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10.1 Introduction

10.1.1 The Swine Sector and the Generation of Slurries

Pork production is led globally by China, the European Union and the United States, with Chile
accounting for less than 1% of global production. The high demand for pork in Asian countries (South
Korea, Japan and China) continues to be most important focus for exports, including from Chile.
Because of this, the pork sector in Chile is becoming more important. Chile now ranks sixth among
producing countries globally and second among countries in Latin America after Brazil, according
to the US Department of Agriculture (USDA). This has resulted in increased quantity of swine slur-
ries, which is the main residue of the pork industry. Slurry management varies from the productive
process to final disposition through a system of appropriate treatment.

10.1.2 Characterization of Slurries

Swine slurries are characterized by a mixture of feces and urine. The physiochemical composition
of slurries is heterogeneous owing to the high degree of variation in diet, stabling systems, wash
water management, accumulation time and type of storage [1]. Table 10.1 shows the generation and
characterization of pig slurries considering 40 parameters, 125 citations, and close to 7,000 to 14,000
data entries, taking into consideration principally data for swine at the fattening stage [2].

The characterization highlights the generation of urine (43.0 ± 15.0 kg/day/1000 kg live weight)
and feces (89 ± 30 kg/day/1000 kg live weight). As well, slurries have high content of solids (e.g.,
total: 12.6–42.7 g/L; volatiles: 7.8–23.9 g/L), organic matter (e.g., chemical oxygen demand or
COD: 16.1–56.2 g/L; biochemical oxygen demand or BOD5: 3.1–26.3 g/L), electrical conductivity
(8.4–18.7 mS/cm) and nutrients (e.g., total nitrogen (TN): 1.5–5.2 g TN/L; ammonium (NH4

+-N):
0.9–4.3 g NH4

+-N/L) and total phosphorous (TP): 0.5–1.3 g TP/L), among others [3–5].
Other specific compounds, such as heavy metals (e.g., mean Cu+2 values in swine slurries are

between 30 and 40 mg Cu+2/L, and Zn+2 with 60 mg Zn+2/L), hormones, antibiotics and others,
which can have different environmental effects depending on the management and final disposal
of these residues [3, 5].
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Table 10.1 Physico-chemical characterization of pig slurry (n: number of studies evaluated by parameter) (modified
from [2]).

Data reporting mechanism

Generation rate ppm wet basis
(g/day/1000 kg live weight) (mg/kg wet total manure)

Analyzed parameters Median Mean SD n Median Average SD n

Urine 45,000 43,000 15,000 10 – – – –
Total waste 85,000 89,000 30,000 74 – – – –
TS 8,900 9,600 4,600 50 100,000 120,000 55,000 71
VS 5,600 6,000 2,400 28 87,000 100,000 40,000 48
COD 7,500 7,700 2,900 38 89,000 99,000 34,000 46
TOC 2,200 2,100 160.0 4 25,000 39,000 35,000 7
BOD5 2,200 2,400 1,200 24 32,000 34,000 9,600 31
Volatile acids 360 360 – 1 4,200 3,600 1,000 4
Alkalinity ND ND ND – 250 250 – 1
TSS 4,800 5,000 960 5 70,000 100,000 52,000 7
VSS 4,300 4,300 300 2 52,000 52,000 1,300 2
TKN 450 450 140 44 5,700 5,700 2,000 55
Ammonia-N 220 230 62 10 3,300 3,600 1,100 14
TP 140 150 56 38 1,700 1,900 740 48
Potassium 300 290 120 37 3,700 3,600 1,600 48
Calcium 360 380 230 10 2,600 3,400 1,400 21
Magnesium 64 64 25 11 800 800 170 22
Sodium 38 57 34 3 530 800 630 11
Sulfur 120 120 52 7 800 870 480 13
Chloride ND ND ND – 3,100 3,100 620 2
pH – – – – 7.3a 7.3a 0.8 2
Iron 25 22 9.5 8 180 200 78 14
Manganese 1.8 1.6 0.6 5 19 21 9.1 12
Boron 3.9 4 0.5 4 42 41 5.6 6
Molybdenum 0.05 0.05 0.04 2 0.2 0.33 0.4 5
Aluminum 4.6 4.6 – 1 49 45 5.4 3
Zinc 5.1 4.9 1.6 11 56 54 7.8 20
Copper 1.7 2.3 1.6 11 11.0 15 11 20
Cadmium 0.008 0.008 – 1 0.09 0.33 0.3 3
Lead 0.1 0.1 – 1 1.1 1 0.1 3
Cobalt 0.05 0.05 – 1 0.53 0.45 0.1 4
Arsenic 0.8 0.8 – 1 8.4 8.4 – 1
Total coliformsb 6.4E + 05 7.4E + 05 6.0E + 05 4.0E + 00 2.5E + 03 4.2E + 03 4.1E+03 4
Fecal coliformsb 4.3E + 05 4.3E + 05 2.3E + 05 2.0E + 00 2.8E + 03 9.6E + 03 1.4E+04 4
Fecal Streptococcib 1.8E + 06 1.8E + 06 1.5E + 06 2.0E + 00 8.4E + 04 5.1E + 04 4.1E+04 5
Total Streptococcib 9.0E + 09 9.0E + 09 – 1.0E + 00 2.3E + 08 2.3E + 08 – 1
Total Enterococcusb 4.5E + 08 4.5E + 08 – 1.0E + 00 5.5E + 03 4.7E + 03 3.4E + 03 3
Escherichia colib ND ND ND – 1.0E + 02 1.0E + 02 – 1

a Standard units.
b ND = not determined.
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10.1.3 Environmental Effects of the Application of Slurry in Soils

One of the most common ways of disposing of crude slurry is direct application to the soil. This gener-
ates a series of negative impacts on water, air and soil quality owing to concentrations of organic mat-
ter, nutrients, mineral salts, heavy metals and antibiotics, among others [6]. Compounds generated
during animal production can enter the aquatic environment by lixiviation from slurry accumula-
tion systems with low levels of impermeability, from overflows from during heavy rains, atmospheric
deposition and from runoff from irrigated fields where slurry has been applied [7].

Slurries are rich in nitrogen and can generate problems of toxicity because of nitrates (NO3
–-N) in

ground waters used for human consumption. One consequence is the blue baby syndrome or methe-
moglobinemia, which affects infants (under six months of age) that have consumed water with nitrate
concentrations in excess of 10 mg/L [8]. It is estimated that 7% of wells for drinking water in the USA
have been shut down because of nitrate contamination owing to agricultural activities, with an esti-
mated 44,000 children being at risk [9]. There have been no cases of this disease reported in Chile to
date. Nevertheless, nitrate concentrations in the range of 0.02–10.67 mg NO3

–-N/L have been found
in wells in the Bio Bio Region, a highly agricultural zone.

There are also risks of contamination involving the transmission of diseases to human beings by
parasites, like that produced by larvae of Eristalis tenax, which is classified as an agent of accidental
myiasis [10]. Intensive swine production and the disposal of slurries in soil affect air quality and the
atmosphere. Bad odors are the product of the diffusion of gases like NH3, CO2, H2S, CH4, N2O, CO
and COVs (amines, amides, carbonyls) and by bacterial action on different components of animal
waste and the uncontrolled fermentation of residues [11].

10.1.4 Integrated Management for Treating Swine Slurry

The impact of slurries on the environment constitutes one of the main challenges for agriculture
worldwide. Once dominated by small and medium scale operations as part of traditional agriculture,
pig production is becoming highly concentrated. Animal production is generally separated from crop
production, because of which the quantity of slurry produced often exceeds the local demand for its
use as a fertilizer for crop production [12].

Proper slurry management seeks to use it as a nutritional source and as an amendment for crop
soils. Treatment can be improved with biological, chemical and physical methodologies, above all in
combination, as part of holistic systems that (1) are integrated to meet the needs of other agricultural
activities; and (2) maximize the value of slurries through the production of energy and other beneficial
sub-products, the concentration of nutrients, recycling, and the reduction of greenhouse gases. The
challenge for many countries is the form of applying of these technologies in an economically feasible
manner and at a wider scale [12].

Figure 10.1 shows developing technologies applied for the treatment of swine slurries. The figure
shows the three main alternative foci for managing swine slurry. The main focus is the development
of dry systems, such as warm beds in which fresh manure is mixed with filler or the use of inclined
belts under the floor grating to separate solid waste from urine so that all the manure coming out of
the system is in a solid state.

The second focus consists of improving or adapting existing liquid treatment systems so that volatile
solids and organic nutrients can be separated from fresh manure in order to transport and/or treat
manure with a variety of technologies to obtain products with added value. Solid-liquid separation
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Figure 10.1 Treatment systems applied in the integrated management of pig slurry (modified from [12] and [13]).

of crude slurry increases the possible applications and widens the scope for decisions about its use.
The initial separation allows for the recovery of organic compounds that can be used in producing
compost, energy and other added-value products. These products include stabilized substitutes for
peat, humus, biomass, organic manure, soil amendments and energy. The remaining liquid must be
treated at the farm. A variety of biological, physical and chemical processes can be used to manage
specific nutrient content and comply with environmental standards.

A third focus is the use of anaerobic digesters to recover carbon-based methane and energy in
swine slurry [13]. Biogas recover systems obtain methane from slurry for subsequent burning to gen-
erate electricity or heat. Biogas production from manure using digesters is projected to have major
importance globally. However, complementary treatment systems need to be developed in areas with
intensive swine production to deal with excess nitrogen and to recover phosphorous from the efflu-
ents of anaerobic digesters in a form that can be removed from the environment.
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10.1.5 Primary Treatment (Solids Removal)

Primary treatment of swine slurry refers to a physical process for separating solids from liquid manure
to generate two distinct fractions, one solid and the other liquid. The solid fraction has a much higher
concentration of solids (937.8 g TS/kg) than the original manure (62.2 g TS/kg), given that 93% of the
composition is water, resulting in a liquid fraction with a solid concentration of 20.4 g TS/L [14].

Traditional systems for separating solids in suspension in slurries using sieves are not very efficient
(0.0–50%). The best results have been obtained with filtering materials like sand or with centrifuge
decanters (20–60%) [14]. However, the most efficient approaches to date involve the use of organic
flocculants (polyacrylamide polymer) prior to mechanical separation. Successful systems have been
developed with this technology to obtain solids with more than 50% dry matter and liquid with over
97% reduction in suspended solids and 84% reduction in BOD5 [15, 16].

10.1.6 Secondary Treatment (Organic Matter Removal)

While the technologies applied during primary treatment can be highly efficient in removing sus-
pended solids (40–60%), organic matter loads can remain high (3,000 mg COD/L) [17]. Organic
matter can be removed by aerobic and anaerobic systems, but anaerobic systems are preferred in
the pork industry because aerobic systems involve high energy costs for large-scale aeration required
in removing high levels of organic matter and nutrients.

10.1.6.1 Anaerobic Treatment Systems
Several configurations have been developed for anaerobic digestion of swine slurry. Over several
decades anaerobic digestion applied to swine slurry has proven to be technically viable and versatile
in adapting to different working conditions: in large-scale operations with centralized management;
plants in individual farms; simple gas recovery operations in covered pools [18]; treatment of the liq-
uid fraction or of the solid fraction [19, 20]. The generic advantages of the process are well-known
and the lines of research and development are directed at having a better understanding of the pro-
cess at the microbiological level to increase the velocity of the process and biogas production and to
improve control over the process, the energy balance and the economic balance and to integrate the
process in a thorough treatment [21].

Anaerobic digestion is highly applicable to swine slurries owing to the high organic load (0.5 and
15.0 kg COD/m3/d) [3, 22]. With anaerobic digestion it is possible to obtain energy, methane, sta-
bilized residues, liquid fertilizers and soil conditioners. However, as Bonmati and Flotats [23] have
noted, the economic viability of this technology is reduced by the high concentrations of ammonia
nitrogen in swine slurries, which reduce hydrolysis and biogas production.

Table 10.2 shows the different anaerobic configurations used for this type of residue and their oper-
ational parameters. The yield of converted organic matter can be 77 to 86% of volatile solids, with
methane production of 66.7 to 77%, depending on the configuration used.

10.2 Removal of Nutrients by Constructed Wetlands

Anaerobic processes have an efficiency of close to 80% in removing organic matter, depending on
the type of system used [25]. However, the resulting effluent still has high nutrient concentration, in
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Table 10.2 Anaerobic settings applied in the treatment of pig manure.

System
(volume) Influent

Temperature
(T∘)

OLR
(kg
VS/m3/d)

HRT
(d)

VS or COD
removal (%)

Production
CH4 (m3/kg
VS added)

CH4
(%) Ref.

AL (7,200 m3) Slurry 13.5 0.0125 343 86.0% (VS) 0.26 66.7 [18]
UASB (2.6 L) Manure from

the pig
35 12.39 0.9–3.6 75.0% (COD) – 77.0 [20]

CSRT (4.5 L) Manure from
the pig

37, 45, 55, 60 – 15 – 0.19, 0.14,
0.07, 0.02

– [19]

UASB (0.2 L) Slurry 37 – 10 82.0% (COD) – – [24]

AL: Anaerobic Lagoon; UASB: Upflow Anaerobic Sludge Bed; CSRT: Continuous Stirred-Tank Reactor; OLR: Organic
Loading Rate.

particular nitrogen. Consequently, a follow-up system is necessary to reduce nitrogen and recalcitrant
high-molecular-weight organic matter still present.

Campos et al. [26, 27] noted that the COD/N ratio in the effluent determines which would be the
most appropriate process to reduce nitrogen content. For a COD/N ratio > 20 the best method for
nitrogen reduction is assimilation by heterotrophic bacteria. For a 20 > COD/N ratio of > 5 indicates
that the mean route of nitrogen reduction is bacterial assimilation through conventional nitrifica-
tion/denitrification. Finally, a COD/N ratio < 5 indicates that the nitrogen reduction is by means of
nitrification/partial denitrification or nitrification/partial anammox.

Technically complex systems to reduce nitrogen are not viable at the small and medium scale owing
to installation and maintenance. Consequently, unconventional alternative systems have been pro-
posed for treating swine slurries, including constructed wetlands as an efficient and viable alternative
at the small and medium scale [28].

10.2.1 Constructed Wetland (CW)

This type of system can be defined as an area that is permanently inundated by shallow or deep water
with dense vegetation adapted to this technology [29, 30]. CWs can be considered complex bioreac-
tors because of the varied physical, chemical and biological processes that occur among the microbial
communities, aquatic macrophytes, soils and sediments [31, 32].

Constructed wetlands can have free-water surface (FWS), horizontal subsurface flow (HSSF) or
vertical subsurface flow (VSSF) [33] as is showed in Table 10.3. The FWS system has been used for
tertiary slurry treatment and the subject of several studies [34–38]. Elimination efficiencies are often
35–51% for TSS loads of 17–116 kg TSS/ha/d, 30–50% for organic matter loads (expressed as COD)
of 34–291 kg COD/ha/d, 37–51% for TN loads of 2–51 kg TN/ha/d, and 13–26% for TP loads of
3–22 kg TP/ha/d [39].

Horizontal subsurface flow (HSSF) is the main mechanism for removing nitrogen in constructed
wetlands via nitrification/denitrification. However, studies have shown that oxygen in the rhizome
section prevent complete nitrification. Volatilization, adsorption and incorporation by plants play
minor roles in eliminating nitrogen [40]. Vymazal [41] analyzed the applicability of this technology
for different types of liquid residues and determined the mean percentages of TN eliminated from
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Table 10.3 Operational characteristics for different systems of artificial wetlands.

Type Pretreatment Dimensions
Support
medium Macrophyte

NLR
(kgTN/ha/d)

Efficiency
TN (%) Ref.

HS AL 4 cells
3.6 × 33.5 × 1.0 m

Clay (0.3 m)
Loamy sand
(0.25 m)

Sc, Ju, Ty 3–40 >50% [28]

HSS AD 6 cells
4.0 × 1.0 × 1.0 m

Gravel
(0.5 m)

Ph, Ty, Pi, Ei 22.4 74–78 [46]

HSS

VS

ST 1.2 × 1.2 × 1.2 m Gravel
(0.1 m)
Loamy sand
(0.7 m)

Cy 90 97–98 [47]

HS: Horizontal Surface Flow; HSS: Horizontal Subsurface Flow; VS: Vertical Subsurface Flow; AL: Anaerobic Lagoon;
AD: Anaerobic Digester; ST: Sedimentation Tank; NLR: Nitrogen Loading Rate; TN: Total Nitrogen; Sc: Scirpus spp.;
Ju: Juncus spp.; Ty: Typha spp.; Ph: Phragmites spp.; Pi: Pistia spp.; Ei:Eichhornia spp.; Cy: Cyperus spp.

domestic wastewater (39.4%), industrial wastewater (18%), agricultural runoff (51.3%), and lixiviated
landfills (33%). Nitrogen is eliminated in the VSSF system through adsorption/harvests, nitrifica-
tion/denitrification, volatilization and ionic exchange, the latter two processes making the least con-
tribution for this type of wetland [42]. The main advantages of this system are the prevention of
disease vectors, bad odors and the risk of public contact with partially treated water. This type of sys-
tem is still in the development stage for treating swine slurries [43–46], with elimination efficiencies
of 28–38% for organic matter loads of 904 to 3,900 kg COD/ha/d, 4–15% for ammonium loads of
37–114 kg NH4

+-N/ha/d, and 37–49% for TSS loads of 170–667 kg TSS/ha/d [45].

10.2.1.1 Macrophyte Species Used in Constructed Wetlands
Several studies have indicated the importance of macrophyte species in constructed wetland systems
for nitrogen treatment [49, 50]. The rhizome and roots provide surfaces and oxygen for the growth
of microorganisms that can carry out nitrification [51]. The rhizome area is also a source of carbon
based on root exudates, optimizing denitrification and the elimination of organic substances in the
system [29, 52, 53].

The most commonly used macrophyte species are the genera Schoenoplectus and Typha, usually
in combination in surface flow wetlands fed with a nitrogen loading rate (NLR) of 3–40 kg TN/ha/d.
Studies from the United States should be highlighted as they represent close to 90% of referenced
works. The majority of the studies have been based on surface flow systems, highlighting the studies
by Lee et al. [43] and Tapia et al. [54], who have operated this type of system with high organic loading
rate (OLR) levels using Eichhornia crassipes as a monoculture or a combination of emerging species
(Typha latifolia; Fimbristylis spadicea; Eleocharis interstincta; Arundinella berteroniana; Cladium
jamaicensis) respectively.

10.2.1.2 Nitrogen Elimination Mechanisms in Constructed Wetlands
CWs have proven to be a profitable and efficient alternative for treating different types of effluents [34,
39, 55, 56]. The use of these systems has been increasing in recent decades owing to their efficiency
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in eliminating excessive nutrient loads [57]. They can eliminate 70–95% of TN for a NLR of 3–36 kg
TN/ha/d [58, 59].

Nitrogen elimination mechanisms include denitrification, ammonium volatilization, incorporation
to plant tissue, ammonium adsorption, anommox processes and organic nitrogen mineralization
[32]. Other processes like ammonification and nitrification intervene in converting nitrogen to more
simple compounds [41, 58, 61, 62]. Nitrification is the limiting microbial mechanism in eliminat-
ing nitrogen given the elimination of larger quantities of TN is associated with denitrification [32].
Figure 10.2 shows the processes related to nitrogen elimination in constructed wetlands, where den-
itrification (anoxic process) is limited to oxic processes of nitrate formation.

Denitrification is considered the main way to eliminate nitrogen in constructed wetlands. Deni-
trification is defined as the process by which NO3

– is converted into N2 via an intermediary nitrite
(NO2

-), nitric oxide (NO) and nitrous oxide (N2O) in the absence of oxygen [33, 64–66]. Denitrifica-
tion is done through heterotrophic bacteria that can use molecular oxygen of nitrites or nitrates as
final acceptors of alternative electrons during cellular respiration [67].

The environmental factors that influence denitrification rates include the absence of O2, redox
potential, soil moisture, temperature, pH level, denitrifying bacteria, soil type organic matter, nitrate
concentration and the water level [60]. Paul and Clark [68] indicated that the optimal pH range is
between 6 and 8. At a pH<5 denitrification slows down but can still be significant, with denitrification
by organotrophs being negligible or nonexistent at a pH <4. Denitrification is also highly dependent
on temperature. Maximum denitrification rates occur in a range of 60 to 75∘C and decrease signifi-
cantly at higher temperatures [68].

Denitrification requires 2.3 g of organic matter (BOD5) per gram of NO3
–-N as a carbon energy

source. In the absence of this or another equivalent source of carbon denitrification is inhibited [33].
Denitrification also increases alkalinity at an approximate ratio of 3 g CaCO3 for every g NO3

–-N
reduced. Increased alkalinity translates into higher pH in the wetland surface. Estimations in the
literature of denitrification rates are highly variable and in the range of 0.03–10.2 kg TN/ha/d, while
TN elimination by denitrification is between 60 and 90% [32]. Table 10.4 shows the percentages of
TN elimination via denitrification in surface flow constructed wetlands for treating swine slurries
and associated physiochemical parameters.

The loads applied are in the range of 3–40 kg TN/ha/d. The most often used macrophyte species are
Typha spp. and Schoenoplectus spp. Hunt et al. [64] assessed the effect of macrophyte species in deni-
trification and found that system inoculated with Juncus spp. and Schoenoplectus spp. has elimination
rates of 44% and provide a better environment for this process than Typha spp. and Sparganium spp.,
the latter with an elimination rate of only 18.1%. Subsequently, Hunt et al. [35] analyzed the efficiency
of the system with the combination of Typha spp. and Schoenoplectus spp. and found that under this
combination denitrification can reach 70%, because of which they concluded that the macrophyte
species that most favors denitrification is Schoenoplectus spp.

The influent feed in all the studies had a concentration of DO <1.7 mg O2/L, with a redox potential
with anoxic characteristics, which favors denitrification, mainly during summer when temperatures
range between 21.7 and 28.7∘C. Hunt et al. [35] found that elimination via denitrification is in the
range of 18.1–91%.

However, studies by Plaza de los Reyes et al. [69] indicate that elimination by denitrification only
reaches 0.3–5.6% because of the lack of bioavailable organic matter for denitrification given that
the influent comes from an anaerobic bioreactor that can eliminate close to 80% of COD, leaving
an influent with an elevated concentration of recalcitrant organic matter of high molecular weight
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Table 10.4 Elimination of TN systems via denitrification in surface flow constructed wetlands for the treatment of pig
manure.

Pretreatment

NLR
(kg TN/
ha/d)

Plant
Species T (∘C) pH

DO
(mg O2/L)

Eh
(mV)

Elimination via
denitrification
(%) Ref

AL 3–40 Ju, Sc 4.2–28.7 7–7.5 0.3–1.5 39–147 44.4 [64]
Ty, Sp 4.2–28.7 6.9–7.2 0.3–1.7 –2–175 18.1

AL 4–35 Ty, Sc – 6.8–7.5 – 36–61 71–91 [35]
UASB 2–30.2 Ty 11–21.7 7.4–8.3 0.3–0.7 –139.3–54.2 0.3–5.6 [69]

Anaerobic Lagoon; UASB: Upflow Anaerobic Sludge Bed; NLR: Nitrogen Loading Rate; DO: Dissolved Oxygen; Eh: Redox
Potential; Ju: Juncus spp.; Sc: Schoenoplectus spp.; Ty: Typha spp.; Sp: Sparganium spp.

(1,000–10,000 Da), as well as a high concentration of N-NH4
+ (810–1,700 mg NH4

+-N/L) that cannot
be nitrified given the low concentration of OD, which limits the formation of nitrates in the system.
Nitrate is more important limiting factor for denitrification than organic carbon [35].

10.2.1.3 Incorporation into Plant Tissue (Assimilation)
Nitrogen assimilation refers to a variety of biological processes that convert inorganic forms of nitro-
gen into organic compounds that serve as basic components for plant cells and tissue. The two forms
of nitrogen that can be assimilated via plants are nitrate and ammonium [32, 56]. However, the main
source of nitrogen is ammonia nitrogen (NH4

+-N), given it has lower energy state [30]. In addition
to direct incorporation for cellular growth, NH4+-N can easily be transformed into amino acids by
a wide range of autotrophic and heterotrophic microorganisms [41].

The incorporation of nitrogen depends mainly on the seasonal cycles of plant species like Typha
spp. and Phragmites australis, with maximum incorporation in spring and summer (maximum
plant growth) and decreasing in autumn until falling to zero incorporation in winter owing to plant
senescence [30].

Plaza de los Reyes et al. [70, 71] and Szögi et al. [72] indicate that the incorporation of nitrogen by
plants is in the range of 0.7 to 2.6 kg TN/ha/d. Szögi et al. [72] noted that more than 80% of nitrogen
is stored in leaves, with a range of 0.8 to 0.9 kg TN/ha/d. TN accumulation in the roots is on the order
of 0.1 to 0.2 kg TN/ha/d. Conversely, Plaza de los Reyes et al. [69, 71] indicated that over 60% of TN
incorporation in Typha sp. is in the roots, in a range of 1.1–2.2 kg TN/ha/d and 0.4–0.5 kg TN/ha/d,
respectively.

10.2.1.4 Ammonium Sedimentation/Adsorption
Ammonium can be adsorbed from the water column through a cationic exchange reaction with detri-
tus, inorganic sediments or soils. The ammonium ion (NH4

+) is generally absorbed by clays as an
exchangeable ion, chemically adsorbed by humic substances or fixed within the clay pores, with these
reactions possibly occurring simultaneously [32]. The quantity of adsorbed ammonium present in
detritus and sediments in a surface flow wetland can exceed 20 g TN/m2 [33]. These processes are
influenced by diverse factors like the nature and quantity of clays, periods of flooding and drought,
the nature and quantity of organic matter in the soil, the saturation period, the presence of vegetation
and the age of the wetland.
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Ammonium volatilization. The loss of ammonium (NH4
+) to the atmosphere by volatilization is a

complex process mediated by a combination of physical, chemical and biological factors. Ammo-
nia exchange (NH3) between the water column, soil and the atmosphere plays an important role
in the nitrogen cycle in wetlands [33]. The conversion between NH3 and ammonium ions is highly
dependent on factors like ammonium concentration, pH and temperature. Conversion decreases sig-
nificantly at low pH levels and low temperature [39, 73]. Reddy et al. [74] indicated that NH3 loss
by volatilization in inundated soils and sediments are not significant at pH levels below 7.5. Under
normal temperature and pH conditions (25∘C; pH of 7.0), un-ionized ammonium represents only
0.6% of the total ammonium present [39]. At a pH of 9.5 and a temperature of 30∘C, the percentage
of un-ionized ammonium increases to 75% of total ammonium [39, 73]. Among the biological fac-
tors that affect ammonium volatilization in wetlands are total microbial respiration and microalgae
photosynthesis, the latter increases the pH level during the day [41].

10.2.1.5 Anammox (or Anaerobic Ammonia Oxidation)
There are concrete tests for the elimination of nitrites using ammonium, known as anaerobic ammo-
nium oxidation, or anammox [33]. Anammox is an autotrophic process (because of which it does
not require carbon) in which bacteria convert nitrite and ammonium into nitrogenous gas (N2). It is
strictly anaerobic and carried out by bacteria of the order Planctomycetes [61]. The process requires
1.94 g O2/g NH4

+ [33, 41]. The presence of anammox bacteria can be expected in artificial wetlands
maintained under optimal conditions for their growth (e.g. pH: 7.5; T: 30∘C) [75, 76].

10.3 Removal of Nutrients by Constructed Wetlands using Biological
Pretreatments

The nitrogen elimination routes in artificial wetland systems are directly related to environmental
factors like pH, temperature, and dissolved oxygen, and to the operational strategies applied, which
in turn are related to the presence of organic carbon, the hydraulic load, the feeding mode, retention
time, the contaminant load, recirculation, and the harvesting of macrophyte species.

The pH level plays a preponderant role in nitrification because alkalinity is reduced [30]. This can
cause substantial falls in the pH level, which in turn can hinder and denitrification. However, Vymazal
[41] indicated that denitrification can occur at pH levels lower than 5. Brix et al. [77] found that the
incorporation of nitrogenized compounds (NH4

+-N; NO3
–-N) is completely inhibited at a pH of 3.5

in Typha latifolia.
The optimal temperature range for nitrification in artificial wetlands is 16.5–32∘C, with low levels

of nitrification at temperature below 5–6∘C and over 40∘C. Similarly, it has been found that deni-
trification occurs more slowly at low temperatures (∼5.0∘C) and in the absence of inhibiting factors
increases exponentially with increases in temperature up to 20–25∘C. Studies of wetland efficiency
under different climatic conditions have shown the effect of temperature [39]. The effect of temper-
ature on TN treatment has also been reported by Reddy et al. [78], who found TN elimination rates
between 70–77%, with a NLR of 16 kg TN/ha/d during the summer (19–21.9∘C), while in winter
(4–6.4∘C) the rate did not exceed 41%.

Oxygen availability is a limiting environmental parameter in constructed wetlands for treating
swine slurries. Ro et al. [79] found that oxygen flow was 38.9 kg O2/ha/d (equivalent to 3.9 g O2/m2/d)
in a surface flow wetland inoculated with Schonoplectus americanus and Typha latifolia to treat swine
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slurry. However, Wu et al. [80] indicated that this value only represents 0.02 to 0.04 g O2/m2/d. Chen
et al. [46] identified variations in the redox potential (Eh) between 0.1 and 0.4 m below the surface of
18–39 mV and –42–63 mV, respectively, which indicates simultaneous nitrification and denitrifica-
tion in the system.

The effect of organic matter in eliminating nitrogen in artificial wetlands has been a matter of dis-
cussion. Ding et al. [81] and Wu et al. [82] noted that NO2

–-N and NO3
–-N accumulate under a

C/N ratio of 0, with nitrification under aerobic conditions predominating, given that the major part
of BOD5 is consumed by heterotrophic organisms. Consequently, the necessary concentration for
denitrification is not obtained (0.93–1.07g BOD5/ NO3

–-N reduced) [83]. With a C/N ratio of 2/5
nitrification and denitrification occur simultaneously, resulting in a decrease in COD and NH4

+-N
and NO3

–-N content, while with a C/N ratio of 5–9, NO2
–-N and NO3

–-N contents decrease signifi-
cantly, with the highest levels of efficiency of the system at this C/N ratio. Finally, a C/N ratio between
entre 10 and 20 under anoxic conditions result in an N2O production rate of 5,590.6 μg N2O/m2/h
[82], considering that N2O is more harmful than CO2.

Xu et al. [84] indicated that COD concentrations of 600–800 mg/L inhibit photosynthesis and con-
sequently nutrient incorporation in Typha angustifolia. Reddy and DeLaune [67] stated that anaero-
bic soils cause stress symptoms in macrophytes similar to those of hydric stress, among them stomatic
closure and reduced photosynthesis. Moreover, low Eh values inhibit radicular growth and develop-
ment (elongation), with complete inhibition of root elongation of Spartina patens in a range of redox
potential of -50 to 70 mV.

NT elimination efficiencies of over 70.0% have been reported for constructed wetlands used to treat
swine slurries, with a NLR ranging between 2–50 kg TN/ha/d [39, 58]. However, given that swine
slurries have high concentrations of NH4

+-N, phytotoxic effects on macrophyte species have been
reported [71, 85]. Clarke and Baldwin [86] indicated that concentrations of NH4

+-N/L of between
200–400 mg have phytotoxic effects on Typha sp., inhibiting growth by 75.0% and biomass pro-
duction by and 80.0% (from 9.1–1.5 tons in dry weight/ha/yr) [41, 67]. Growth inhibition translates
into variations in the incorporation of nutrients of 0.3–4.2 kg TN/ha/d [67, 87, 88]. Hunt et al. [58]
assessed nitrogen assimilation by plants in surface flow wetlands to treat swine slurry and found that
in a system with a VCN below 9 kg TN/ha/d, assimilation by plants represents 30% of eliminated TN,
while this falls to less than 3% when NLR exceeds 10 kg TN/ha/d.

Harvesting the macrophyte species can also improve the efficiency of TN elimination in wetlands
[89]. Studies by Hunt et al. [58] and Szögi et al. [72] indicate that TN via plants presents a range
between 11.4 and 59.5 g/m2, with a NLR between 3–40 kg TN/ha/d for a surface flow wetland to treat
swine slurry. In contrast, removing the plants can have a negative impact on the microbial population
that lives on the plant stalk, thus decreasing the efficiency of the system.

Table 10.5 summarizes the purification efficiencies of different configurations of shallow con-
structed wetlands as tertiary treatment systems [69, 90, 91]. There are secondary treatments in all the
cases shown in Table 10.5 that involve eliminating organic matter by aerobic or anaerobic biological
systems. Efficiency in eliminating nutrients ranges broadly between 22–96% for N and 13–86% for
P. N elimination is favored by prior nitrification and/or aerobic treatment of the wetland [59, 92].
From the table it is also evident that the mode of operating the system strongly affects elimination
efficiency. It can be observed that N (28–47%) and P (24-39%) elimination decreases at lower levels
of hydraulic retention time (HRT) (2–4 d) [46]. The nutrient load velocity also affects the efficiency
of nutrient elimination, such that nitrogen and phosphorous load velocities of 2–36 kgN/ha/d and
1-2 kgP/ha/d can result in efficiency levels of 78–89% and 56–66%, respectively [93].



Table 10.5 Operational characteristics of constructed wetlands used in the pig sector.

Loading rate Efficiency (%)

Species Type Pretreatment HRT (d) kg N/ha/d kg P/ha/d N P References

TI, Sa 6
(HS-Lagoon-HS)

Anaerobic lagoon 18 7–40 3–22 37–51 13–31 [78, 94]

Sa, Sc, Sv, Je, Spa, Ta, TI 4HS Anaerobic lagoon
Nitrification unit

11–13 4.8–27.2 44–51 0.9–6 7–9 50–84 78–88 25–38 <10 [58, 59, 95]

Ec 1HS Activated sludge 28 69–262 15–47 10–24 47–59 [43]
Pc, Pa, Tl Hybrid

(2VS + 1HSS)
Anaerobic lagoon +
Sand filter

– 214 30 50 42 [96]

Pig slurry treated
recirculated (25 a 100%)

– – – 54–67 47–49

Pc, To, Ps, Ec 1HS Aerobic unit Anaerobic
unit

2–4 5–7 – – 28–47 74–78 24–39 57–63 [46]

Gm, Ga, Gs, Mm, Poa 16HS Anaerobic digester – 11–36 1.1–1.8 78–90 56–66 [93]
Cdp, Ap, Tl 2HSS Filtration tank 5 93 22 – – [97]
Ci, So, Pa Hybrid

(3 VS + 1 HSS)
Aerated lagoon 4–5 76 2 64 61 [92]

Ta HS Anaerobic digester
Storage lagoon

20 2–30 – 37–72 22–51 – [69, 91]

Me, Ap, Ec HS – 30 – – 47–96 – [98]
Pa VS Raw swine wastewater

diluted with tap water
1 176 24 44–61 85–86 [99]

Acorus calamis: Ac; Alisma plantago-aquatica: Apa; Alternanthera philoxeroides: Ap; Canna indica: Ci; Carex pseudocyperus: Cp; Carex acutiformis: Ca;
Cynodon dactylon Pers: Cdp; Elodea cyemsa: Eca; Eichhomia crassipes: Ec; Filipendula ulmaria: Fu; Glyceria aquatic: Ga; Glyceria máxima: Gm; Iris
pseudacorus: Ip; Juncus effusus: Je; Lemna minor: Lm; Lythrum salicaria: Ls; Mentha aquatica: Ma; Myriophyllum elatinoides: Me; Myriophyllum spicatum: Msp;
Molinia máxima: Mm; Phragmites australis: Pa; Phragmites communis: Pc; Pistia stratiotes: Ps; Poa populus spp.: P; Ranunculus lingua: Rl; Salix spp.: S; Scirpus
lacustris: Sl; Scirpus maritimus: Sm; Scirpus validus: Sv; Scirpus cyperinus: Sc; Schenoplectus amercanus: Sa; Sparganium erectum: Se; Sparganium americanum:
Spa; Stratiotes aloides: Sta; Symphytum officinale: So; Typha angustifolia: Ta; Typha latifolia: Tl; Typha orintalis: To; Horizontal Surface Flow: HS; Horizontal
Subsurface Flow: HSS; Vertical Subsurface Flow: VS.



216 10 The Performance of Constructed Wetlands for Treating Swine Wastewater under Different Operating Conditions

Acknowledgements

This work was partially supported by the INNNOVA BIO BIO Project N∘ 13.3327-IN.IIP and FON-
DAP/CONICYT/15130015.

References

1 Hjorth M, Christensen KV, Christensen ML, Sommer SG. 2010. Solid–liquid separation of animal
slurry in theory and practice. A review. Agron Sustainable Dev. 2010; 30(1):153–180.

2 Barker JC, Overcash MR. Technical Note: Swine Waste Characterization: A Review. T ASABE.
2007; 50(2):651–657.

3 Choi E. Piggery Waste Management: Towards a Sustainable Future. London: IWA Publishing;
2007.

4 Vanotti MB, Szögi AA, Hunt PG, Millner PD, Humenik FJ. Development of environmentally supe-
rior treatment system to replace anaerobic swine lagoons in the USA. Bioresource Technol. 2007;
98(17):3184–3194.

5 Moral R, Perez-Murcia MD, Perez-Espinosa A, Moreno-Caselles J, Paredes C, Rufete B. Salinity,
organic content, micronutrients and heavy metals in pig slurries from South eastern Spain. Waste
Manage. 2008; 28(2):367–371.

6 Burkholder J, Libra B, Weyer P, Heathcote S, Kolpin D, Thome PS, Wichman M. Impacts of
waste from concentrated animal feeding operations on water quality. Environ Health Persp. 2007;
115(2):308–312.

7 Aneja VP, Nelson DR, Roelle PA, Walker JT, Battye W. Agricultural ammonia emissions and
ammonium concentrations associated with aerosols and precipitation in the southeast United
States. J Geophys Res-Atmos. 2003; 108: 1–11.

8 Majumdar D. The blue baby syndrome. Resonance. 2003; 8(10):20–30.
9 Gebremariam SY, Beutel MW. Nitrate removal and DO levels in batch wetland mesocosms:

Cattail (Typha spp.) versus bulrush (Scirpus spp.). Ecol Eng. 2008; 34(1):1–6.
10 González M, Comte G, Monárdez J, Díaz de Valdés M, Matamala I. Miasis genital accidental por

Eristalis tenax. Rev Chil Infectol. 2009; 26(3):270–272.
11 Babot D, de la Peña L, Chávez E. Techniques of Environmental Management in Swine Production.

Lleida: Fundation Catalana of Cooperation; 2004.
12 Vanotti M. Development of clean technologies for management of wastes from pig production

and their environmental benefits. In: Proceedings of the VI Congress of Pig Production of MER-
COSUR (CPPM)/XI National Congress of Pig Production of Argentina (CNPP). Salta City; 2012.

13 U.S. EPA. Anaerobic Digestion of Manure. [Internet]. U.S. Environmental Protection Agency:
AG-Star Program; 2009. [cited 2013 May] Available from: www.epa.gov/agstar/anaerobic/ad101/
index.html.

14 Campos E, Illá J, Magrí A, Palatsi C, Solé F, Flotats X. Guide treatment of cat-
tle manure [Internet]. Lleida; 2004 [cited 2013 May] Available from: www.arc
cat.net/altres/purins/guia/pdf/guia_dejeccions.pdf.

15 Vanotti MB, Rashash DMC, Hunt PG. Solid-liquid separation of flushed swine manure with PAM:
effect of wastewater strength. T ASAE. 2002; 45(6):1959–1969.



References 217

16 García MC, Szogi AA, Vanotti MB, Chastain JP. 2007. Solid-liquid separation of dairy manure
with PAM and chitosan polymers. In: International Symposium on Air Quality and Waste Man-
agement for Agriculture, 16–19 September 2007, Broomfield, Colorado, 2007.

17 Tousignant E, Fankhauser O, Hurd S. Guidance manual for the design, construction and oper-
ations of constructed wetlands for rural applications in Ontario [Internet]. Ontario; 1999 [cited
2013 May] Available from: http://agrienvarchive.ca/bioenergy/download/wetlands_manual.pdf.

18 Heubeck S, Craggs RJ. Biogas recovery from a temperate climate covered anaerobic pond. Water
Sci Technol. 2010; 61(4):1019–1026.

19 Hansen KH, Angelidaki I, Ahring BK. Anaerobic digestion of swine manure: inhibition by ammo-
nia. Water Res. 1998; 32(1):5–12.

20 Kalyuzhnyi S, Sklyar V, Fedorovich V, Kovalev A, Nozhevnikova A, Klapwijk A. The development
of biological methods for utilisation and treatment of diluted manure streams. Water Sci Technol.
1999; 40(1):223–229.

21 Flotats X, Campos E, Palatsi J, Bonmatí X. Anaerobic digestion of pig manure and co-digestion
residues from the food industry. Porci. 2001; 65:51–65.

22 Nishio N, Nakashimada Y. Recent development of anaerobic digestion processes for energy recov-
ery from wastes. J Biosci Bioeng. 2007; 103(2):105–112.

23 Bonmati A, Flotats X. Air stripping of ammonia from pig slurry: characterisation and feasibility as
a pre- or post-treatment to mesophilic anaerobic digestion. Waste Manage. 2003; 23(3):261–272.

24 Rodríguez DC, Belmonte M, Penuela G, Campos JL, Vidal G. Behaviour of molecular weight dis-
tribution for the liquid fraction of pig slurry treated by anaerobic digestion. Environ Technol.
2011; 32(4):419–425.

25 Chamy R, Carrera J, Jeison D, Ruíz G. Advances in environmental biotechnology: treatment of liq-
uid and solid waste, 2nd edn. Valparaiso: University Editions of Valparaiso; 2003.

26 Campos J, Figueroa M, Fernández I, Mosquera-Corral A, Méndez R. Anammox: The future
process for removing ammonia from effluent liquid manure digesters. In: Bonmati A, Palatsi J,
Prenafeta F, Fernández B, Flotats X, eds. II Spanish Congress on Management of Livestock
Manure. Barcelona; 2010a, pp. 165–178.

27 Campos J, Vázquez-Padín J, Figueroa M, Fajardo C, Mosquera-Corral A, Méndez R. Novel biolog-
ical nitrogen-removal processes: applications and perspectives. In: Fluid Waste Disposal. Canton
KW; 2010b, pp. 155–180.

28 Hunt PG, Szögi, AA, Humenik FJ, Rice JM, Matheny TA, Stone KC. Constructed wetlands for
treatment of swine wastewater from an anaerobic lagoon. T ASAE. 2002; 45(3):639–647.

29 Brix H. Do macrophytes play a role in constructed treatment wetlands?. Water Sci Technol. 1997;
35(5):11–17.

30 Kadlec RH, Knight RL. Treatment Wetlands. CRC Press, Boca Raton, FL, 1996, 893 pp.
31 Vymazal J, Brix H, Cooper P, Haberl R, Perfler R, Laber J. Removal mechanisms and types of

constructed wetlands. In: Vymazal, J, Brix, H, Cooper P, Green M, Haberl R, eds. Constructed
wetlands for wastewater treatment. Leiden: Backhuys Publisher; 1998, pp. 17–66.

32 Lee CG, Fletcher TD, Sun G. Nitrogen removal in constructed wetland systems. Eng Life Sci.
2009; 9(1):11–22.

33 Kadlec RH, Wallace S. Treatment Wetlands, 2nd edn. Boca Raton: Taylor & Francis Group; 2008.
34 Hunt P, Poach ME. State of the art for animal wastewater treatment in constructed wetlands.

Water Sci Technol. 2001; 44(11–12):19–25.



218 10 The Performance of Constructed Wetlands for Treating Swine Wastewater under Different Operating Conditions

35 Hunt PG, Poach ME, Matheny TA, Reddy GB, Stone KC. Denitrification in marsh-pond-marsh
constructed wetlands treating swine wastewater at different loading rates. Soil Sci Soc Am J. 2006;
70(2):487–493.

36 Poach ME, Hunt PG, Reddy GB, Stone KC, Johnson MH, Grubbs A. Effect of intermittent
drainage on swine wastewater treatment by marsh-pond-marsh constructed wetlands. Ecol Eng.
2007; 30(1):43–50.

37 Stone KC, Poach ME, Hunt PG, Reddy GB. Marsh-pond-marsh constructed wetland design analy-
sis for swine lagoon wastewater treatment. Ecol Eng. 2004; 23(2):127–133.

38 Szögi AA, Hunt PG, Sadler EJ, Evans DE. Characterization of oxidation reduction processes in
constructed wetlands for swine wastewater treatment. Appl Eng Agric. 2004; 20(2):189–200.

39 Poach ME, Hunt PG, Reddy GB, Stone KC, Johnson MH, Grubbs A. Swine wastewater treat-
ment by marsh-pond-marsh constructed wetlands under varying nitrogen loads. Ecol Eng. 2004;
23(3):65–175.

40 Vymazal J, Kröpfelová L. Wastewater treatment in constructed wetlands with horizontal
sub-surface flow. Dordrecht: Springer Science & Business Media; 2008.

41 Vymazal J. Removal of nutrients in various types of constructed wetlands. Sci Total Environ. 2007;
380(1):48–65.

42 U.S. EPA. Wastewater Technology Fact Sheet: Free Water Surface Wetlands. U.S. Environmental
Protection Agency: Office of Water, Washington, D.C., EPA 832-F-00-024, 2000.

43 Lee CY, Lee CC, Lee FY, Tseng SK, Liao CJ. Performance of subsurface flow constructed wetland
taking pretreated swine effluent under heavy loads. Bioresource Technol. 2004; 92(2):173–179.

44 Zhao YQ, Sun G, Allen SJ. Anti-sized reed bed system for animal wastewater treatment: a com-
parative study. Water Res. 2004; 38(12):2907–2917.

45 Sun G, Zhao YQ, Allen SJ. An alternative arrangement of gravel media in tidal flow reed beds
treating pig farm wastewater. Water Air Soil Poll. 2007; 182(1–4):13–19.

46 Chen SW, Kao CM, Jou CR, Fu YT, Chang YI. Use of a constructed wetland for post-treatment of
swine wastewater. Environ Eng Sci. 2008; 25(3):407–418.

47 Kantawanichkul S, Neamkam P, Shutes RBE. Nitrogen removal in a combined system: vertical
vegetated bed over horizontal flow sand bed. Water Sci Technol. 2001; 44(11–12):137–142.

48 Sun ZG, Liu JS. Nitrogen cycling of atmosphere-plant-soil system in the typical Calamagrostis
angustifolia wetland in the Sanjiang Plain, Northeast China. J Environ Sci. 2007; 19(8):986–995.

49 Leverenz HL, Haunschild K, Hopes G, Tchobanoglous G, Darby JL. Anoxic treatment wetlands for
denitrification. Ecol Eng. 2010; 36(11):1544–1551.

50 Herouvim E, Akratos CS, Tekerlekopoulou A, Vayenas DV. Treatment of olive mill wastewater in
pilot-scale vertical flow constructed wetlands. Ecol Eng. 2011; 37(6): 931–939.

51 Cui L, Ouyang Y, Lou Q, Yang F, Chen Y, Zhu W, Luo S. Removal of nutrients from wastewa-
ter with Canna indica L. under different vertical-flow constructed wetland conditions. Ecol Eng.
2010; 36(8):1083–1088.

52 Bialowiec A, Janczukowicz W, Randerson PF. Nitrogen removal from wastewater in vertical
flow constructed wetlands containing LWA/gravel layers and reed vegetation. Ecol Eng. 2011;
37(6):897–902.

53 Wang R, Baldy V, Périssol C, Korboulewsky N. Influence of plants on microbial activity in a
vertical-downflow wetland system treating waste activated sludge with high organic matter con-
centrations. J Environ Manage. 2012; 95:S158–S164.



References 219

54 Tapia González F, Gíacoman Vallejos G, Herrera Silveira J, Quintal Franco C, García J, Puigagut J.
Treatment of swine wastewater with subsurface-flow constructed wetlands in Yucatán, Mexico:
Influence of plant species and contact time. Water SA. 2009; 35(3):335–342.

55 Poach ME, Hunt PG, Vanotti MB, Stone KC, Matheny TA, Johnson MH, Sadler EJ. Improved
nitrogen treatment by constructed wetlands receiving partially nitrified liquid swine manure. Ecol
Eng. 2003; 20(2):183–197.

56 Neubauer ME, Plaza de los Reyes C, Pozo G, Villamar CA, Vidal G. Growth and nutrient uptake
by Schoenoplectus californicus (C.A. Méyer) Sójak in a constructed wetland fed with swine slurry.
J Soil Sci Plant Nutr. 2012; 12(3):421–430.

57 Vymazal J. 2005 Natural and constructed wetlands: Nutrients, metals and management. Leiden
Netherlands: Backhuys Publishers; 2005.

58 Hunt PG, Matheny TA, Szögi AA. Denitrification in constructed wetlands used for treatment of
swine wastewater. J Environ Qual. 2003; 32(2):727–735.

59 Hunt PG, Stone KC, Matheny TA, Poach ME, Vanotti MB, Ducey TF. Denitrification of nitrified
and non-nitrified swine lagoon wastewater in the suspended sludge layer of treatment wetlands.
Ecol Eng. 2009; 35(10):1514–1522.

60 Hernández ME, Mitsch WJ. Denitrification in created riverine wetlands: Influence of hydrology
and season. Ecol Eng. 2007; 30(1):78–88.

61 Erler DV, Eyre BD, Davison L. The contribution of anammox and denitrification to sediment N2
production in a surface flow constructed wetland. Environ Sci Technol. 2008; 42(24):9144–9150.

62 Sasikala S, Tanaka N, Wah HW, Jinadasa KBSN. Effects of water level fluctuation on radial oxygen
loss, root porosity, and nitrogen removal in subsurface vertical flow wetland mesocosms. Ecol
Eng. 2009; 35(3):410–417.

63 Plaza de los Reyes C, Vera L, Salvato M, Borin M, Vidal G. Considerations for nitrogen removal
in constructed wetlands. J Water Technol (In Spanish). 2011; 330: 40–49.

64 Hunt PG, Szögi AA, Humenik FJ, Rice JM, Matheny TA, Stone KC. Constructed wetlands
for treatment of swine wastewater from an anaerobic lagoon. Transactions ASAE. 2002;
45(3):639–647.

65 Li YX, Wei LI, Juan WU, Xu LC, Su QH, Xiong XI. Contribution of additives Cu to its accumula-
tion in pig feces: study in Beijing and Fuxin of China. J Environ Sci. 2007; 19(5):610–615.

66 Zaman M, Nguyen ML, Gold AJ, Groffman PM, Kellogg DQ, Wilcock RJ. Nitrous oxide genera-
tion, denitrification, and nitrate removal in a seepage wetland intercepting surface and subsurface
flows from a grazed dairy catchment. Aust J Soil Res. 2008; 46(7):565–577.

67 Reddy KR, DeLaune RD. Biogeochemistry of wetlands: science and applications. Boca Raton: CRC
Press; 2008.

68 Paul E, Clark F. Soil microbiology and biochemistry, 2nd edn. San Diego: Academic Press; 1996.
69 Plaza de los Reyes C, Pozo G, Vidal G. Nitrogen behavior in a free water surface constructed

wetland used as post-treatment for anaerobically treated swine wastewater effluent. J Environ Sci
Health A Tox Hazard Subst Environ Eng. 2014; 49(2):218–227.

70 Plaza de los Reyes C, Villamar CA, Neubauer ME, Pozo G, Vidal G. Behavior of Typha angus-
tifolia L. in a free water surface constructed wetlands for the treatment of swine wastewater. J
Environ Sci Health A Tox Hazard Subst Environ Eng. 2013; 48(10):1216–1224.

71 Plaza de los Reyes C, Villamar C, Neubauer M, Pozo G, Vidal G. Nitrogen behavior in a con-
structed wetland for the treatment of swine wastewater. J Environ Sci Health A Tox Hazard Subst
Environ Eng. 2013; 48:1–9.



220 10 The Performance of Constructed Wetlands for Treating Swine Wastewater under Different Operating Conditions

72 Szögi AA, Hunt PG, Humenik FJ. Nitrogen distribution in soils of constructed wetlands treating
lagoon wastewater. Soil Sci Soc Am J. 2003; 67(6):1943–1951.

73 Bustamante MA, Paredes C, Marhuenda-Egea FC, Pérez-Espinosa A, Bernal MP, Moral R.
Co-composting of distillery wastes with animal manures: Carbon and nitrogen transformations
in the evaluation of compost stability. Chemosphere 2008; 72(4):551–557.

74 Reddy KR, Patrick WH, Broadbent FE. Nitrogen transformations and loss in flooded soils and
sediments. Crit Rev Env Sci Tec. 1984; 13(4):273–309.

75 Jianlong W, Ning Y. Partial nitrification under limited dissolved oxygen conditions. Process
Biochem. 2004; 39(10):1223–1229.

76 Shipin OV, Lee SH, Chiemchaisri C, Wiwattanakom W, Ghosh GC, Anceno AJ, Stevens WF.
Piggery wastewater treatment in a tropical climate: biological and chemical treatment options.
Environ Technol. 2007; 28(3):329–337.

77 Brix H, Dyhr-Jensen K, Lorenzen B. Root-zone acidity and nitrogen source affects Typha latifolia
L. growth and uptake kinetics of ammonium and nitrate. J Exp Bot. 2002; 53(379):2441–2450.

78 Reddy GB, Hunt PG, Stone K, Grubbs A. Treatment of swine wastewater in marsh-pond-marsh
constructed wetlands. Water Sci Technol. 2001; 44(11–12):545–550.

79 Ro KS, Hunt PG, Johnson MH, Matheny TA, Forbes D, Reddy GB. Oxygen transfer in
marsh-pond-marsh constructed wetlands treating swine wastewater. J Environ Sci Health A Tox
Hazard Subst Environ Eng. 2010; 45(3):377–382.

80 Wu MY, Franz EH, Chen S. Oxygen fluxes and ammonia removal efficiencies in constructed treat-
ment wetlands. Water Environ Res. 2001; 73(6):661–666.

81 Ding Y, Song X, Wang Y, Yan D. Effects of dissolved oxygen and influent COD/N ratios on nitro-
gen removal in horizontal subsurface flow constructed wetland. Ecol Eng. 2012; 46:107–111.

82 Wu J, Zhang J, Jia W, Xie H, Gu RR, Li C, Gao B. Impact of COD/N ratio on nitrous oxide emis-
sion from microcosm wetlands and their performance in removing nitrogen from wastewater.
Bioresource Technol. 2009; 100(12):2910–2917.

83 Sun G, Austin D. Completely autotrophic nitrogen-removal over nitrite in lab-scale constructed
wetlands: Evidence from a mass balance study. Chemosphere. 2007; 68(6):1120–1128.

84 Xu J, Li C, Yang F, Dong Z, Zhang J, Zhao Y, Qi P, Hu Z. Typha angustifolia stress tolerance to
wastewater with different levels of chemical oxygen demand. Desalination. 2011; 280(1):58–62.

85 Li C, Zhang B, Zhang J, Wu H, Xie H, Xu J, Qi P. Physiological responses of three plant species
exposed to excess ammonia in constructed wetland. Desalin Water Treat. 2011; 32(1–3):271–276.

86 Clarke E, Baldwin AH. Responses of wetland plants to ammonia and water level. Ecol Eng. 2002;
18(3):257–264.

87 Shamir E, Thompson T, Karpiscak M, Freitas R, Zauderer J. Nitrogen accumulation in a con-
structed wetland for dairy wastewater treatment. J Am Water Resour As. 2001; 37(2):315–325.

88 Maddison M, Mauring T, Remm K, Lesta M, Mander Ü. Dynamics of Typha latifolia L. popula-
tions in treatment wetlands in Estonia. Ecol Eng. 2009; 35(2):258–264.

89 Sawaittayothin V, Polprasert C. Nitrogen mass balance and microbial analysis of constructed wet-
lands treating municipal landfill leachate. Bioresource Technol. 2007; 98(3):565–570.

90 Villamar A. Incidence of the anaerobic digestion on the nutrient and metals treatment by con-
structed wetlands [Ph.D. Thesis]. University of Concepcion; 2014.

91 Plaza de los Reyes C, Vidal G. Effect of variations in the nitrogen loading rate and seasonality on
the operation of a free water surface constructed wetland for treatment of swine wastewater. J
Environ Sci Health A Tox Hazard Subst Environ Eng. 2015; 50(13):1324–1332.



References 221

92 Borin M, Politeo M, De Stefani G. Performance of a hybrid constructed wetland treating piggery
wastewater. Ecol Eng. 2013; 51:229–236.

93 Harrington C, Scholz M. Assessment of pre-digested piggery wastewater treatment opera-
tions with surface flow integrates constructed wetland systems. Bioresource Technol. 2010;
101(20):7713–7723.

94 Poach ME, Hunt PG, Sadler EJ, Matheny TA, Johnson MH, Stone KC, Humenik FJ, Rice JM.
Ammonia volatilization from constructed wetlands that treat swine wastewater. T ASAE. 2002;
45(3):619–627.

95 Stone KC, Hunt PG, Szögi AA, Humenik FJ, Rice JM. Constructed wetlands desing and perfor-
mance for swine lagoon wastewater treatment. T ASAE. 2002; 45(3):723–730.

96 Lian-sheng H, Hong-liang L, Bei-dou X, Ying-bo Z. Enhancing treatment efficiency of swine
wastewater by effluent recirculation in vertical-flow constructed wetland. J Environ Sci. 2006;
18(2):221–226.

97 Matos AT, Freitas S, Martinez MA, Tótola MR, Azevedo AA. Tifton grass yield on constructed
wetland used for swine wastewater treatment. Rev Bras Eng Agríc Ambient. 2010; 14(5):510–516.

98 Zhang S, Liu F, Xiao R, Li Y, Zhou J, Wu J. Emissions of NO and N2O in wetland microcosms for
swine wastewater treatment. Environ Sci Pollut R. 2015; 22(24):19933–19939.

99 Doherty L, Zhao Y, Zhao X, Wang W. Nutrient and organics removal from swine slurry with
simultaneous electricity generation in an alum sludge-based constructed wetland incorporating
microbial fuel cell technology. Chem Eng J. 2015; 266:74–81.




