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ARTICLE OPEN

Effects of feeding mode on the performance, life span and
greenhouse gas emissions of a vertical flow macrophyte
assisted vermifilter
Rajneesh Singh1,2, Chittaranjan Ray2,3,4, Daniel N. Miller 5, Lisa M. Durso5, Yulie Meneses3, Shannon Bartelt-Hunt4 and
Matteo D’Alessio 6✉

This study was conducted to investigate the impact of intermittent feeding on performance, clogging, and gaseous emission on
macrophyte assisted vermifiltration (MAVF) based treatment system. Synthetic slaughterhouse wastewater was applied to two
different integrated vertical flow based MAVFs. Triplicates were used throughout the study. Eisenia fetida earthworms were added
to MAVFs, and Carex muskingmenis plants were planted. Wastewater was applied to the reactors on 1) intermittent (8 h/day)
(IMAVF) and 2) continuous (24 h/day) (CMAVF) basis. The average chemical oxygen demand, total nitrogen, and total phosphorous
removals achieved by the IMAVF were 80.2 ± 1.6%, 53.9 ± 1.3% and 66.5 ± 1% respectively, and 68.3 ± 1.3%, 61.2 ± 1.4%, and
60.5 ± 1.4% by the CMAVF, respectively. The diffusion of air to the bedding of IMAVFs during no-flow conditions facilitated higher
organics oxidation, adsorption of phosphorous, nitrification, and ammonification. At the end of the study, hydraulic conductivity of
IMAVF and CMAVF were found to be 0.036 cm/s and 0.037 cm/s, respectively. CO2, CH4 and N2O emissions from IMAVF were
245.5 ± 38.0 mg C/m2, 5.0 ± 4.6 mg C/m2 and 2513.5 ± 2629.9 μg N/m2 respectively, while CO2, CH4 and N2O emissions from CMAVF
were 123.3 ± 14.5 mg C/m2, 74.8±45.2 mg C/m2 and 328.4 ± 93.4 μg N/m2, respectively. Intermittent application of influent could be
considered for improving the performance and lifespan of MAVFs, causing lower environmental footprints.

npj Clean Water            (2022) 5:31 ; https://doi.org/10.1038/s41545-022-00171-4

INTRODUCTION
As global population increases, so does the demand for food, and
specifically animal-derived protein, especially in low- and middle-
income countries1. The Food and Agriculture Organization
projects a 15% increase in global meat production for 2026,
compared to 2016 baseline data2, with corresponding increases in
greenhouse gas production and the potential for environmental
contamination2. Therefore, there is an urgent need to identify
practices and technologies that can reduce the impact of livestock
production3. With increased meat production, increased slaugh-
terhouses effluent that is characterized by highly organic
components (animal blood and intestinal contents) composed of
fats, proteins and complex organic substances4 can be expected.
Furthermore, inorganic compounds are also found in the
slaughterhouse wastewaters due to the application of detergents
and disinfectants for cleaning and washing. Wastewaters from
slaughterhouses are considered industrial wastewaters. In 2004,
U.S. EPA developed guidelines for discharge of slaughterhouse
effluents5. Effective treatments of wastewaters from slaughter-
houses involve a variety of engineering practices such as
coagulation, dissolved air floatation, advanced oxidation process,
and aerobic-anaerobic digestion6–9. Where engineering expertise
and infrastructure limitations exist, alternative practices to treat
slaughterhouse wastewater need to be developed and evaluated.
Macrophyte assisted vermifiltration (MAVF) is gaining increasing

acceptance in rural communities due to its low operating cost,
user-friendliness, and ease of maintenance10,11. In general, MAVFs
are soil columns with earthworms and plants. The addition of
earthworms aerates the system and adds gut microbes while the

plants take up the nutrients11. Due to increased intensity of
agricultural and industrial production systems, wastewaters are
becoming polluted to an even higher degree10,12, resulting in the
need for enhanced performance intensification of MAVFs. Also,
adopting a decentralized technology like MAVF is limited due to
the significant footprint required10,13, however, this can be
reduced by enhancing the removal processes within the MAVF
system.
In order to further intensify the removal performance, artificial

aeration has been widely implemented14,15. Artificial aeration
helps enrich communities by providing an active microbial
biomass by making an aerobic ecosystem within the treatment
systems, resulting in higher organics oxidation and nitrifica-
tion12,16. However, the provision of artificial aeration requires more
energy and investment and adds complexity to the operation,
making it more challenging to operate. Other than aeration,
partial recirculation of treated effluents and attachment of a pre/
post-treatment unit can also be considered17,18. For example,
membrane bioreactors19, upflow anaerobic sludge blanket
(UASB)20, anaerobic baffled reactor bed (ABR)21, and integration
of electrolytes22 have been incorporated as pre/post treatment
unit to increase the removal efficiency of wetlands. However,
these methodologies would also add more complexities and need
skilled human resources to operate and maintain. Intermittent
application of influent to the treatment reactor could be adopted
as a strategy to enhance the performance of MAVFs, as this
method is affordable and easy to apply. The intermittent
operation of various treatment filters, including wetlands23,
biofilters24, and trickling filters25, have already been investigated.
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For example, Caselles-Osorio and Garcia26 observed average
ammonium removal rates in the effluents from constantly flooded
and intermittently flooded wetland of 85.0% and 99.0%,
respectively. Similarly, Wang et al. found that the chemical oxygen
demand (COD) removal in vermifilters running at 12 h and 6 h of
drying time were 64.4 ± 3.6% and 58.7 ± 3.5%, respectively27. In
intermittent wetlands, bedding, biofilm, and plant roots are
exposed to air during no-flow conditions, enhancing microbial
degradation of pollutants applied as influent25. One drawback to
the application of intermittent feeding is a reduction of influent
volume treated per day. To further increase the performance of
MAVFs, there is a need to further understand the impact of
intermittent feeding. In addition to intermittent feeding, perfor-
mance intensification through a change in the design should also
be considered. The research group has already facilitated anoxic
denitrification in MAVFs implementing horizontal subsurface
flow11, which was a significant step towards performance
intensification as denitrification in MAVFs was limited. However,
the provision of horizontal subsurface flow in the developed
treatment system11 required an extensive floor space for its future
applications. Therefore, to minimize floor space requirements,
investigating the application of anoxic denitrification in the
vertical MAVFs is needed. In addition, to the best of our
knowledge, greenhouse gas emission from MAVF and impact of
intermittent feeding have never been studied.
This study examined the performance intensification by

intermittent feeding and design change in the MAVFs in terms
of chemical oxygen demand (COD), total nitrogen (TN), and total
phosphorous (TP) removals. Specifically, this study carried out a
comparative analysis between intermittent and continuously fed
MAVFs, in terms of 1) treatment performance, 2) clogging, 3)
gaseous emission, and 4) biomass growth.

RESULTS AND DISCUSSION
Dissolved oxygen (DO) and pH
Dissolved oxygen in the influent, which ranged from 4.5 to 5.0 mg/
L, decreased in the effluent to <1.5 mg/L (Supplementary Fig. 3a).
The decrease in DO was expected with DO utilization in the
oxidation of organics and nitrification. The average effluent DO
from IMAVFs and CMAVFs was found to be 1.2 ± 0.1 mg/L and
0.9 ± 0.1 mg/L (p < 0.05, t-test). Lower effluent DO concentrations
from CMAVFs, compared to IMAVF is likely attributable to greater
potential atmospheric recharge of oxygen to the bedding surface
between intermittent wastewater applications and is consistent
with previous reports28,29. Intermittent recharge reportedly

increases oxygen diffusion within the bedding through diffusion
and convection21. During no flow hours of an intermittently fed
MAVF (IMAVF) as the wastewater within the bed media is drained/
percolated to the lower layers of MAVF columns creates a negative
pressure within the bedding that facilitates the movement of air to
the bedding. Caselles-Osorio and Garcia found that the inter-
mittent feeding of influent causes more turbulent conditions,
thereby incraesing exposure time or surface for oxygenetation26.
Supplementary Table 1 has been provided to as a supplemental
material to summarise the results obtained.
Influent pH which ranged between 6.4 and 6.6 was lower than

the effluent pH which ranged between 6.7and 6.9 for both reactor
types (Supplementary Fig. 3b). The difference in the effluent pH
between IMAVF and CMAVF was negligible suggesting limited
impact of the flow conditions on pH. Similar results have been
observed by Singh et al. investigating the development and
performance assessment of an integrated MAVF system for the
treatment of feedlot runoff11.

COD removal
COD concentration in both MAVFs was reduced by approximately
70–85% (Fig. 1). The reduction of COD in MAVFs could be
attributed to microbial decomposition within the treatment
systems12, specifically the microbes associated plant roots, earth-
worm guts, and bedding materials10. Average COD removal from
IMAVFs and CMAVFs were 80.2 ± 1.6% and 68.3 ± 1.3%, respec-
tively, showing higher removal from IMAVFs (p-value < 0.05, t-test).
The difference between the COD removals could be related to
higher DO concentration in IMAVFs21. Higher DO in the reactor (as
stated in Wastewater used) helps create a condition supporting
aerobic degradation of organic matter present in the influent30–32.
The complex organic compounds present in the wastewater are
more easily degraded by microbes when oxygen is available. In
this process, the complex organic compounds are converted to
simpler compounds such as carbon dioxide and water. Removal of
COD from slaughterhouse wastewater is quite variable with other
treatment systems. According to Mburu et al. wetlands can
remove 55% of the influent COD when a five-day retention period
was applied33. However, in another experiment applying slaugh-
terhouse wastewater to wetland, COD removal of 74% was
obtained after 10 days of retention33. Similarly, at HRT of 1.16 day
in a sequencing batch reactor (SBR), 60% of the COD was removed
from the slaughterhouse wastewater34. Amuda and Alade
estimated a COD removal of 34% after application of coagulation
to the slaughterhouse wastewater35. The average COD removal
from the top, middle and bottom layers of IMAVFs were

Fig. 1 Effect of intermittent feeding on COD removal. IMAVF Intermittently fed macrophyte assisted vermifiltration, CMAVF Continuously fed
macrophyte assisted vermifiltration; Error bars: standard deviation created using replicated (n= 3) set-ups for each experimental condition].
Three layers placed at 0–30 cm (L3), 30–60 cm (L2), and 60–100 cm (L1) from the bottom, containing gravel, alum, and soil mix, respectively.
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71.7 ± 1.6%, 76.8 ± 0.8%, and 80.2 ± 1.6%, respectively, whereas
average COD removal from the top, middle, and bottom layers of
CMAVFs were found to be 60.9 ± 1.7%, 66.2 ± 1.7%, and
68.3 ± 1.3%, respectively (Fig. 1). The pattern of COD removal
top to bottom from both types of treatment systems reveal that
up to 60–70% of the removals were obtained within the
uppermost layer, while the remaining layers with more anoxic
conditions combined for an additional 5–7% removal. The lower
COD removal in the middle and bottom layer may be due to the
submergence of these layers and restricted diffusion of oxygen
into the deeper layers. These conditions possibly favored organics
utilization by denitrifying microorganisms36. Furthermore, the
COD removals at all three depths increased during the initial
3–4 weeks and later a steady state of COD removal was attained.
The initial increasing removal rates could be attributed to a
gradual buildup of microbial biomass in the treatment systems37.

Nitrogen removal
The influent TN and NH4 concentration averaged 369.3 ± 14.2 mg/
L and 100.6 ± 2.9 mg/L, respectively. The average TN % removal
from the IMAVFs and CMAVFs was 53.9 ± 1.3% and 61.2 ± 1.4%,
respectively (Fig. 2a). IMAVFs offered slightly lower TN removal
than CMAVFs (p < 0.05, t-test). The lower TN removal from IMAVF
may be attributed to more consistent anaerobic denitrifying
environment in the CMAVFs which was maintained through the
constant application of the feed water. The constant application of
influent limits air/oxygen interaction between the bedding21, thus,
secondary electron acceptors, like nitrate and nitrite, would be
utilized by denitrifiers. In these instances, the systems are with low
DO and available carbon source would be conducive to

denitrification. Complete organics removal (see Reactor details)
was not achieved within the first layer and the remaining organics
was flushed to the lower layers (L2 and L3), which was later a
potential carbon source for denitrification. Comparing TN removal
in the three different layers of IMAVFs, TN removal was 17 ± 1.9%,
35.7 ± 1.3%, and 53.9 ± 1.3%, in the top, middle, and bottom
layers, respectively. Similarly, TN removal from the top, middle and
bottom layers of CMAVFs was 24.3 ± 1.5%, 45.4 ± 1.3%, and
61.2 ± 1.4%, respectively. The analysis of TN removal from different
layers indicates that every layer substantially contributed to TN
removal, through either the adsorption of ammonia to the bed
materials or microbial denitrification.
Average NH4 removal from IMAVFs and CMAVFs was

70.9 ± 1.2% and 59.3 ± 2%, respectively (Fig. 2b), offering higher
NH4 removal from IMAVF (p < 0.05, t-test). Higher NH4 removal
from the IMAVF could be attributed to greater air/oxygen
penetration into the bedding29, causing conversion of ammonium
to nitrate via nitrification16. The nitrifiers (Nitrosomonos and
Nitrobactor) utilize oxygen and convert ammonium to nitrite,
followed by conversion to nitrate. In addition, during the no flow
hours the grinding activity of earthworms may be increased
compared to the hours with flow as submergence of bed media
may restrict their activities. Thus, due to intermittent flow,
earthworms grind soil particles faster within their gizzard, yielding
an increase in specific surface area of the bed media. With greater
specific surface area, a higher NH4 removal from IMAVFs is
achieved37. The NH4 removal from the top, middle and bottom
layers of IMAVFs were measured at 57.3 ± 3.3%, 68.1 ± 1%, and
70.9 ± 1.2%, respectively, while NH4 removal of 47.6 ± 4%,
55.4 ± 3.4%, and 59.3 ± 2% was obtained from the top, middle,
and bottom layers of CMAVFs. The removal from different layers

Fig. 2 Intermittent feeding, Total Nitrogen, and Ammonium. Effect of intermittent feeding on (a) TN and (b) NH4 removal. IMAVF
Intermittently fed macrophyte assisted vermifiltration, CMAVF Continuously fed macrophyte assisted vermifiltration. Error bars: standard
deviation created using replicated (n= 3) set-ups for each experimental condition]. Three layers placed at 0–30 cm (L3), 30–60 cm (L2), and
60–100 cm (L1) from the bottom, containing gravel, alum, and soil mix, respectively.
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indicates that most of the NH4 were removed in the top layer of
the treatment reactors. Average NH4 removal from the top layer
was comparatively higher in IMAVFs than CMAVFs. These NH4

removals could be attributed to the presence of aerobic
conditions due to earthworm activities12 and more air diffusion
within the bedding during no flow hours promoting nitrification.
The NH4 removals from second layer were also significant, which
could be attributed to the presence of alum sludge particles,
helping with the adsorption of NH4

38. On the other hand, the
bottom layer with much lower removal than the top and middle
layers, still contributed to overall NH4 removal and could be due to
potential NH4 adsorption within the bedding material in the
bottom layer or to slow microbial biomass accumulation within
that anaerobic environment. Removal of ammonium and TN has
also been evaluated in different treatment systems including
wetlands where after application of slaughterhouse wastewater to
a wetland, 39% of the ammonium was removed33. Similarly,
ammonium and TN removal of 43% and 46% were obtained after
the application of slaughterhouse wastewater to wetlands39. Gürel
& Büyükgüngör obtained a TN removal of 44% after slaughter-
house wastewater was applied to membrane bioreactor40.
Influent NO3 averaged to be 0.9 ± 0.2 mg/L. Nitrate concentra-

tions within the top, middle and bottom layers of IMAVFs
averaged 93 ± 1.8 mg/L, 16.7 ± 0.8 mg/L, and 3.0 ± 0.2 mg/L,
respectively (Supplementary Fig. 4). The effluent concentrations
from the top, middle, and bottom layers of CMAVFs were
81.6 ± 2.2 mg/L, 13 ± 1mg/L, and 2.4 ± 0.2 mg/L, respectively.
Elevated NO3 concentrations within the layers suggests the top
layer of these reactors were actively converting NH4 to NO3 via

nitrification41. The lower NO3 concentration in layer 2 can be
attributed to the removal of nitrate in the submerged and more
anaerobic environment which was conducive to denitrification42.
The concentration of NO3 was further reduced in the bottom (L3)
layer of the treatment reactors, also indicative of active
denitrification within this layer.

Phosphorous removal
The average concentration of TP and PO4 in the influents were
100 ± 3.9 mg/L and 20.7 ± 0.9 mg/L, respectively. After achieving
steady state COD removal, average TP % removal from IMAVF and
CMAVF were 66.5 ± 1.0% and 60.5 ± 1.4%, respectively (Fig. 3a),
showing higher TP removal from IMAVFs (p < 0.05, t-test). Average
PO4 removal was slightly higher than TP percentage and
calculated to be 70.8 ± 0.8% and 63.7 ± 1.4% from IMAVF and
CMAVF, respectively (Fig. 3b) (p < 0.05, t-test). The comparatively
higher removal rate of TP and PO4 from IMAVF may be attributed
to higher phosphorous uptake by new plant biomass and possibly
the increased activity of earthworms grinding up particulate
matter thus exposing more surface area for microbial enzymatic
phosphatase activity and also exposing more potential PO4

adsorption sites within the substrate. However, the impact of
intermittent feeding on the activity of earthworms and its
relationship to bedding moisture content is speculative but
promising as a future investigation. Removal of TP and phosphate
from other systems ranges widely compared to the MAVF system.
For example, after application of slaughterhouse wastewater to
wetland, 63% of TP removal was observed33, while only 34% of
influent TP was removed after coagulation35.

Fig. 3 Intermittent feeding and Total Phosphorous, and Phosphate. Effect of intermittent feeding on (a) TP and (b) PO4 removal. IMAVF
intermittently fed macrophyte assisted vermifiltration, CMAVF Continuously fed macrophyte assisted vermifiltration. Error bars: standard
deviation created using replicated (n= 3) set-ups for each experimental condition. Three layers placed at 0–30 cm (L3), 30–60 cm (L2), and
60–100 cm (L1) from the bottom, containing gravel, alum, and soil mix, respectively.
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Comparing the potential for PO4 removal at various levels, the
average TP removal from the first layer of IMAVF was 34 ± 1.9%,
while the middle layer removed an additional 30%, and the bottom
layer only removed an additional 2%. Similarly, the average TP
removal from the top layer of CMAVF was 26.6 ± 2.4%, while the
middle and bottom layers removed an additional 32% and 2%,
respectively. Thus, the top and middle layers offer substantially
higher PO4 removal than the bottom layer, which removed just
1–3%. The presence of earthworms and plants led to considerable
P loss, while the alum sludge within the middle layer promotes PO4

adsorption due to aluminum compounds that react with and

precipitate phosphates. The bottom (L3) layer only contains
unreactive limestone gravels, as bedding, so little PO4 is removed.

Gaseous emission
All gas emissions continued to increase throughout the trial and
never reached a steady state (Fig. 4), but patterns of gas emissions
were consistent with a variety of microbial processes in the
bioreactors; CO2 emissions were consistent with aerobic decom-
position, CH4 emissions consistent with anaerobic decomposition,
and N2O emissions consistent with aerobic and anaerobic

Fig. 4 Intermittent feeding and gaseous emission. Effect of intermittent feeding on (a) CO2, (b) CH4 and (c) N2O emission. IMAVF
Intermittently fed macrophyte assisted vermifiltration, CMAVF Continuously fed macrophyte assisted vermifiltration; Error bars: standard
deviation created using replicated (n= 3) set-ups for each experimental condition.
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nitrogen transformations (nitrification and denitrification, respec-
tively). Considerable variation between columns for daily CH4 and
N2O flux rates indicates that local variation within the columns
(perhaps density and depth of worm channels) existed between
replicates.
The analysis of CO2 emission from treatment reactors was most

consistent and shows that the IMAVFs and CMAVFs emitted an
average cumulative flux of 245.5 ± 38.0 and 123.3 ± 14.5 mg C/m2,
respectively (Fig. 4a). Higher CO2 emissions from IMAVFs are
indicative of more aerobic conditions and relatively higher COD
degradation16 as mentioned in Reactor details. Average cumula-
tive CH4 emission from IMAVF and CMAVFs were 5.0 ± 4.6 and
74.8 ± 45.2 mg C/m2, respectively, but highly variable within the
CMAVF replicate columns (Fig. 4b). CH4 in wastewater treatment
systems is produced under anaerobic conditions16, and the higher
CH4 emissions from CMAVFs is consistent with a more stable
anaerobic condition compared to the fluctuating, partially aerobic
environment in the IMAVFs.
N2O emission from IMAVFs and CMAVFs produced an average

cumulative flux of 2513.5 ± 2629.9 and 328.4 ± 93.4 μg N/m2,
respectively (Fig. 4c). Considerable variation was observed
between the IMAVF replicates. N2O is produced microbially during
both aerobic (nitrification) or anaerobic processes (denitrification).
The observed higher N2O flux from the IMAVFs is consistent with
the observations available in the literature43. In the experiments
presented here, the potentially large N2O emissions may be
attributed to a combination of both nitrification and denitrification
in the top (L1) layer. When water drains from the bed, it becomes
more aerobic as air infiltrates the medium. L1 NH4 is slowly
oxidized via nitrification to NO2 and NO3 (producing a little
byproduct N2O). Then when water is applied, oxygen flux into the
bed is eliminated, DO is quickly consumed, and any NO2 and NO3

formed during the previous aerobic cycle is then denitrified to N2

gas (with a little byproduct N2O produced) in the now anaerobic
bed environment. Any NO2 and NO3 remaining may also flow
deeper into the perpetually anaerobic L2 and L3 layers that do not
experience the fluctuating aerobic/anaerobic environment in L1,
and remaining NO3 is completely reduced through microbial
denitrification to N2 gas. Given ample carbon availability (DOC),
the denitrification reaction is complete within L2 and L3 with very
little N2O escaping to the surface. An isotopic analysis of the
emitted N2O relative to isotopic composition of NH4 and NO3 in
the various layers would provide sound evidence of the source of
the N2O and an interesting follow up experiment.
Accounting for the difference in wastewater volume treated, the

relative impact of intermittent versus continuous feeding on
greenhouse gas emissions becomes even more important. Using
the values of cumulative flux detailed above and assuming three
times as many IMAVF would be needed to treat the same flow a
CMAVF processed, emissions from the IMAVF would be three
times greater. Thus, cumulative CO2 and CH4 emissions from
IMAVF would be 736.5 and 15mg C/m2 compared to 123.3 and
74.8 mg C/m2 for the CMAVF. For N2O, the IMAVF and CMAVF
would be 7540.5 and 328.4 μg N/m2, respectively. Based upon a
25x and 250x conversion of CH4 and N2O to CO2 greenhouse gas
equivalents (based upon lifespan in the atmosphere and potential
to adsorb heat radiation), emissions for these experiments would
be 2996 and 2075mg C(equivalents)/m2 of MAVF. Note that these
MAVF were not at equilibrium with regard to gas emission, so the
results only reflect the initial 70 days of operation and should be
further refined both to account for the total lifetime of the MAVF
and better account for the reasons behind the large range of
emission variation between columns.

Earthworm and plant biomass analysis
The biomass analysis of the earthworms increased for both reactor
designs (Supplementary Fig. 5). The initial numbers of earthworms

(125) in IMAVF decreased to 119, while the number of earthworms
in CMAVF increased to 126 (Supplementary Fig. 5a). Similarly, the
average weight of earthworms in the IMAVF and CMAVF increased
to 41.97 g and 47.64 g, respectively, from an initial average weight
of 39.05 g (Supplementary Fig. 5b). The higher average number
and weight of earthworms present in the CMAVFs indicate that
more substrate is the key characteristic in the growth and
multiplication of earthworms over the moisture, along with the
prevalence of more consistent wet environment within the
CMAVF. However, impact of substrate availability on the growth
of earthworm biomass still needs to be considered as a future
scope of study.
The average stem height of plants in the IMAVFs and CMAVFs

was seen to increase from 4.7 cm (during inoculation) to 46.5 cm
and 35.4 cm, respectively (Supplementary Fig. 5c), and the average
number of plant stems in the IMAVFs and CMAVFs increased from
15 (during inoculation) to 43 and 34, respectively (Supplementary
Fig. 5d). The increases indicate favorable conditions for plant
growth in both systems, but the higher numbers and height of
stems in the IMAVFs indicate that higher moisture in CMAVFs
might somewhat reduce potential plant growth, a surprising
finding for the selected wetland plant species. Additional research
on the impact of fluctuating moisture on the growth of particular
wetland plant species in MAVFs needs further investigation.

Clogging analysis
The analysis of hydraulic conductivity within the IMAVFs and
CMAVFs reveals that hydraulic conductivity gradually decreases
over the experimental period in both treatment systems. The
hydraulic conductivity on the first day of both reactor designs
averaged 0.038 cm/s while hydraulic conductivity of 0.037 cm/s
and 0.036 cm/s were measured at the end of the trial for IMAVFs
and CMAVFs, respectively (Supplementary Fig. 6a). An opposite
trend in head loss was observed compared to the hydraulic
conductivity. Over the 70-day trial, head loss of the CMAVFs and
IMAVFs increased from 0.81 to 0.84 and 0.83 cm, respectively
(Supplementary Fig. 6b). The comparatively higher hydraulic
conductivity and lower head loss from IMAVFs could be attributed
to the higher aerobicity due to the additional DO recharge during
the no-flow phase44. Higher availability of DO in IMAVFs enhances
degradation of organics which may reduce the hydraulic
conductivity of the bedding by blocking the pores through which
infiltration of wastewater occurs45,46. High DO encourages an
aerobic ecosystem with more active aerobic microorganisms
within the bedding, resulting in a more rapid degradation of
organics or solids. The reduction in hydraulic conductivity can also
be associated to the formation of gas bubbles due to many
ongoing mechanisms (denitrification, anaerobic degradation,
aerobic degradation)47. It should also be noted that intermittent
application of influent to improve the performance and lifespan of
MAVFs may increase the capital costs of setting up a treatment
system. Thus, a cost-benefit estimation needs to be done for each
situation to determine the best practice (intermittent versus
continuous application) to treat wastewater.

Next steps
A cost-benefit analysis and additional experiments to identify the
mechanisms behind the impact of intermittent feeding on
biomass growth and phosphorous removal are necessary before
recommending this strategy to be applied at larger scales. Based
on the results obtained the proposed strategy can be implemen-
ted for the slaughterhouse wastewater treatment after scaling up
according to the amount of wastewater generated from the
premises. Thus, results from the present study indicate that
intermittent application of influent to MAVF based treatment
systems enhances DO in IMAVF, significantly increasing their
performance, life span, and emission characteristics.
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METHODS
Wastewater used
Synthetic slaughterhouse wastewater, prepared daily according to Bustillo-
Lecompte et al.48, was used as the feed water throughout the study. Briefly,
commercial meat extract power (1950mg/L), glycerol (0.2 ml/L), ammo-
nium chloride (360mg/L), sodium chloride (50mg/L), potassium di-
hydrogen orthophosphate (30mg/L), calcium chloride (24mg/L), and
magnesium chloride (7.5 mg/L) were utilized to prepare one liter of
synthetic slaughterhouse wastewater. All chemicals were purchased from
Thermo Scientific (Waltham, MA, USA) with the exception of the meat
extract power (HiMedia, West Cester, PA, USA) and glycerol (Cole-Parmer,
Vernon Hills, IL, USA).

Reactor details
PVC columns (internal diameter: 20 cm and length: 110 cm) were used to
fabricate MAVFs utilized in this study. Each PVC column had three sampling
ports (internal diameter: 1.27 cm) located 0 cm, 30 cm, and 60 cm from the
bottom (Fig. 5). The fabricated MAVF columns were placed in a greenhouse
which was being operated on a 12 h light basis at temperature ranging
between 24 °C and 28 °C. Each column contained three layers placed at
0–30 cm (L3), 30–60 cm (L2), and 60–100 cm (L1) from the bottom,
containing gravel, alum, and soil mix, respectively (Fig. 5a). The soil mix
used in this experiment was prepared by mixing compost with garden soil
to a ratio of 4:1 in accordance with suggested guidelines49. Alum sludge is a
by-product of water treatment plants derived after the addition of alum for
the coagulation of solids38. Phosphorous reaction with aluminium hydroxide
Al(OH)3, forms insoluble aluminium phosphate AlPO4 and has been shown
to a life span of 3–4 years when subjected to animal wastewater with high
phosphorous concentration50. Alum sludge used in this study was brought
from a water treatment plant based in Florence, Nebraska. Carex
muskingmenis (palm-sedge), a native wetland plant to the Midwestern
USA and tolerant to harsh weather conditions was used during the study.
The species of the earthworms added to the reactors was Eisenia fetida, an
epigeic species surviving on the detritus material present in the top layer12.
After placing layers, earthworms, and plants in the different MAVFs, the

drainpipes were attached to the bottom-most effluent port of the column,
and the draining arrangement of the effluent was placed at the height of
60 cm from the bottom drain port, resulting in the complete submergence
of layer two and layer three (Fig. 5b). A multi-channel peristaltic pump
(Cole-Parmer, Vernon Hills, IL, USA) was used to simultaneously deliver
equal amount of the feed water to the different MAVFs.

Operation protocol
The total duration of the study was 77 days. During the initial seven days,
only tap water was applied to maintain moisture for bacterial growth and
gradually acclimatize the inoculated earthworms to the new ecosystem

within the bedding49. During acclimatization some nutrient and COD
leaching from the compost was possible and could have contributed to
initial low gas and nutrient fluxes. For the acclimatization, 2 L of tap water
was sprinkled over the bedding twice a day. After the successful
acclimatization, synthetic wastewater was applied to the bedding to
achieve a hydraulic retention time (HRT) of 4d. Based on the feeding
pattern, MAVFs were classified as constant (CMAVF) and intermittent
(IMAVF). CMAVF continuously received synthetically prepared wastewater
throughout the study, while IMAVF received for only 8 h a day. CMAVFs
and IMAVFs were fed 7.83 L and 2.61 L of synthetic wastewater per day,
respectively. It should be noted that the 5.54mL/min in both types of
MAVF was kept same during the hours of influent application.

Physicochemical analysis
The dissolved oxygen (DO) and pH were measured using probes on weekly
basis. Analysis of chemical oxygen demand (COD), total nitrogen (TN), total
phosphorous (TP), ammonium (NH4), nitrate (NO3), and orthophosphate
(PO4) were analyzed according to Baird et al.51. Weekly samples were
collected in triplicates and analyzed to determine influent and effluent
water quality from the developed MAVFs. The calculated removal rates of
the different analytes after IMAVF and CMAVF were statistically evaluated
using t-test (SigmaPlot, Systat Software, Inc.) with a 0.05 confidence interval.

Greenhouse gas analysis
Flux chambers used to collect greenhouse gases from each MAVFs were
constructed from PVC end caps (internal diameter: 7.62 cm) equipped with
a rubber septum. On the day of gas collection, the flux chambers were
mounted onto an existing, smaller PVC pipe (external diameter: 7.62 cm)
within the larger MAVF PVC column which was placed 15 cm deep within
the first layer of bedding at the beginning of the study (Supplementary Fig.
1) (the smaller PVC pipe was used to limit the potential effects that
repeatedly installing and removing flux chambers from the soil bed would
have had on plants growing in the MAVFs). After placing the flux chamber
atop the PVC tube and at 10, 20, and 30min, 25mL of headspace air was
withdrawn from the chamber using a 30mL plastic syringe and
immediately transferred into 12mL pre-evacuated, Exetainer gas collection
vials (Labco, Lampeter, UK). Greenhouse gas (CH4, CO2, and N2O)
concentrations were analyzed in the vials using a Varian gas chromato-
graph equipped with thermal conductivity, flame ionization, and electrical
conductivity detectors against a suite of standard gas mixes as previously
described52. Gas flux samples were collected every fourteen days until the
end of the experiment.

Biomass analysis
After successful completion of experimental duration, the reactors were
dismantled to analyze the biomass growth of earthworms and plants

Fig. 5 Experimental setup. a Schematic. b Actual treatment setup. IMAVF Intermittently fed macrophyte assisted vermifiltration. CMAVF
Continuously fed macrophyte assisted vermifiltration]. Three layers placed at 0–30 cm (L3), 30–60 cm (L2), and 60–100 cm (L1) from the
bottom, containing gravel, alum, and soil mix, respectively.
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incorporated into the system. Both the weight and number of earthworms
were determined. Similarly, the plant stems and height of the plant stems
were also recorded. The biomass measurements of plants and earthworms
was conducted only before and after the experiment.

Assessment of clogging
Clogging of each MAVFs was estimated by determining hydraulic
conductivity following Pedescoll et al. every 14 days53 (Supplementary
Fig. 2). The falling head method was used to determine the hydraulic
conductivity of the MAVFs. The determined hydraulic conductivity was
later utilized to determine the head loss.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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