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ABSTRACT 10 

Treatment wetlands have long been used for domestic and industrial wastewater treatment.  11 

In recent decades, treatment wetland technology has evolved and now includes intensified 12 

designs such as aerated treatment wetlands. Aerated treatment wetlands are particularly 13 

dependent on aeration, which requires reliable air pumps and, in most cases, electricity. 14 

Whether aerated treatment wetlands are resilient to disturbances such as an aeration 15 

interruption is currently not well known.  16 

In order to investigate this knowledge gap, we carried out a pilot-scale experiment on one 17 

aerated horizontal flow wetland and one aerated vertical flow wetland under warm 18 

(Twater > 17°C) and cold (Twater < 10°C) weather conditions. Both wetlands were monitored 19 

before, during and after an aeration interruption of 6 d by taking grab samples of the influent 20 

and effluent, as well as pore water. The resilience of organic carbon and nitrogen removal 21 

processes in the aerated treatment wetlands depended on system design (horizontal or 22 

vertical flow) and water temperature. Organic carbon and nitrogen removal for both systems 23 

severely deteriorated after 4 – 5 d of aeration interruption, resulting in water quality similar to 24 

that expected from a conventional horizontal sub-surface flow treatment wetland. Both 25 

experimental aerated treatment wetlands recovered their initial treatment performance 26 

within 3 – 4 d at Twater > 17°C (warm weather) and within 6 – 8 d (horizontal flow system) and 27 
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4 – 5 d (vertical flow system) at Twater < 10°C (cold weather). In the vertical flow system, DOC, 28 

DN and NH4-N removal were less affected by low water temperatures; however, the decrease 29 

of DN removal in the vertical flow aerated wetland at Twater > 17°C was twice as high as in the 30 

horizontal flow aerated wetland. The quick recovery of treatment performance highlights the 31 

benefits of aerated treatment wetlands as resilient wastewater treatment technologies with 32 

high performance and low maintenance requirements. 33 
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Abbreviations 40 

CSTR  continuous-stirred-tank-reactor 41 

DO  dissolved oxygen 42 

DOC  soluble organic carbon 43 

DN  soluble nitrogen 44 

d  days 45 

EC  electric conductivity 46 

HA  aerated horizontal sub-surface flow wetland 47 

nHRT  nominal hydraulic retention time 48 

ORP  redox potential 49 

Twater  water temperature 50 
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tR  recovery time 51 

VA  aerated vertical sub-surface flow wetland 52 

1. INTRODUCTION 53 

The release of untreated and/or non-adequately treated wastewater still poses a threat to the 54 

protection of groundwater and natural waterways, especially in rural areas of less developed 55 

and semi-arid countries (WWAP, 2017). In such areas centralized sewer systems are often not 56 

feasible from an engineering or economical standpoint (Maurer et al., 2005). An interesting 57 

alternative to centralized wastewater treatment can be found in a decentralized approach 58 

using treatment wetlands (Zhang et al., 2014). In recent decades, treatment wetland 59 

technology has expanded to include more engineered or intensified designs such as aerated 60 

treatment wetlands (Ilyas and Masih, 2017). Aerated treatment wetlands provide high levels of 61 

treatment for organic carbon, nitrogen and pathogens in a cost-effective manner and have low 62 

operation and maintenance requirements in comparison to conventional wastewater 63 

treatment technologies. Opposed to completely passive treatment wetland designs, aerated 64 

treatment wetlands use pumps that move air within the system thereby reducing the system 65 

footprint but requiring a power source for operation. How does an aerated treatment wetland 66 

respond during and after a power disruption or air pump failure? The resilience of aerated 67 

treatment wetland technology is not well known.  68 

In general, the resilience of a wastewater treatment system can be defined as the ability to 69 

maintain treatment performance during a disturbance or to recover initial treatment 70 

performance within a given time after a disturbance (Cuppens et al., 2012).  However, 71 

theoretical concepts and metrics of resilience are still a widely disputed topic in the literature 72 

(Holling, 1973, 1996; Bruneau et al., 2003; Cuppens et al., 2012; Thorén, 2014). In a recent 73 
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review, García et al. (2017) highlighted the importance of resilience in wastewater treatment, 74 

but reported that few publications directly address the topic of resilience.   75 

The resilience of aerated treatment wetlands may be affected by a number of factors.  Here, 76 

two factors (wetland design and temperature) are considered in detail. Wetland design can be 77 

classified in two main types, horizontal and vertical flow. These two designs are reported to 78 

exhibit different hydraulic characteristics: aerated vertical flow systems show hydraulic 79 

characteristics similar to one continuous-stirred-tank-reactor (CSTR) compared to three to four 80 

CSTRs in an aerated horizontal flow design (Boog, 2013; Boog et al., 2014). The wetland design 81 

controls the hydraulics and the wetland functioning, but may also affect resilience. 82 

Temperature has an influence on microbial processes in treatment wetlands in general 83 

(Kadlec and Wallace, 2009) and thus, may have a potential effect on the resilience of aerated 84 

treatment wetlands. 85 

The resilience of treatment wetlands to shock loads or operational malfunctions has been 86 

addressed in very few studies (Zapater et al., 2011; Dotro et al., 2012; 87 

Butterworth et al., 2016). To the best of our knowledge, only one publication deals with 88 

resilience in aerated treatment wetlands (Murphy et al., 2016), which highlights an important 89 

research gap. Murphy et al. (2016) reported the resilience of nitrification due to a two–week–90 

long aeration interruption in a full-scale aerated horizontal flow wetland. However, this study 91 

only investigated one aerated wetland design, and the question remains whether aerated 92 

vertical flow systems are resilient against aeration interruption and to which degree. 93 

Furthermore, the resilience of organic carbon removal in aerated treatment wetlands has not 94 

yet been investigated. The internal system behavior during transition from aerated to non-95 

aerated phases has also not been reported in the literature; this information could reveal 96 

fundamental insights into the functioning of aerated treatment wetlands.  97 
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To address these open questions, this study investigates the resilience of organic carbon and 98 

nitrogen removal due to aeration interruption in aerated treatment wetlands. The goal of this 99 

paper is to assess the potential effect(s) of (1) system design (aerated horizontal or aerated 100 

vertical flow), and (2) temperature on the resilience of aerated treatment wetlands, and, (3) to 101 

investigate the spatio-temporal system behavior during the transition from aerated to non-102 

aerated phases. To investigate the effect of system design and temperature, pilot-scale 103 

experiments including one horizontal and one vertical sub-surface flow aerated wetland were 104 

carried out under warm and cold weather conditions. To study the associated spatial 105 

dynamics, samples of the influent, effluent and pore water were taken over the course of the 106 

experiments. 107 

2. MATERIALS AND METHODS 108 

2.1 Experimental Methods 109 

2.1.1. Site and system description 110 

The pilot-scale experiments were carried out at the UFZ Ecotechnology Research Facility at 111 

Langenreichenbach, Germany. Two unplanted aerated sub-surface flow treatment wetlands 112 

were used as experimental units: a saturated horizontal flow system (HA) and a saturated 113 

vertical down-flow system (VA). Previous studies (Nivala et al., 2013b; Boog et al., 2013; 114 

Boog et al, 2014) at the site did not find significant differences in mass removal of bulk organic 115 

carbon and nitrogen between the two unplanted systems and planted replicates. This 116 

validated the use of unplanted systems to further investigate the resilience of organic carbon 117 

and nitrogen removal in aerated treatment wetlands. A detailed description of the 118 

experimental site and the two wetlands can be found in Nivala et al. (2013a). Basically, the 119 

horizontal flow system measured 4.7 m in length, 1.2 m in width with saturated depth of 120 
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1.0 m. The vertical flow system measured 2.7 m in length, 2.4 m in width with a saturated 121 

depth of 0.85 m. Both wetlands were filled with gravel (8 - 16 mm) as the main filter media. 122 

Coarse gravel (16 - 32 mm) was used as filter media in the influent and effluent zones for HA. 123 

Both systems were continuously aerated (24 h d-1) through a network of drip irrigation tubing 124 

installed along the wetland bottom according to Wallace (2001). Air was provided by electric 125 

diaphragm pumps: one pump (Mistral 4000, Aqua Medic) for VA at an air flow rate of 126 

approximately 1.6 m³ h-1 and three pumps (Mistral 2000, Aqua Medic, two at the front and 127 

one in the back) for HA at flow rates of approximately 1.2 m³ h-1 (first half) and 1.0 m³ h-1 128 

(second half). The two systems were loaded with domestic wastewater that was pretreated in 129 

a septic tank with a nominal hydraulic retention time (nHRT) of 3.5 d. The design loading rate 130 

of both wetlands was 576 L d-1, resulting in an areal specific loading rate of 102 mm d-1 for the 131 

horizontal flow, and 95 mm d-1 in case of the vertical flow system. Wastewater was dosed 132 

every 30 min for HA and every hour for VA.  133 

Both systems were established in September 2009 and started operation in June 2010. The 134 

aeration modes were changed between August 2012 and July 2014: the horizontal flow system 135 

was switched to a wind-powered air pump (Boog et al. 2016) and the vertical flow system to 136 

intermittent electric aeration (Boog et al. 2014). In August 2014, aeration in both systems was 137 

switched back to continuous electric aeration. It is noted here that the wind-driven aeration in 138 

the horizontal flow (HA) system turned out to be insufficient; the system became overloaded 139 

during that time which induced clogging of the aeration system (Boog et al., 2016). In autumn 140 

2014, HA was drained and filled with clean water while compressed air at a pressure of 5 bar 141 

was injected into the aeration system in order to clean the clogged aeration orifices. Despite 142 

this, the system was at stable performance during the before the start of this study. 143 

2.1.2 Experimental design 144 
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Two experimental series were carried out: one series during warm weather (Twater > 17°C, 145 

June-August 2015) and one series during cold weather conditions (Twater < 10°C, 146 

January-February 2016). Each series contained an experiment on the horizontal (HA) and the 147 

vertical flow (VA) aerated wetland. The warm weather experiments were conducted in series 148 

(first HA then VA) due to limitations in the number of available sensors and auto-samplers. The 149 

cold weather experiments were conducted side-by-side. Both systems were monitored during 150 

a four to six-week baseline phase to assess baseline performance, a six–day interruption phase 151 

without aeration and an eight–day recovery phase after restarting aeration. During the 152 

baseline phase, grab sampling of influent and effluent was done by hand on four individual 153 

days; during interruption and recovery phases influent samples were taken daily by hand and 154 

auto-samplers (WaterSam WS 312) were used to obtain effluent samples (one sample every 155 

8 – 12 h). Pore water sampling along the main flow path during the experiments (four times 156 

during baseline, quasi-daily during interruption and recovery phases) was done manually using 157 

stainless steel piezometers and a peristaltic pump at a flow rate of 2 L min-1. Pore water 158 

samples along the main flow path in HA were taken at 13, 25, 50 and 75 % of the length (depth 159 

of 0.5 m), and, in VA at 17, 50 and 84 % of the depth (at the middle of the system) (See 160 

supplementary information on Figure S1). During the interruption and recovery phases, 161 

additional pore water samples were taken for HA at 38 % of the main flow path length. 162 

Additional information about the experiments is given in the supplementary information 163 

(Chapter S1). 164 

2.1.3 Water Quality Analysis 165 

All grab samples were analyzed for redox potential ORP (SenTix® ORP, WTW Weilheim), 166 

electric conductivity (EC) and dissolved oxygen (DO) (ConOx®, WTW Weilheim), temperature 167 

(T) and pH (SenTix® pH) using a handheld meter (Multi 350i®, WTW Weilheim) and a pH meter; 168 
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five-day carbonaceous biochemical oxygen demand (CBOD5, DIN 38409 H52, WTW OxiTOP®), 169 

dissolved organic carbon (DOC, DIN EN 1484, Shimadzu TOC-VCSN, filtration by 0.45 µm 170 

ceramic filter), dissolved nitrogen (DN, DIN EN 12660, Shimadzu TNM-1, filtration by 0.45 µm 171 

ceramic filter), ammonia nitrogen (NH4-N, DIN 38 406 E5, Thermo Fisher Scientific Gallery Plus), 172 

nitrate nitrogen (NO3-N, DIN 38 405 D9, Thermo Fisher Scientific Gallery Plus) and nitrite 173 

nitrogen (NO2-N, DIN 38 405 D10, Thermo Fisher Scientific Gallery Plus). Inflow and outflow to 174 

the pilot-scale wetlands were measured with a magnet inductive flow meter (Endress+Hauser, 175 

Promag 10) and a tipping counter, respectively. During interruption and recovery phases, 176 

sensors for dissolved oxygen (CellOx®, WTW Weilheim), pH (SenTix, WTW Weilheim) and 177 

organic reduction potential (SenTix ORP, WTW Weilheim) were placed in the effluent stream of 178 

both wetlands for on-line monitoring. 179 

2.2 Data Processing 180 

2.2.1 Pre-processing 181 

Outliers were identified by a graphical interpretation of the concentration time series. 182 

Detection limits of NH4-N, NO3-N and NO2-N were 0.02, 0.07, 0.01 mg L-1, respectively. To be 183 

conservative, analysis data reported as below detection limits were set to the value of the 184 

corresponding detection limit.  185 

2.2.2 Mass removal 186 

Areal and percentage mass removal rates were calculated according to Equation 1 and 2. 187 

   (1) 188 

     (2) 189 
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Areal mass removal is in g m-2 L-1, percentage mass removal in %, the wetland surface area 190 

Awetland in m². Cin and Cout are the inflow and outflow concentrations in mg L-1. Qin and Qout are 191 

the hydraulic inflow and outflow rates in L d-1. For treatment wetlands it is recommended to 192 

calculate mass removal on flow and concentration averages of three to four nHRT periods 193 

(Kadlec and Wallace 2009). Mass removal of the baseline phases were calculated using 194 

averages of flow and concentration over the corresponding baseline phase. Mass removal 195 

during the interruption and recovery phase were calculated using daily averages of flow and 196 

concentration due to the short time frame. 197 

2.2.3. Resilience Metrics 198 

To quantitatively assess resilience, we defined three metrics: 1) delay, defined as the time 199 

after aeration stop/restart at which a first change in treatment performance is detected, 2) 200 

loss of treatment performance, defined as the change in effluent quality as compared to the 201 

baseline phase, and 3) recovery time (tR) , defined as the time from aeration restart until initial 202 

baseline performance is recovered.  203 

3. RESULTS  204 

To investigate the resilience of carbon and nitrogen removal due to aeration interruption in 205 

aerated treatment wetlands, two pilot-scale wetlands, one with horizontal the other with 206 

vertical flow, were monitored before (baseline phase), during (interruption phase) and after 207 

(recovery phase) a six-day-long aeration interruption under warm weather (Twater > 17°C) and 208 

cold weather (Twater < 10°C) conditions. 209 
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3.1 Water Temperature, Precipitation and Flow during the Interruption and 210 

Recovery phases 211 

The average of effluent and pore water temperatures during the interruption and recovery 212 

phases for the horizontal (HA) and vertical flow (VA) systems at Twater > 17°C were both 20°C 213 

respectively, and, at Twater < 10°C, were 6 and 5°C respectively. Pore water temperatures at the 214 

beginning of the cold weather trial were below 2°C. A precipitation event (11 mm d-1) one day 215 

prior to aeration interruption in the warm water experiment in HA  resulted in an outflow rate 216 

increase of 5% (Twater > 17°C) while the corresponding hydraulic outflow was stable at an 217 

average of 570 L d-1. In contrast, during the warm weather experiment VA, precipitation events 218 

on Days 4 and 8 (25 and 50 mm d-1 respectively) resulted in an increased effluent flow rate of 219 

approximately 60 % on Day 4 and 50 % on Days 8 and 9. Despite this fact, effluent pollutant 220 

concentrations fluctuated only 10 – 15 % as a result of the rainfall. During the cold weather 221 

trial (Twater < 10°C), several precipitation events with a maximum of 4 mm d-1 occurred on Days 222 

2, 4, 10 and 11, and one event with a precipitation of 13 mm d-1 on Day 13. The corresponding 223 

daily mean effluent flow rates for HA and VA were 586 and 579 L d-1, respectively, except for 224 

Day 13, with 630 and 635 L d-1. Additional data, including data for the baseline phases, are 225 

given in the supplementary information (Table S2, Figures S2–S3). The obtained results show 226 

that hydraulic flow was not in complete steady-state over the course of the experiments, 227 

however, this fact was considered as acceptable for the purpose of evaluating chemical water 228 

quality parameters. 229 

3.2 Water Quality during Baseline Phases 230 

The water quality of the influent to the wetlands during the different baseline phases showed 231 

typical characteristics of primary treated domestic wastewater, including low DO (< 1 mg L-1), 232 

low ORP (< -200 mV), high concentration of DOC (> 80 mg L-1), DN (> 60 mg L-1) and NH4 -N 233 
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(> 50 mg L-1) (Table 1, Figure S4–S5). Average pH values were close to 7.0, NO2-N 234 

concentration were < 0.01 mg L-1 and DOC/DN were 1.0 - 1.5. In contrast, both wetlands 235 

consistently produced high quality effluents characterized by low concentrations of DOC 236 

(< 12 mg L-1), DN (< 45 mg L-1),NH4-N (< 5 mg L-1) and high concentrations of NO3-N (< 50 mg L-237 

1), DO (> 5.0 mg L-1), and ORP (> 20 mV) (Table 1, Figure S4–S5). Average pH values were 6.8 –238 

 7.5, NO2-N effluent concentration were < 0.01 mg L-1 and DOC/DN were 0.2 – 0.5. The 239 

corresponding mass removal rates for HA and VA respectively at Twater > 17°C were 89 and 93% 240 

(DOC), 49 and 72% (DN) as well as 100 and 96% (NH4-N). The mass removal rates for HA and 241 

VA respectively at Twater < 10°C were 89 and 88% (DOC), 42 and 52% (DN) as well as 100 and 242 

97% (NH4-N) (Table S1). Furthermore, HA was characterized by stronger gradients of ORP, DO, 243 

DN, NH4-N, NO3-N and NO2-N along the main flow direction compared to the VA. In HA, all 244 

NH4-N was removed within 50 % of the length; however, the concentration of NO3-N was only 245 

60% of the initial NH4-N concentration, indicating a simultaneous removal of NH4-N and NO3-N. 246 

In contrast, water quality gradients in the vertical flow system VA are closer to the inflow 247 

(within the first 10 % of the depth). For both wetlands, carbon and nitrogen profiles are well 248 

reflected by a sharp increase of ORP.  249 

Table 1. Influent and effluent water quality during the baseline phases. 

Sample DO ORP DOC DN NH4–N NO3–N Flow 

 mg L-1 mV mg L-1 mg L-1 mg L-1 mg L-1 L d-1 

Warm weather (Twater > 17°C) 

VA-In 0.7± 0.1 -254.2 ± 14.7 108.3 ± 34.9 83.5 ± 13.0 69.4 ± 7.7 0.1 ± 0.0 578.2 ± 0.2 

VA-Out 5.4 ± 0.3 82.5 ± 62.2 7.2 ± 3.8 24.1 ± 11.0   2.9 ± 1.1 16.9 ± 9.4 573.6 ± 38.7 

HA-In 0.6 ± 0.1 -234.9 ± 37.2 98.5 ± 27.7 74.0 ± 10.0 64.1 ± 7.2 0.1 ± 0.0 578.3 ± 0.1 

HA-Out 8.6 ± 0.3  175.1 ± 83.6 10.4 ± 0.6 38.4 ± 4.3   0.0 ± 0.0 37.3 ± 2.4 594.0 ± 44.7 

Cold weather (Twater < 10°C) 



 12 

In 0.9 ± 0.5 -231.7 ± 26.8 87.7 ± 25.9 66.8 ± 8.0 60.6 ± 13.0 0.1 ± 0.0 578.3 ± 0.1 

HA-Out 12.8 ± 0.9  203.1 ± 18.5 9.4 ± 0.8 39.2 ± 7.5 0.0 ± 0.0 39.0 ± 9.1 580.1 ± 18.1 

VA-Out 6.3 ± 1.9  201.8 ± 14.3 9.7 ± 1.0 32.2 ± 7.4 2.2 ± 1.5 29.2 ±6.9 584.8 ± 23.8 

 250 

3.3 Water Quality during Interruption and Recovery Phases 251 

The stop in aeration triggered a simultaneous decrease in DO and NO3-N concentrations and 252 

an increase in DOC, DN and NH4-N effluent and pore water concentrations in both the 253 

horizontal (HA) and vertical flow (VA) system during both trials. Effluent quality of both HA and 254 

VA deteriorated to the level of a conventional horizontal sub-surface flow wetland 255 

(conventional horizontal sub-surface flow wetlands systems at the same site were examined 256 

by Nivala (2013b) and Ayano (2014)) within 4 – 5 d after the aeration was switched off. This is 257 

reflected by a corresponding drop in ORP to approximately -400 mV (Twater > 17°C) and -300 –258 

 130 mV (Twater < 10°C). After restarting aeration, both HA and VA recovered their initial 259 

effluent quality from the baseline phase within 3 – 4 d in warm weather (Twater > 17°C), and, 260 

within 6 – 8 d for HA and 4 – 5 d for VA in cold weather (Twater < 10°C) (Figure 1). It is to be 261 

noted that during the warm weather trial (Twater > 17°C) aeration was restarted 5 h later for VA 262 

than for HA. The corresponding times series of VA at Twater > 17◦°C was shifted back by 5 h to 263 

simplify the graphical comparison shown in Figure 1. Due to the fuzziness of the online sensor 264 

response and to simplify the visualization in Figure 1 we extracted the data from the online 265 

sensor responses (Figure S6) at the same time that an effluent grab sample was taken.  266 

267 
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 268 

 269 

 270 

Figure 1. Effluent water quality of the horizontal (HA) and vertical flow (VA) wetlands during 271 

the cold (Twater < 10°C) and warm weather (Twater > 17°C) trials. Note, baseline performance is 272 

not to temporal scale. 273 
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Influent quality during the interruption and recovery phases of all experiments were similar 274 

compared to their corresponding baseline phases (Figures S4 – S5). The depletion of effluent 275 

DO for both systems at Twater < 10°C took twice as long as compared to the trials at 276 

Twater > 17°C. The longer depletion can be divided into two distinct parts: an initial drop-down 277 

with a steep concentration gradient and a second phase with a more gentle concentration 278 

gradient (Figure 1). The second phase might be caused by the measurement method itself and 279 

not by processes in the wetland systems. Because the measurement was conducted with DO 280 

online probes that were installed in a measurement cylinder located several meters of pipe 281 

after the actual location of the wetlands’ outflow, re-aeration due to unsaturated flow in the 282 

pipes may have biased the measurement. This phenomenon would be more acute at low DO 283 

concentration. 284 

In contrast to DO concentration, changes in ORP, DOC, NH4-N and NO3-N concentrations after 285 

switching off the air pump were delayed by approximately 1 d for HA and by less than 10 h for 286 

VA. The change in NO2-N effluent concentration in HA at Twater > 17°C was delayed by 287 

approximately 1 d. The changes in DOC/DN in HA were delayed about 1 d but did not show any 288 

delay in VA. There was no remarkable delay for pH, DO and DN. After switching the air pump 289 

back on, there was no delay for the change in water quality, except for NO3-N and DOC/DN in 290 

HA at Twater < 10°C. The end of the interruption phase exhibited significant losses of treatment 291 

performance for both wetlands (Table 2). The recovery times of effluent concentrations for HA 292 

and VA differed with respect to the water quality parameters analyzed (Table 3). Associated 293 

DOC, DN and NH4-N mass removal rates recovered within a similar timeframe as effluent 294 

concentrations (Figure S7).   295 

296 
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 297 

Table 2. Loss of treatment performance after 6 d of non-aeration (concentration based 

reduction (CR), areal mass removal (MR)) 

Design DOC DN NH4–N 

 

CR (%) MR (%) CR (%) MR (%) CR (%) MR (%) 

Warm weather (Twater > 17°C) 

HA 50 44 31 19 76 70 

VA 39 43 42 52 61 71 

Cold weather (Twater < 10°C) 

HA 68 82 38 32 80 85 

VA 43 43 29 25 71 62 

 298 

Table 3. Recovery time (tR) of effluent concentrations and ratio of recovery time to nominal 

hydraulic retention time (nHRT) after restarting aeration. 

Design DOC DN DOC/DN NH4–N NO3–N 

  tR (d) tR /nHRT tR (d) tR /nHRT tR (d) tR /nHRT tR (d) tR /nHRT tR (d) tR /nHRT 

Warm weather (Twater > 17°C) 

HA 3.0 0.8 3.0 0.8 2.0 0.6 3.5 0.9 2.0 0.6 

VA 1.0 0.3 3.0 0.9 1.0 0.3 3.5 1.0 2.0 0.6 

Cold weather (Twater < 10°C) 

HA 4.5 1.2 3.5 0.9 3.5 0.9 7.5 2.0 6.0 1.6 

VA 2.0 0.6 2.0 0.6 2.0 0.6 4.0 1.2 3.5 1.0 

 299 

NO3-N effluent concentrations after recovery (Twater < 10°C) were lower than during the 300 

baseline phase for HA and VA. This might be caused by a decreasing NH4-N influent 301 

concentration from Day 11 onwards and/or the precipitation events from Days 9 – 12.  Effluent 302 
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NO2-N concentrations for HA at Twater > 17°C peaked after switching aeration off (Day 1 – 2) 303 

and on again (Day 8 – 9). At Twater < 10°C NO2-N effluent concentrations in HA increased to 304 

approximately 0.5 mg L-1 but did not peak.  Zones of NO2-N accumulation were observed in HA; 305 

one occurred after the air pumps were switched off (between 10% and 60% of the fractional 306 

length) and another occurred after the air pumps were restarted (between 20% and 100% of 307 

the length) (Figure 1). VA exhibited only minor fluctuations in NO2-N effluent concentrations 308 

during both trials (Figure 1 - 2). 309 

Switching aeration off altered the baseline water quality patterns in both systems (Figure 2). 310 

The alteration intensity was higher in HA. Water quality turned, for both systems, from levels 311 

of ORP (> 100 mV), DO (> 3 mg L-1) and NO3-N (> 20 mg L-1) to ORP levels below -100 mV and 312 

high concentration of DOC (> 30 mg L-1), DN (> 35 mg L-1) and NH4-N (> 35 mg L-1). Spatial 313 

gradients of DO, ORP, NO2-N and NO3-N concentration in both systems disappeared 314 

completely. The spatial gradients of DOC, DN and NH4-N, in contrast, declined but where still 315 

observable. The span of DOC, DN and NH4-N gradients in the horizontal flow (HA) system 316 

stretched from 30 – 40% of the length (baseline) to the whole flow path length within six day 317 

without aeration. The corresponding spatial gradients in the vertical flow system (VA) did not 318 

stretch, except for DN concentration at Twater > 17°C. After switching aeration back on, pore 319 

water quality patterns similar to the baseline phase were observed within six to eight days. 320 

 321 
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322 
Figure 2. Water quality profiles of the horizontal (HA) and vertical flow (VA) aerated 323 

treatment wetlands across the fractional length of the main flow paths during baseline, 324 

interruption and recovery phases. Visualization of the baseline phases at Twater > 17°C are not 325 

to scale and should be only qualitatively interpreted (see Appendix A for further 326 

explanation). 327 



 18 

4. DISCUSSION 328 

4.1 Factors affecting Resilience 329 

Oxygen Transfer 330 

After the baseline phase, aeration was switched off. Aerobic carbon removal and nitrification 331 

ceased, as well as the production of NO3-N through nitrification. The reason was oxygen (DO) 332 

depletion as oxygen is a main driver of biochemical processes in biological wastewater 333 

treatment (Tchobanoglous et al., 2003) and treatment wetlands (Kadlec and Wallace, 2009). 334 

Oxygen is especially important regarding organic carbon removal and ammonia elimination via 335 

autotrophic nitrification (Gujer, 2010; Nivala et al., 2013b; Liu et al., 2016). During the 336 

interruption phase both systems shifted from aerobic to anoxic conditions (ORP > 100mV) then 337 

to rather anaerobic conditions (ORP < -100mV) which corresponded to a continuous 338 

deterioration in treatment performance (Figure 1). After restarting aeration, both systems fully 339 

recovered. Similar findings were also reported for a two-week long aeration interruption in a 340 

horizontal flow system (Murphy et al., 2016).  341 

System Design 342 

In steady-state (baseline phase), the main active zone for microbial degradation of organic 343 

carbon and nitrogen in the horizontal flow (HA) system was limited to the first half of the 344 

wetland, whereas, in the vertical flow (VA) system, the main zone was either limited to the 345 

inflow region or did not exist (Figure 2). It is to be noted that the pore water visualizations 346 

(Figure 2) were created by interpolating data from discrete sampling events including influent 347 

and effluent samples as well. Thus, pore water quality distribution at the in- and outflow 348 

region may not exactly represent reality. Despite these limitations, the visualizations are 349 

accurate enough to differentiate general system specific pore water quality patterns. Such 350 

patterns were lower water quality gradients and less variable water quality across the main 351 
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flow path length in VA. This is probably caused by a lower degree of hydraulic mixing in 352 

aerated vertical flow wetlands (Boog et al., 2013) and a five times higher cross sectional 353 

loading area in VA compared to HA. In a former study in the same systems, (Button et al., 354 

2015) reported a higher microbial activity in the first half of HA, whereas, activity was more 355 

equally distributed across the whole flow path length of VA. Strong pore water quality 356 

gradients in aerated horizontal flow wetlands were also reported in the literature 357 

(Li et al., 2014; Zhong et al., 2014). In general, biological reactors with higher hydraulic mixing 358 

exhibit less spatial concentrations gradients of certain components (Müller-Erlwein, 2007). As 359 

such, the results of baseline performance of this research comply with previous studies in the 360 

same systems and in similar aerated treatment wetlands at the same site (Boog, 2013; 361 

Boog et al., 2014). 362 

The longer response delays after aeration stop for ORP, DOC, NH4-N, and NO3-N effluent 363 

concentrations in HA (≈ 1.0 d HA, < 10 h VA) were caused by the specific hydraulic 364 

characteristics of the design. In HA, the baseline pore water gradient for NO3-N was at 30 –365 

 50% of the length. The NO3-N rich water at 50 – 100% of the length was discharged before the 366 

gradient could be detected in the effluent—which caused the delay and a smooth decline of 367 

NO3-N effluent concentrations afterwards. In VA, the hydraulic mixing is higher 368 

(Boog et al., 2013), which may still be the case during non-aeration phases. Additionally, the 369 

outlet position in VA is closer to the inlet than in HA. This facilitates short-circuiting and would 370 

reduce any response delay. Hydraulic flow in sub–surface flow constructed wetlands is, in 371 

general, governed by advective–dispersive transport (Kadlec and Wallace, 2009). Thus, we 372 

believe that advective–dispersive transport is the dominant mechanism causing the delay and 373 

the smooth decline afterwards. Murphy et al. (2016) also observed a delay followed by a 374 

smooth decline of NO3-N in a horizontal flow system and suggested diffusive transport of 375 

NO3-N from the biofilm into the bulk water as the main mechanism. However, 376 
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Murphy et al. (2016) did not monitor the change in pore water concentration. In conjunction 377 

with water temperature, system design also affected the recovery times (see paragraph Water 378 

Temperature).  379 

Water Temperature 380 

NH4-N, DN and DOC removal in VA were less affected by low water temperature than in HA 381 

(Figure 1 – 2 and Figure S7). This might be caused by a reduced microbiologically active zone in 382 

HA, as this zone was suggested to be limited to the front of the wetland during the baseline 383 

phase. Comparable results could not be found in the literature. DN removal in VA was affected 384 

to a greater extent than in HA at Twater > 17°C, which was due to the higher DN removal 385 

performance (72% in VA, 49% in HA) during the corresponding baseline phase.  386 

Recovery time of NH4-N and NO3-N effluent concentrations in HA were longer during cold 387 

weather (Twater < 10°C) than during warm weather (Twater > 17°C). For VA this was similar but 388 

recovery times were shorter during cold weather. This phenomenon was reflected in the ORP 389 

values over the course of the experiments. The results suggest an effect of temperature on 390 

recovery time, and an interaction effect between system design and water temperature. 391 

Murphy et al. (2016) also suggested a temperature effect on the recovery time of a horizontal 392 

flow aerated wetland during cold weather. An effect of system design and water temperature 393 

is also noticeable for DOC recovery but the interaction is less pronounced. Effluent DO 394 

recovery was similar in both HA and VA in the warm weather trial but were shorter during the 395 

cold weather trial. This is due to the higher oxygen solubility at lower water temperatures. 396 

Murphy et al. (2016) reported a recovery time of approximately 48 h for nitrification in a 397 

horizontal subsurface-flow wetland after two weeks of non-aeration at water temperatures 398 

down to 5°C. This shorter recovery time might be caused by a shorter nominal hydraulic 399 

retention time nHRT (≈ 2 d), by a lower NH4-N influent concentration (average < 60 mg L-1) and 400 
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by a higher baseline NH4-N effluent concentration (mean of 5.6 mg L-1) for the experimental 401 

system of Murphy et al. (2016). Nitrogen removal recovered within 1.0 – 2.0 times the nHRT in 402 

the present study. The corresponding ratio of nitrogen removal recovery to nHRT reported by 403 

Murphy et al. (2016) would be approximatively 1.0. This indicates that recovery, besides 404 

microbial processes, may depend on the nHRT of the treatment wetland. Phan et al. (2015) 405 

observed a recovery time of 72 h for TN removal in a membrane bioreactor (nHRT = 1.5 d, 406 

mean NH4-N inflow concentration of 50.0 mg L-1) after 18 h of aeration interruption 407 

(Twater ≈ 18°C). This translates into a comparably lower recovery time relative to the nHRT.  408 

DOC/DN-Ratio 409 

An interaction of system design and temperature is definitely visible in the development of 410 

DOC/DN over the course of the experiments. The development was similar under warm 411 

weather conditions but different (higher DOC/DN for HA) under cold weather (Figure 2). The 412 

similarity (DOC/DN in HA and VA were 0.7 – 1.1) under warm weather conditions was biased 413 

by higher DN influent concentration for HA during that trial (that lowered the DOC/DN), 414 

otherwise the DOC/DN in HA might have been similar to the cold weather trial (DOC/DN in HA 415 

was 1.2 – 1.4). The higher ratio HA was the result of the higher decrease of DOC removal 416 

during the interruption phase, which was probably due to the lower microbial active area (that 417 

in turn might have lowered the treatment capacity under anaerobe to anoxic conditions) in 418 

HA. The lower microbial active area in HA could also explain the slower DOC/DN recovery in 419 

HA.  The DOC/DN may also indicate the concurrence of heterotrophic and nitrifying bacteria 420 

with respect to DO consumption, especially during the recovery phases. In DO limited 421 

environments (such as the beginning of the recovery phase), heterotrophic bacteria are 422 

reported to outcompete autotrophic nitrifiers (Henze, 2008). This is reflected in the faster 423 

decrease of effluent DOC/DN compared to DN and NH4-N effluent concentrations. A different 424 

DOC/DN at the time of aeration restart might have influenced the recovery times of DOC, DN 425 
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and NH4-N removal. Nevertheless, the DOC/DN development was probably driven by the 426 

break-down of aerobe removal processes and the DOC/DN of the influent instead of being a 427 

driver of recovery time (or resilience) itself. 428 

PH Fluctuation  429 

Effluent pH in HA for both trials markedly increased after aeration restart and peaked at a 430 

value of approximately 8.0 – 8.3 (Figure 1). A possible reason is that CO2 had been 431 

accumulated in the pore water during the phase when aeration was switched off. This could 432 

have developed a new equilibrium between CO2, HCO3
-  and CO3

2-. By switching aeration on 433 

again CO2 could have been quickly stripped, altering the developed equilibrium towards HCO3
- 434 

and CO3
2-. This is one possible cause for the rapid pH increase. The following pH decrease in HA 435 

during the warm water trial could have been the result of H3O+ production by reinitiated 436 

nitrification of NH4-N that accumulated in the pore water during the interruption phase. 437 

Afterwards, pH returned to a level of approximately seven as the wetland and the initial 438 

equilibrium recovered. The absence of the rapid decrease in pH during the cold weather trial in 439 

HA could have been caused by a lower H3O+ production due to a lower NH4-N pore water 440 

concentration and lower NH4-N decrease (as evidenced by a longer recovery time). The 441 

increase in pH in HA might have increased ammonia removal by triggering ammonia 442 

volatilization. At 20 °C and a pH of 8.3, 20% of ammonia ions (10% at 10°C) would transform 443 

into the gaseous form NH3 (Tchobanoglous et al., 2003). Additionally, the pH drop below 7.0 444 

during warm weather experiment in HA might have reduced nitrification rates, as nitrification 445 

rates are reported to decrease outside of pH 7.0 – 8.0  (Henze, 2008). However, the two 446 

effects were difficult to observe in the effluent and pore water concentration series and it is 447 

not possible to identify them individually. 448 

NO2–N Accumulation 449 
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The accumulation of NO2-N up to approximately 3.5 mg L-1 in HA during the aeration 450 

interruption and recovery phases of the warm weather trial might be caused by a more 451 

intense inhibition of nitrite compared to ammonia oxidation. Nitrite oxidizing bacteria are 452 

reported to be more susceptible to low DO concentrations and NH3 (triggered by high pH 453 

values) (Okabe et al., 2011). Low DO concentrations and high pH values occurred during the 454 

recovery phase in HA. The lower NO2-N accumulation in HA during the cold weather trial 455 

(Twater < 10°C) could be caused by reduced NH4-N influent concentrations.  The slight degree of 456 

NO2-N accumulation in VA can be explained by the higher degree of mixing, which reduced the 457 

magnitude of the NO2-N accumulation by dilution. Burgess et al. (2002) observed NO2-N 458 

accumulation in an activated sludge system after switching aeration off. In contrast, 459 

Murphy et al. (2016) reported consistently low effluent concentrations of NO2-N from an 460 

aerated horizontal flow wetland system subjected to a 14 d aeration interruption. NO2-N 461 

accumulation may be more an indicator of the shift in nitrogen metabolism than having a 462 

direct effect on resilience.  463 

4.2 Spatio-Temporal System Behavior 464 

Pore water quality patterns differed between wetland designs (Figure 2) and were more 465 

variable in HA. Nevertheless, this variability declined within 5 – 6 d after aeration was switched 466 

off (Figure 2). In HA, the front part of the bed (up to 40% of the length) had already been 467 

anaerobic under baseline conditions and was, therefore, not severely affected by switching the 468 

aeration off while the back part (50 – 100% of the length) changed significantly. This is in 469 

contrast to VA, which changed almost entirely over the main flow path length. The most 470 

probable reason is the higher degree of mixing and the higher cross-sectional loading area in 471 

aerated vertical flow wetlands.  472 

Pore water and effluent quality developments revealed the formation of two diametrically 473 

opposed groups of water quality parameters—independently of the water temperature. On 474 



 24 

one hand, high values for DO, ORP and NO3-N dominated the effluents during the baseline and 475 

the end of the recovery phases, while on the other hand, high values for DOC, DN and NH4-N 476 

dominated the interruption phases (Figure 1). The transition was smooth. High values of DO, 477 

ORP and NO3-N are commonly observed in aerated treatment wetlands at steady–state 478 

(Butterworth et al., 2016; Fan et al., 2016; Wu et al., 2016; Ilyas and Masih, 2017). In contrast, 479 

high values of DOC, DN and NH4-N are dominating passive horizontal flow sub-surface flow 480 

wetlands for secondary treatment (Kadlec and Wallace,  2009; (Vymazal, 2005). Thus, the 481 

change of aeration would allow controlling the environmental conditions in sub-surface flow 482 

wetlands, and thus, the water quality to various degrees. This is important when targeting the 483 

treatment of pollutants that require different environmental conditions. This possibility was 484 

already applied in intermittent aeration schemes of vertical sub-surface flow wetlands to 485 

increase TN removal (Fan et al., 2013; Uggetti et al., 2016) and could be further used in spatial 486 

aeration schemes for horizontal subsurface flow aerated wetlands.  487 

4.3 Practical Implications 488 

The most significant outcome of this study is the finding that both horizontal and vertical flow 489 

aerated wetland designs are able to fully recover from the simulated failure of an air pump. 490 

After a six-day period with no aeration, the systems required 8 d or less to fully recover, even 491 

with water temperatures as low as 2°C. However, under cold weather conditions, the vertical 492 

flow aerated wetland design (VA) recovered more rapidly than the horizontal flow aerated 493 

wetland design (HA). This study also showed that aerated treatment wetlands can maintain 494 

near-complete nitrification and a total nitrogen removal of 60% after severe operational 495 

disruption at water temperatures as low as 2°C. Yet under aeration interruption, treatment 496 

performance deteriorates significantly while remaining within a similar range of conventional 497 

(passive) horizontal sub-surface flow wetland designs that were examined in previous studies 498 
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at the same site (Nivala et al., 2013b; Ayano, 2014). It is to be highlighted that even in the 499 

midst of an aeration interruption the treatment performance of aerated wetlands still 500 

complies with the discharge limits for organic carbon removal according to German regulations 501 

DIN EN 12566-3 "Ablaufklasse C" for small-scale treatment systems (DIN EN 12566-3, 2016). It 502 

is also important to note that in case of an air pump failure or power interruption, 503 

maintenance is of course needed but immediate maintenance may not be necessary. 504 

Moreover, the technical integrity of the aerated wetland system will not be compromised if 505 

maintenance is carried out within a short time (on the order of one week). The duration of an 506 

aeration interruption might affect the resilience of aerated treatment wetlands, either by 507 

causing a more permanent shift in the microbial community, or by irreversible damage due to 508 

carbon or solids overload which may lead to clogging. Severe biomass accumulation in the 509 

horizontal flow wetland (HA) resulted from an aeration interruption of almost two years 510 

(Boog et al., 2016). 511 

Future research should investigate the relationship between the length of aeration 512 

interruptions and the effect on treatment performance and clogging, and identify potential 513 

transition points from resilient to non-resilient behavior in aerated treatment wetlands. Future 514 

research should also address the influence of the hydraulic retention time on resilience and 515 

the possibility to increase the resilience of aerated treatment wetlands through exposure to 516 

stress situations. Cho et al. (2016) observed a reduction of nitrification recovery time in a 517 

bioreactor treating steel production wastewater after applying subsequent ammonia shock 518 

loads. This might also be the case for aerated treatment wetlands that would be subjected to 519 

subsequent aeration interruptions.  520 
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5. CONCLUSIONS 521 

This study investigated the resilience of organic carbon and nitrogen removal due to aeration 522 

interruption in an aerated vertical flow and in an aerated horizontal flow treatment wetland 523 

under warm (Twater > 17°C) and cold weather (Twater < 10°C) conditions.  524 

The most significant outcome of this study is the finding that both horizontal and vertical flow 525 

aerated treatment wetland designs are able to fully recover from the simulated failure of an 526 

air pump. After a six-day period with no aeration, the systems required 8 d or less to fully 527 

recover, even with water temperatures as low as 2°C.  The response for ORP, DOC and 528 

nitrogen species clearly differed between the two aerated treatment wetland designs and 529 

between the two water temperature ranges. We identified the formation of two diametrically 530 

opposed water quality parameter groups (1st DOC, DN, NH4-N; 2nd ORP, DO, NO3-N) in the two 531 

aerated treatment wetland designs and found higher water quality variability and stronger 532 

water quality gradients in the horizontal flow design, which was attributed to the lower degree 533 

of hydraulic mixing compared to the vertical flow design. 534 

This study strengthens the hypothesis that aerated treatment wetlands are resilient against 535 

disruptions in aeration. Aerated treatment wetlands will still achieve reasonable treatment 536 

performance during phases of non-aeration (equivalent to that of conventional horizontal sub-537 

surface flow wetland), and are able to recover without any specific maintenance except the 538 

restart of the air pump. These findings identify aerated treatment wetlands as resilient 539 

wastewater treatment technologies with low maintenance requirements. and encourage the 540 

use of aerated treatment wetlands for water quality improvement and to increase the 541 

protection of ground and surface water resources. 542 



 27 

APPENDIX 543 

To facilitate the understanding of the water quality profiles in Figure 1, Figure A1 shows how 544 

to conceptualize the colormaps from more common line charts.  545 

Colormaps in Figure 1 and Figure A were created by interpolating influent, pore water, and 546 

effluent water quality data using a local polynomial regression (weighted least-squares, grid 547 

resolution 0.01). It is to be noted that the pore water samples during the baseline phases 548 

(Figure 1) at Twater > 17°C were collected over the entire four-week long baseline phase and do 549 

not represent the pore water quality at the time directly prior to aeration stop (as is the case 550 

for the trial at Twater < 10°C). 551 

 552 

Figure A1. Water quality profiles along the fractional flow path length. A graph showing the 

NH4-N concentration for a specific time (time = zero is at aeration stop) on the y-axis in a line 

chart (left plot) corresponces to the color gradient along a hypothetical horizontal line (here 

indicated in black) in the colormap (right plot). 

ACKNOWLEDGEMENTS 553 

This work was funded by the German Federal Ministry of Education and Research (BMBF) 554 

within the context of the SMART-MOVE project (Ref. 02WM1355). Johannes Boog 555 

acknowledges the Helmholtz Centre for Environmental Research (UFZ) GmbH and the 556 

Helmholtz Interdisciplinary Graduate School for Environmental Research (HIGRADE) for 557 



 28 

additional funding and support. The authors gratefully acknowledge Katy Bernhard, Sebastian 558 

Wolf, and Henning Francik for support and assistance in sample collection; Grit Weichert, 559 

Karsten Marien and Jürgen Steffen for analytical support. 560 

561 



 29 

 562 

REFERENCES 563 

Ayano, K.K., 2014. Effect of depth and plants on pollutant removal in Horizontal Subsurface 564 

flow constructed wetlands and their application in Ethiopia. PhD Thesis. Faculty VI 565 

Planning–Building–Environment, Technical University Berlin, Germany. 566 

Boog, J., 2013. Effect of the aeration scheme on the treatment performance of intensified 567 

treatment wetland systems. Master Thesis. Institue of Thermal, Environmental & 568 

Natural Resources Process Engineering, TU Bergakademie Freiberg, Germany. 569 

Boog, J., Nivala, J., Aubron, T., Wallace, S., Afferden, M. van, Müller, R.A., 2014. Hydraulic 570 

characterization and optimization of total nitrogen removal in an aerated vertical 571 

subsurface flow treatment wetland. Bioresource Technology 162, 166–174. 572 

Boog, J., Nivala, J., Aubron, T., Wallace, S., Sullivan, C., Afferden, M. van, Müller, R.A., 2016. 573 

Treatment Wetland Aeration without Electricity? Lessons Learned from the First 574 

Experiment Using a Wind-Driven Air Pump. Water 8, 502. 575 

Bruneau, M., Chang, S.E., Eguchi, R.T., Lee, G.C., O’Rourke, T.D., Reinhorn, A.M., Shinozuka, M., 576 

Tierney, K., Wallace, W.A., Winterfeldt, D. von, 2003. A Framework to Quantitatively 577 

Assess and Enhance the Seismic Resilience of Communities. Earthquake Spectra 19, 578 

733–752. 579 

Burgess, J.E., Colliver, B.B., Stuetz, R.M., Stephenson, T., 2002. Dinitrogen oxide production by 580 

a mixed culture of nitrifying bacteria during ammonia shock loading and aeration 581 

failure. Journal of Industrial Microbiology and Biotechnology 29, 309–313. 582 



 30 

Button, M., Nivala, J., Weber, K.P., Aubron, T., Müller, R.A., 2015. Microbial community 583 

metabolic function in subsurface flow constructed wetlands of different designs. 584 

Ecological Engineering 80, 162–171 585 

Butterworth, E., Richards, A., Jones, M., Mansi, G., Ranieri, E., Dotro, G., Jefferson, B., 2016. 586 

Performance of Four Full-Scale Artificially Aerated Horizontal Flow Constructed 587 

Wetlands for Domestic Wastewater Treatment. Water 8, 365. 588 

Cho, K., Shin, S.G., Lee, J., Koo, T., Kim, W., Hwang, S., 2016. Nitrification resilience and 589 

community dynamics of ammonia-oxidizing bacteria with respect to ammonia loading 590 

shock in a nitrification reactor treating steel wastewater. Journal of Bioscience and 591 

Bioengineering 122, 196–202. 592 

Cuppens, A., Smets, I., Wyseure, G., 2012. Definition of realistic disturbances as a crucial step 593 

during the assessment of resilience of natural wastewater treatment systems. Water 594 

Science & Technology 65, 1506–1513. 595 

DIN EN 12566-3, (2016). Small wastewater treatment systems for up to 50 PT - Part 3: 596 

Packaged and/or site assembled domestic wastewater treatment plants. 597 

(DIN EN 12566-3:2016). 598 

Dotro, G., Castro, S., Tujchneider, O., Piovano, N., Paris, M., Faggi, A., Palazolo, P., Larsen, D., 599 

Fitch, M., 2012. Performance of pilot-scale constructed wetlands for secondary 600 

treatment of chromium-bearing tannery wastewaters. Journal of Hazardous Materials 601 

239–240, 142–151. 602 

Engin, G.O., Demir, I., 2006. Cost analysis of alternative methods for wastewater handling in 603 

small communities. Journal of Environmental Management 79, 357–363. 604 



 31 

Fan, J., Zhang, B., Zhang, J., Ngo, H.H., Guo, W., Liu, F., Guo, Y., Wu, H., 2013. Intermittent 605 

aeration strategy to enhance organics and nitrogen removal in subsurface flow 606 

constructed wetlands. Bioresource Technology 141, 117–122. 607 

Fan, J., Zhang, J., Guo, W., Liang, S., Wu, H., 2016. Enhanced long-term organics and nitrogen 608 

removal and associated microbial community in intermittently aerated subsurface 609 

flow constructed wetlands. Bioresource Technology 214, 871–875. 610 

Gujer, W., 2010. Nitrification and me–A subjective review. Water research 44, 1–19. 611 

Henze, M., 2008. Biological wastewater treatment: Principles, modelling and design. IWA Pub., 612 

London, UK. 613 

Holling, C.S., 1973. Resilience and stability of ecological systems. Annual Review of Ecology and 614 

Systematics 4, 1–23. 615 

Holling, C.S., 1996. Engineering resilience versus ecological resilience. In: Schulze, P. (Ed.), 616 

Engineering within Ecological Constraints. National Academy Press, Wahington D.C., 617 

USA. 31–44. 618 

Ilyas, H., Masih, I., 2017. The performance of the intensified constructed wetlands for organic 619 

matter and nitrogen removal: A review. Journal of Environmental Management 198, 620 

372–383. 621 

Juan-García, P., Butler, D., Comas, J., Darch, G., Sweetapple, C., Thornton, A., Corominas, L., 622 

2017. Resilience theory incorporated into urban wastewater systems management. 623 

State of the art. Water Research 115, 149–161. 624 

Kadlec, R.H., Wallace, S.D., 2009. Treatment wetlands, 2nd ed. CRC Press, Boca Raton, FL, USA. 625 



 32 

Li, F., Lu, L., Zheng, X., Zhang, X., 2014. Three-stage horizontal subsurface flow constructed 626 

wetlands for organics and nitrogen removal: Effect of aeration. Ecological Engineering 627 

68, 90–96. 628 

Liu, H., Hu, Z., Zhang, J., Ngo, H.H., Guo, W., Liang, S., Fan, J., Lu, S., Wu, H., 2016. 629 

Optimizations on supply and distribution of dissolved oxygen in constructed wetlands: 630 

A review. Bioresource Technology 214, 797–805. 631 

Maurer, M., Rothenberger, D., Larsen, T.A., 2005. Decentralised wastewater treatment 632 

technologies from a national perspective: at what cost are they competitive? Water 633 

Science and Technology: Water Supply 5, 145–154. 634 

Müller-Erlwein, E., 2007. Chemische Reaktionstechnik, 2nd ed. Teubner, Wiesbaden, Germany. 635 

Murphy, C., Rajabzadeh, A.R., Weber, K.P., Nivala, J., Wallace, S.D., Cooper, D.J., 2016. 636 

Nitrification cessation and recovery in an aerated saturated vertical subsurface flow 637 

treatment wetland: Field studies and microscale biofilm modeling. Bioresource 638 

Technology 209, 125–132. 639 

Nivala, J., Headley, T., Wallace, S., Bernhard, K., Brix, H., Afferden, M. van, Müller, R.A., 2013a. 640 

Comparative analysis of constructed wetlands: The design and construction of the 641 

ecotechnology research facility in Langenreichenbach, Germany. Ecological 642 

Engineering 61, 527–543. 643 

Nivala, J., Wallace, S., Headley, T., Kassa, K., Brix, H., Afferden, M. van, Müller, R., 2013b. 644 

Oxygen transfer and consumption in subsurface flow treatment wetlands. Ecological 645 

Engineering 61, 544–554. 646 



 33 

Okabe, S., Aoi, Y., Satoh, H., Suwa, Y., 2011. Nitrification in Wastewater Treatment. In:  647 

Ward, B. B., Arp, D. J., Klotz M. G. (Ed.),  Nitrification. American Society of 648 

Microbiology, ASM Press, Wahington D.C., USA, pp. 405–433. 649 

Phan, H.V., Hai, F.I., McDonald, J.A., Khan, S.J., Merwe, J.P. van de, Leusch, F.D.L., Zhang, R., 650 

Price, W.E., Broeckmann, A., Nghiem, L.D., 2015. Impact of hazardous events on the 651 

removal of nutrients and trace organic contaminants by an anoxic-aerobic membrane 652 

bioreactor receiving real wastewater. Bioresource Technology 192, 192–201. 653 

Ayano, K.K., 2014. Effect of depth and plants on pollutant removal in Horizontal Subsurface 654 

flow constructed wetlands and their application in Ethiopia. 655 

Henze, M., 2008. Biological wastewater treatment: Principles, modelling and design. IWA Pub., 656 

London. 657 

Tchobanoglous, G., Burton, F.L., Stensel, H.D., 2003. Wastewater engineering: Treatment and 658 

reuse, 4th ed. McGraw-Hill, Boston. 659 

Vymazal, J., 2005. Horizontal sub-surface flow and hybrid constructed wetlands systems for 660 

wastewater treatment. Ecological Engineering 25, 478–490. 661 

Wu, H., Fan, J., Zhang, J., Ngo, H.H., Guo, W., Liang, S., Lv, J., Lu, S., Wu, W., Wu, S., 2016. 662 

Intensified organics and nitrogen removal in the intermittent-aerated constructed 663 

wetland using a novel sludge-ceramsite as substrate. Bioresource Technology 210, 664 

101–107. 665 

Zhong, F., Wu, J., Dai, Y., Cheng, S., Zhang, Z., Ji, H., 2014. Effects of front aeration on the 666 

purification process in horizontal subsurface flow constructed wetlands shown with 2D 667 

contour plots. Ecological Engineering 73, 699–704. 668 

Zhang, D.Q., Jinadasa, K.B.S.N., Gersberg, R.M., Liu, Y., Ng, W.J., Tan, S.K., 2014. Application of 669 

constructed wetlands for wastewater treatment in developing countries – A review of 670 



 34 

recent developments (2000–2013). Journal of Environmental Management 141, 116–671 

131. 672 


