx–N, standard root concentration (0.076 � 0.006 mg N L�1

neither within the experimental tanks nor in their efflu- h�1) than at the high root concentration (0.113 �
ent (two-tailed t test, P � 0.50). During the 8.4-h reten- 0.034 mg N L�1 h�1). Hyacinth biomass was 5.2 � 0.04%
tion time of the experimental tanks, ON decreased from of wet weight and the N content of dry hyacinth biomass
30.2 to 22.2 mg L�1, and NH4–N decreased from 6.7 to was 5.7%. Roots accounted for 18% of the total wet
3.5 mg L�1. These changes in the reduced N pools were weight of the plants.
due to net oxidative processes, as confirmed by the
increase in NOx from 1.9 to 10.1 mg L�1 during treatment DISCUSSIONresulting from more rapid nitrification than denitrifica-
tion within the experimental tanks. Under normal operating conditions in the septage-

treating aerated pond system, direct plant uptake playedWhen hyacinth N uptake rates were maximized by
frequent harvest, plants at standard concentrations little role in N removal. An N mass balance showed

that during 6 mo of operation, plant uptake accounted(2.5 g roots L�1) grew at 29.6 � 2.5 g biomass m�2 d�1,
while plants at high concentrations (7.1 g roots L�1) for �2% of fate of N (Fig. 1). Sedimentation played an

insignificant role (until secondary sedimentation), andgrew less than half as fast, 13.3 � 4.1 g m�2 d�1 (Table 3).
Nitrogen uptake rates expressed on an areal basis showed the balance of the N removal was through denitrification

(47%) (Hamersley et al., 2001). Taking the septage-the same pattern as biomass, with a rate of 1.69 � 0.14 g
N m�2 d�1 at the standard root concentration, and 0.76 � treating wetland facility as a whole, plants played an

even smaller role, removing only 0.5% of the influent0.23 g N m�2 d�1 at the high root concentration. How-

Table 3. Plant growth in the aerated pond system during normal operation compared with plant N uptake maximization experiment.
Values are means, with standard errors in parentheses.

Plant root concentration (wet g L�1)†

Normal operation‡ Maximization experiment§

Plant growth 2.2 2.5 7.1

Dry g biomass m�2 d�1 6.3 29.6 (2.5) 13.3 (4.1)
g N m�2 d�1 0.36 1.69 (0.14) 0.76 (0.23)
mg N L�1 h�1 0.016 0.076 (0.006) 0.113 (0.034)
Plant N uptake as % of total N removal 2 13 19

† 1 g wet root � 0.29 mg dry total plant biomass.
‡ Data from mass balance study of 6 mo of normal system operation using a mixture of plant species (described in Materials and Methods) (recalculated

from Hamersley et al., 2001).
§ Water hyacinth.
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TN as plant biomass (Hamersley et al., 2001). The effects surface. Selecting plant species with longer root systems
of plants on N processing appeared to be indirect, pri- might well increase nitrifier concentration, but as with
marily through the activities of root-associated nitrifying other methods of increasing root concentration, the re-
bacteria. However, at the standard root concentrations sulting decline in the effectively mixed volume of the
found in the aerated pond system, the enhancement of tanks (from the normal value of 72%) would decrease
the total population of nitrifiers by plant root-associated the hydraulic retention time and probably offset any
nitrifiers was only 11% because of the high numbers of gains in nitrification rates. Reducing harvest frequency
nitrifiers present in the particulate-rich septage (Table would result in a tightly packed root mass, which would
1). Under conditions of no substrate (NH4) limitation efficiently reduce undesirable plant N uptake as well.
in laboratory batch experiments, the presence of plant Nevertheless, the maximum observed root concentra-
roots at three times the standard concentration (a 38% tion in the standard tanks (3.6 g L�1) resulting from
enhancement of nitrifier populations over septage unharvested growth corresponds to a total tank nitrifier
alone) increased the Vmax of nitrification by 55% over concentration only 6% above normal, unlikely to signifi-
control microcosms (Fig. 4). Nevertheless, under normal cantly increase nitrification rates. A tightly packed root
operation (the in situ flow experiment), when NH4 avail- system would also have a lowered hydraulic conductiv-
ability rather than nitrifier abundance frequently limits ity, presenting a lower surface area for contact with
nitrification, there was no significant change in nitrifica- NH4–rich wastewater. Finally, as in the in situ experi-
tion or denitrification rates associated with a threefold ments, shallower tanks could be used to significantly
increase in root concentrations over standard concen- increase total nitrifier concentrations; however, at the
trations. high root concentrations used in the in situ experiments

(7.1 g L�1), equivalent to a tank depth of only 0.4 m,
Nitrification nitrifier concentration could be increased by only 23%,

while land use would increase nearly 3.5 times.Plants play both direct and indirect roles within the
In practice, moreover, increasing nitrifier abundancesseptage-treating aerated pond system. The direct role

through manipulating root concentration did not affectof the plants was through plant N uptake, which was
nitrification rates. The threefold root concentration in-low and probably undesirable. Their primary indirect
crease of the in situ experiments raised the nitrifierrole was via enhancement of the nitrifying community
abundance by 23% (calculated from Table 1), but re-within the aerated pond system. When substrate (NH4)
sulted in no significant change in the mean nitrificationor DO are not limiting, nitrification can be controlled
rate (Fig. 5, Table 2). The absence of significant differ-by the abundance of active nitrifying bacteria present
ences between treatments in these experiments is notin biofilms in the tank environment (Kaplan, 1983).
surprising since the increase in total nitrifier populationsUnder these conditions, the contribution of plant root–
above standard levels (23%) was similar to the coeffi-associated nitrifiers could play a role in promoting nitri-
cient of variation of the nitrification rates (14–16%)fication. The potential influence of nitrifier concentra-
observed during the experiment. However, the absencetion on nitrification (when not limited by other factors)
of an effect of plant roots on nitrification in these experi-is supported by the laboratory batch experiments, where
ments primarily reflects the dominance of controls otherthe increase in Vmax of nitrification in plant-containing
than nitrifier abundance on nitrification under in situversus unplanted treatments was consistent with the
conditions in the septage-treating pond system. Earlierincrease in the total nitrifier population (Fig. 4).
work showed that nitrification was limited primarily byHyacinth roots from the septage-treating pond system
oxygen availability in the first half of the treatment tankheld high numbers of nitrifiers (0.19 � 108 MPN g�1

train, and by NH4 availability in the last half (Hamersleyroots). In contrast, in an unaerated constructed gravel
et al., 2001). Despite high DO levels in the bulk fluidwetland treating pretreated high-NH4 sewage, nitrifier
of the first five tanks, the high rates of organic matterabundances were two to four orders of magnitude lower
degradation lowered biofilm O2 concentrations, and(1–100 MPN mg�1; Glyceria spp.) (Ottová et al., 1997).
caused competition for O2 between nitrifiers and hetero-Despite the high nitrifier levels we found, the abundance
trophs (van Loosdrecht et al., 1995). As respiration ratesof root-associated nitrifiers per dry root weight was less
and NH4 concentrations decreased through the treat-than half that of septage particulates (3.3 � 105 MPN
ment process train, NH4 became limiting to nitrificationmg�1 roots vs. 8.2 � 105 MPN mg�1 TSS). Further, at
(Fig. 5; KM � 0.78 mg NH4–N L�1).the root concentration used in the aerated pond system,

Under the highly particle-loaded conditions of sep-only 10% of the nitrifiers were root-associated, with the
tage treatment, plants appear to add little to nitrifierbalance found on organic septage particulates.
concentrations, and methods of increasing plant contri-Plant root–associated nitrifier populations in the aer-
butions may lead to unwanted side effects such as in-ated pond system could be increased by choosing plants
creased plant N uptake and hydraulic interference. Inwith longer root systems, by increasing plant areal densi-
any case, nitrification in the pond system was usuallyties, or by increasing root concentrations (by reducing
limited by factors other than nitrifier concentration. At-the water depth, as in the experimental tanks [Fig. 2]).
tempts to increase root concentrations, as with plant NIn the nutrient-rich medium of the aerated pond system,
uptake, are instead likely to be detrimental to efficientwater hyacinth roots did not appear to be well-devel-

oped and extended about 10 to 20 cm below the water N removal in the septage-treating pond system.
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Denitrification ity as a whole, we do not believe that maximizing plant
N uptake is either efficient or economical. With plantsIn a previous study in the septage-treating aerated
unmanaged for growth, plant N uptake averaged onlypond system, denitrification was stimulated under nor-
0.5% of the total facility N input (Hamersley et al.,mal facility operating conditions by the addition of dried
2001). Even without significant plant N uptake, onlyplant material in mesh bags placed into Tanks 7 through
1% of the influent N remained in the effluent (TN �9 (Hamersley and Howes, 2002). The stimulation of
6.1 mg L�1), while the remainder was removed throughdenitrification was shown to be due to the formation of
the microbial processes of mineralization of labile or-anaerobic microsites within and around particulate
ganic N, nitrification–denitrification, or the sedimenta-plant material, since sufficient organic carbon to support
tion of recalcitrant organic N. Since only 0.56 mg L�1

denitrification was already available from the degrada-
NH4–N and 1.7 mg L�1 NOx–N remained in the finaltion of septage solids. Leaching of additional dissolved
effluent, nearly all of the dissolved inorganic N mineral-organic carbon from living plant roots into the tanks is
ized during treatment was nitrified and denitrified.therefore unlikely to further stimulate denitrification.
Greater plant uptake would only remove dissolved inor-In addition, although particulate plant detritus from sen-
ganic N from the pool available for nitrification–escing plants could potentially enhance denitrification,
denitrification. Since denitrification represents a trueno such enhancement was observed in either of the in
removal (to N2) of biologically available N (in contrastsitu experiments of the present study (Table 2). En-
to plant uptake, which merely transfers it to anotherhancement of denitrification rates by plants was only
form: biomass), denitrification may be preferable forobserved in one laboratory batch experiment when root
protecting environmental health. In addition, denitrifi-concentrations were increased to 12.4 g L�1, more than
cation produces no waste, whereas plant uptake pro-five times the standard concentration. We attributed
duces organic N–containing biomass, which presentlythis increase to the formation of anoxic zones resulting
must be treated as solid waste, creating disposal costs.from obstruction of aeration by plant roots that would
For these reasons, plant N uptake in wastewater-treatinghave interfered with hydraulic conductivity in a full-
wetland and pond systems must be considered a liabilityscale facility. Evidence for a stimulating role for plants
rather than a benefit, and plants should be managed toon denitrification, particularly in highly carbon- and par-
minimize growth and N uptake.ticle-loaded septage, is inconclusive. Plants are more

likely to have an effect in wastewaters with low organic
carbon availability, where plant detritus can provide CONCLUSIONS
supplemental carbon to support denitrification.

The role that plants can play in the septage-treating
aerated pond system is not clear. Plant N uptake isPlant Growth in Septage an inefficient way to remove N from wastewater, and
creates costs in the harvesting and disposal of biomass.The growth rates of water hyacinth observed in this

study (6.3–29.6 g dry wt. m�2 d�1) were at the low end Nor is the contribution of plant root–associated nitrifiers
likely to stimulate N removal through nitrification. Un-of the range reported for sewage facilities primarily in

warm climates (21–65 g dry wt. m�2 d�1; reviewed by der standard plant densities, only 10% of the total nitrifi-
ers in the system were found associated with plant roots,Reddy and Sutton, 1984 and Kawai et al., 1987) (Table

3). The lower production rates are probably due to the while most were associated with organic septage particu-
lates. In highly particle-loaded wastewaters such as sep-season (fall) and high latitude (42	 N) in which the study

was conducted. In contrast, the N removal rates in our tage, the contribution of plant roots to total nitrifier
populations is likely to be small relative to the popula-study (0.36–1.69 g N m�2 d�1) exceeded the range re-

ported for sewage systems (0.33–0.47 g N m�2 d�1) and tions sustained on suspended particulate matter. Al-
though small increases in nitrification rates might begrowth in nutrient solutions (0.69–1.47 N m�2 d�1)

(Reddy and Sutton, 1984). The mean N content of hya- attained by increasing plant root to wastewater ratios,
any benefit is likely to be offset by decreases in hydrauliccinth grown in septage was also high (5.7% dry wt.)

compared with the N content reported for sewage- conductivity, increases in the required wetland area, and
plant biomass disposal costs. Moreover, any increase ingrown hyacinth (2.9–3.7%) (Reddy and Sutton, 1984;

Kawai et al., 1987). Higher septage nutrient content nitrifier populations is unlikely to have an effect in a
system where nitrification is more often limited by sub-probably contributed to the high biomass N content and

uptake rates, and the relatively slow biomass growth strate or DO availability. Our results suggest that similar
investigations should be made of the role of plant rootsrate may have permitted luxury N uptake. The high N

content of septage-grown hyacinth was not an artifact in other wastewater-treating wetlands and ponds. Plant
roots may play a greater role in systems treating waste-associated with septage solids attached to plant roots,

since root N content (4.9%) was lower than that of waters with low solids content, where the substrate pro-
vided by plant roots might increase nitrifier populations.shoots (5.9%).

Under the exponential growth conditions of the plant Plants may significantly boost nitrifier abundance even
in gravel wetlands with high inert substrate availability,growth maximization experiment, plant N uptake in the

aerated pond system could potentially be made to ac- if oxygen leakage through roots supports a significant
nitrifier population. However, nitrification rates in thesecount for as much as 19% of TN removal (Table 3).

Nevertheless, taking the septage-treating wetland facil- systems may still be limited by NH4 availability rather
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to an alternating nitrification–denitrification wastewater treatmentthan nitrifier abundance, and experimental work will
process including biological P removal. Water Res. 29:77–89.be required to determine the role of plants in these

Kaplan, W.A. 1983. Nitrification. p. 139–190. In E.J. Carpenter and
systems. If plants are retained in wastewater-treating D.G. Capone (ed.) Nitrogen in the marine environment. Academic
ponds and wetlands for these reasons, biomass produc- Press, New York.

Kawai, H., M.Y. Uehara, J.A. Gomes, M.C. Jahnel, R. Rossetto, S.P.tion should be minimized to reduce the associated costs.
Alem, M.D. Ribeiro, P.R. Tinel, and V.M. Grieco. 1987. Pilot-scale
experiments in water hyacinth lagoons for wastewater treatment.
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