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the length of the columns (Table 6.3). For example, nitrite concentration was lower in
the first half of the columns (0 — 65 cm) than the second half of the columns (65 — 130
cm; Table 6.3) and this may have a significant impact on the structure of the bacterial

community.

Figure 6.4: Dendrogram of attached bacterial communities at different lengths along the columns (0
cm = inlet; 130 cm = outlet) after six month trial. Fourth-root transformed DGGE data sets were used
in clustering Bray-Curtis similarities. Bp = Bauxsol™ pellets; Gc = Gravel. Dark line = significantly
different; light line = SIMPROF test showing that these samples cannot be statistically differentiated.

3.4 Bacterial communities functions to transform nitrogen

Reductions of BOD (inlet 29+4 mg/L; Bauxsol™ outlet 11+£2 mg/L, gravel outlet 9+2
mg/L) and COD (inlet 82+7 mg/L; Bauxsol™ outlet 34+3 mg/L, gravel outlet 36+3
mg/L) concentrations over 6 months of operation, highlighted the establishment of
biochemical activities and resulting BOD concentrations were within Australian
guidelines (National Water Quality Management Strategy 1997). The appearance of
new and unique bands on the solid DGGE profiles (bottom half of the gels; arrow in
Fig. 6.3) probably correspond to and signify the development of biofilms. Presumably
these biofilms harbour bacteria populations involved in important biogeochemical

functions within the columns.

Establishment of biogeochemical activities in columns may be partly responsible for
the reduction of nitrogen concentrations in Bauxsol™ outlets (0 — 1 month 11%, 1 — 2

months 16%, 2 — 3 months 23%, 3 — 4 months 30%, 4 — 5 months 54%, and 5 — 6
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months 47%) and in gravel outlets (0 — 1 month 29%, 1 — 2 months 12%, 2 — 3
months 32%, 3 — 4 months 29%, 4 — 5 months 53%, and 5 — 6 months 52%; Fig. 6.2
A). However, as described in a previous study (Despland et al. 2011), TN removal
may also be partially explained by strong removal of ammonia via struvite
precipitation in the gravel column, and by nitrate binding to the Bauxsol™ matrix via
ligand exchange in Bauxsol™ columns. Removal of organic nitrogen (average of 47%
removal) is best explained by organic matter breakdown by microorganisms into
ammonium (i.e. mineralisation). Although TN was equally removed in both
Bauxsol™ and gravel outlets, Bauxsol™ pellets present additional advantages such as

efficient phosphate (>70%) and trace-metal binding (Despland et al. 2011).

The presence of ammonia-oxidising bacteria, denitrifiers and anammox organisms
were seen in both systems by PCR-amplification of marker genes involved in nitrogen
transformation (Table 6.5; Appendix 9.7, Figure 9.25). This analysis also highlighted
the difference between the suspended and attached bacterial communities. Although
the presence of such genes does not mean intense activity, the isotopic N-assay using
stable isotope amendments (mixture of >N and **N) previously undertaken on
Bauxsol™ pellets and gravel particles used in this study showed indications of
biological activities linked to nitrogen transformation (Despland et al. 2011). The
coexistence of nitrifiers, denitrifiers, and anammox bacteria in a particular wastewater

treatment system has been previously reported by Xiao et al. (2009).

Table 6.5: Presence (+) or absence (-) of bands on gel electrophoresis of functional
PCR amplification products targeting bacterial nitritation (amoA AOB genes),
archeal nitritation (amoA AOA genes), bacterial denitrification (nosZ genes), and
anaerobic-ammonia oxidising (anammox) bacteria (hzo genes); positive and negative
controls used. Solid samples (Bauxsol™ pellets and gravel particles) taken post-
experiment (i.e. 6 months) at 0, 75, and 130 cm along the column length; Liquid
samples (Inlet) taken during the trial at T = 1 day and 22 weeks.

amoA AOB | amoA AOA nosZ hzo

Ocm — - +

Bauxsol™ 75 cm
130 cm
Ocm — -

+ |+

Gravel 75cm - -
130 cm + -
1d - - - -
22w - - - -

+ |+ |+ |+
+ |+ |+ |+ |+ |+

Inlet
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Ammonia-oxidising bacteria (AOB) presence in Bauxsol™ pellets at a depth of 75
and 130 cm, and on gravel at 130 cm was revealed by functional PCR amplification of
bacterial amoA genes. This finding, along with ammonia diminution, nitrite increase
in column outlets (Fig. 6.2 B & C), and the oxic environment (DO inlet 1.87+£0.16
mg/L, DO Bauxsol™ outlets 2.08+0.09 mg/L, DO gravel outlets 1.92+0.12 mg/L),
confirms the active nitrification found by the isotopic N-assay (Despland et al. 2011),
and therefore implies a nitrification process in both systems. AOB organisms were
absent at a depth of 0 cm in Bauxsol™ and gravel columns (Table 6.5), suggesting
competition for NH," with heterotrophic fast growing microorganisms (Hanaki et al.
1990). It is hypothesised that the presence of organic substrates that are easy to
metabolisable may inhibit AOB organisms; however, no studies to date have found a
clear explanation for that. No ammonia-oxidising archaea (AOA) carrying amoA
genes were found in any of the samples (Table 6.5). The ‘young’ age of the column
system (6 months) most likely prevented detection of AOA because they are very
slow growing organisms. AOA are well adapted to wastewaters (Park et al. 2006) and
it is expected that Bauxsol™ packed columns will harbour AOA organisms only after

a longer operation time.

The presence of nosZ PCR gene products signified bacterial denitrifiers in both
Bauxsol™ (0 and 130 cm) and gravel columns (0, 75 and 130 cm; Table 6.5); no nosZ
PCR gene products were found in any of the inlets (1d and 22w; Table 6.5). Nitrate
concentration decreased in the outlets (Fig. 6.2 D) and positive nosZ gene PCRs
confirmed the denitrification activity found by isotopic N-assay (Despland et al.
2011). Collectively, these findings prove that denitrification is occurring. However,
because denitrifiers are facultative aerobes, the denitrification must be occurring in
anoxic microzones within formed biofilms (Gobat et al. 2004; Madigan et al. 2012).
Analogous anoxic microzones are most likely present in Bauxsol™ pellets; however,
the exact location of such microzones in the pellets has yet to be determined. The
populations of denitrifiers may have been different between the two support particles
because pH was slightly alkaline in the Bauxsol™ columns (pH 9.06+0.27) and
neutral in the gravel columns (pH 6.89+0.04) (Zumft 1997).

Similarly, hzo genes carried by anaerobic-ammonia oxidising (anammox) bacteria

were detected in all DNA extracted from the solid samples, but not from the column
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inlets (Table 6.5). Being strictly anaerobic organisms, anammox bacteria were
expected to be growing in the anoxic microzones previously mentioned. However, the
anammox population in both systems was probably small as they are slow growers,
and therefore their activity was presumably difficult to be detected in these relatively
young systems; the geochemical data (Fig. 6.2 B & C) and isotopic N-assay
(Despland et al. 2011) support this view.

6.2.5. 4. Conclusions

Data presented in this study demonstrate that environmental bacterial communities
can grow on porous Bauxsol™ pellets. Moreover, DGGE profiles showed that the
type of support particle used had a significant impact on the attached bacterial
communities. The microporous structure of the Bauxsol™ pellets provided steeper
redox and nutrient diffusion gradients, and the completely different nature of the
microenvironments generated by the interactions between biota and the support
particle impacted on the bacterial community structure. Ecological indices also
revealed a more heterogeneous bacterial community structure on Bauxsol™ pellets
compared to gravel particles. In addition, TOC/TN ratios of 6.5-9.3 post-experiment
may indicate good biological activity (i.e. active biofilm) in Bauxsol™ columns.
Geochemical data and functional PCR amplifications showed that a complex nitrogen
cycle is at play within the Bauxsol™ columns (i.e. geochemical binding, and
nitrification, denitrification, and anammox processes) because of oxic and anoxic
zones within the biofilms and/or pellets. Further detailed studies are required to
confirm these findings and to characterise bacterial species involved in nitrogen
transformation. Finally, these preliminary results are encouraging and provide some
confirmation that Bauxsol™ pellets are a useful biomass support particle for

wastewater treatment.
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CHAPTER 7: CONSTRUCTED WETLAND CANAL
FIELD EXPERIMENT

7.1. Overview

The success of the mesocosm field experiment allowed the undertaking of the final
step to successful completion of this thesis. The findings of the mesocosm columns
experiment suggest that Bauxsol™ pellets may be useful treating wastewater in a
simple unplanted horizontal constructed wetland system. Bauxsol™ pellets were very
efficient in binding phosphate and trace-metals from wastewater, and they were
suitable as biomass support particles for environmental bacterial communities
including groups linked to nitrogen cycle. Constructed wetlands (CW; see Chapter 2,
section 2.1.6), especially subsurface-flow constructed wetlands, are commonly used
in a post-wastewater treatment circuit to further physically, chemically and
biologically remove contaminants (Kadlec and Wallace 2009). The material (e.g.
gravel, soil) and plant roots used in a CW provide considerable reactive surface area
for adsorption of complexing ions (e.g. phosphate, trace-metals), and a physical
support for microorganisms to develop as biofilms (Bitton 1994; Liu and Liptak 2000;
Hammer and Hammer Jr. 2005; Madigan et al. 2012).

The aims of this experiment are to test Bauxsol™ pellets as an alternate material in an
unplanted constructed wetland system, and to investigate the interactions between the
pellets, the soil, the secondary treated effluent and the bacterial communities. The
specific objectives are: to study the temporal and spatial removal of phosphate,
nitrogen, and trace-metals; to investigate the structural differences of both attached
and free-floating bacterial communities; and to assess the presence of microbial

communities involved in the nitrogen cycle.

7.2. Materials and methods

7.2.1. Experiment setting & sampling

An unplanted horizontal flow wetland (Figure 7.1) was designed as slightly-U-shaped,
rectangular canal made of PVC (300 cm long X 50 cm wide X 25 cm deep). The
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experimental canal was filled up with a 5 cm deep lower layer of clay soil and a 5 cm
deep upper layer of Bauxsol™ pellets (5-10 mm diameter; Despland et al. 2010a,
Chapter 3), while the control canal was filled with a 5 cm deep lower layer of clay soil
and a 5 cm deep upper layer of basalt gravel (5-10 mm diameter). Gravel was
selected as it is the most commonly used filtration/support substrate material in
constructed wetland. The canals were unplanted and filled with 2 X 5 cm layers to
simplify the system and facilitate data interpretation (i.e. plants are active in
contaminants removal and the roots act as biomass support; a deeper layer means
more variability between the samples). The soil layer (Appendix 9.1) was introduced
in both canals to simulate a wetland ecosystem, such as the one used at the South
Lismore Sewage Treatment Plant NSW Australia (Appendix 9.2, Figure 9.1), and to
act as a source of bacterial populations.

Secondary treated effluent from the South Lismore Sewage Treatment Plant NSW
Australia was first pumped into a 200 L drum and then delivered to both control and
experimental canals by a filtered/solenoid system at 16 mL/min (i.e. same inlet water
for both canals; Figure 7.2). This effluent acted as a second source of bacterial
populations and provided feeding substrates for bacteria. Holes were drilled just
above the Bauxsol™/gravel upper layer at the distal end of both canals, which allowed
water to discharge. To ensure an equal distribution of the secondary treated effluent in
both layers (i.e. the hydraulic conductivity was much higher in the upper layer) and
utilisation of the treatment materials, canals were fitted with an alternated T- and U-
shaped baffles system across the flow (Figures 7.1, 7.3 & 7.4). No tracer was used to
measure the flow between the two layers, however, water was found at the bottom of
the soil layer, confirming the effectiveness of the baffles system. Piezometers, with an
opening on the side (covered by fine mesh to prevent solid infiltration), were installed
mid-canal (1.5 m) and in close proximity (2.8 m) to the distal end of each canal to
sample water from the lower and upper layers (Figures 7.1 & 7.3). Double layers of
shade cloth was placed above and around the canals to prevent algae growth (without
causing complete darkness; Figure 7.1), and regular cleaning and maintenance of the

system was undertaken to prevent particulate clogging.
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Figure 7.1: Canals setting: empty canal with baffles and piezometers system (top left); lower soil layer
(top right); experimental canal with upper Bauxsol™ pellets layer (bottom left); control canal with
upper gravel layer (bottom right).
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Figure 7.2: Details of the effluent delivery: pump taking seconda-ryotreated effluent from the humus
tank (top left) and bringing it into the green bin (top right and bottom left); effluent delivered in the
canals by a solenoid system at 16 mL/min (centre bottom and bottom right).

T-shaped U-shaped
baffle baffle
out/down in/up
Inlet
om im 15m 2m 3m
Upper layer (Bauxsol
or gravel) Outlet
0.05m
Side view
Lower layer (soil)
0.05m
Lower layer (soil)
piezometer
im 2m 3m
Om 15m 28m
Above view 0.5m \

Upper layer (Bauxsol or gravel)
piezometer

Figure 7.3: Side and above views of the canals system, showing the baffles system and the piezometers
for water sampling in both upper layer (i.e. Bauxsol™ or gravel) and lower layer (i.e. soil).
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Figure 7.4: Side and above views of the canals system, showing the baffles system and the sediment
cores method used to sample solids at different time along the canals length (0.6, 1.3, 1.8, and 2.5 m).

A slope of 0.25° allowed the effluent to run by gravity at a hydraulic retention time
(HRT) of approximately 5 days [HRT = (A X y X p)/Q; where A = surface area of
canal, y = wetted depth, p = porosity (i.e. void space) of the material (Bauxsol™
pellets ~60%, gravel ~50%, soil ~30%), Q = flow rate]. This HRT was chosen
because typical contaminants removal in CW is around 5 days; sufficient contact time
between the contaminants and the biofilm attached to the support particles is needed
to ensure adequate microbial activities (Hammer 1991; Reed et al. 1995; Rousseau et
al. 2004; Kadlec and Wallace 2009). Furthermore, the 5 days HRT ensured that the
quality of the outlets was within Australian guidelines for advanced wastewater

treatment (National Water Quality Management Strategy 1997, Chapter 2, Table 2.2).

Liquid samples were taken after equilibration (i.e. water flowing just at the upper
layer—air interface) and then at regular intervals (T =1, 2, 4, 6, 8, 12, 16, 20, and 24
weeks; Appendix 9.8, Table 9.20). Water samples (1,200 mL) were collected from the
inlet (i.e. secondary treated effluent), the experimental and control canal outlets, as
well as from the piezometers in both lower and upper layers (150 mL; Figure 7.3).

145



Piezometers were first emptied and allowed to re-fill prior to sampling to ensure
sample freshness. Note that the waters from the piezometers refer to the water of the
Bauxsol™ layer and water of the soil layer in the experimental canal, and water of the

gravel layer and water of the soil layer in the control canal.

Solid samples were taken as small sediment cores of 2 cm diameter extracted at 0.6
(x0.15), 1.3 (£0.15), 1.8 (+0.15) and 2.5 (£0.15) m from the proximal end of the
canals in the upper Bauxsol™ pellets and gravel layers, in the interface layer (i.e.
between Bauxsol™ pellets and soil in the experimental canal, or between gravel
particles and soil in the control canal), and in the lower soil layers from both canals
(Figure 7.4). Duplicate cores at each distance were combined, using one sample from
the canal edge and one from the mid-line of the canal (Figure 7.4). Core voids were
re-filled with fresh materials (original material: soil — kept in a bucket in the dark —
for the lower layer, Bauxsol™ pellets or gravel for the upper layer) washed with Milli-
Q water to avoid any pH/alkalinity spikes. Samples were first taken at 0.15 m above

the distance (+0.15 m) to avoid any disturbance, if any, from the refilled core voids.

7.2.2. Physico-chemical parameters analysis

Inlet, experimental outlet, control outlet, waters of the Bauxsol™ layer and soil layer
from the experimental canal, and waters of the gravel layer and soil layer from the
control canal were tested for their physico-chemical parameters. All liquid samples
were analysed for pH (APHA 4500 H*-b), electrical conductivity (EC) (APHA 2510-
b), temperature (APHA 2550-b), and concentration of dissolved oxygen (DO) (APHA
2810-b), total nitrogen (TN) (APHA 4500 N-c), total Kjeldahl nitrogen (TKN) (TN —
NO,), ammonium (NH;") (APHA 4500 NHs-h), nitrite (NO, ) (APHA 4500 NO; -¢),
nitrate (NO3) (APHA 4500 NOgs -f), total phosphorus (TP) (APHA 4500 P-h), and
orthophosphate (PO,*) (APHA 4500 P-g) (American Public Health Association
1998). Inlet, experimental outlet and control outlet were also analysed for
concentration of biochemical oxygen demand (BOD) (APHA 5210-b), calcium (Ca)
(APHA 3120 ICPOES), magnesium (Mg) (APHA 3120 ICPOES), and redox potential
(American Public Health Association 1998). Moreover, at experiment completion,

inlet and experimental and control outlets were analysed for concentration of total
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organic carbon (TOC) (APHA 5310-b), dissolved organic carbon (DOC) (APHA
5310-b), and faecal coliform count (APHA 9222-d) (American Public Health
Association 1998).

Bauxsol™ pellets and soil particles of the experimental canal (proximal (0.6 m) and
distal (2.5 m) ends), and gravel and soil particles of the control canal (proximal (0.6 m
and distal (2.5 m) ends) were analysed for concentration of: TP and Colwell
phosphorus (Rayment and Higginson 1992), NH," and NO3™ using a 1:10 KCI extract
(APHA 4500). Pre- and post-experiment solids from both the proximal and distal ends
of each layer of each canal were also analysed for concentration of TN, total carbon
(TC), total organic carbon (TOC) using LECO CNS2000 Analyser, inorganic carbon
(IC; calculation of: TC — TOC), C/N ratio (calculation of: TOC/TN), and
concentration of trace-metals including silver (Ag), arsenic (As), lead (Pb), cadmium
(Cd), chromium (Cr), copper (Cu), manganese (Mn), nickel (Ni), selenium (Se), zinc
(Zn), mercury (Hg), iron (Fe) and aluminium (Al) using a Nitric/HCI digest (APHA
3120 ICPMS) (American Public Health Association 1998). All tests were performed
under quality assurance certification from the National Association of Testing
Authorities (NATA) in the Southern Cross Environmental Analysis Laboratory
(Appendix 9.1, Table 9.1)

7.2.3. DNA extraction; PCR/DGGE on 16S rDNA genes; Functional PCR
amplification of genes involved in nitrogen cycle

DNA extraction was performed on liquids and solids following the method described
in Chapter 6 and Appendix 9.3. DGGE separation of PCR amplified fragments
corresponding to the 16S rDNA gene’s V3 region was undertaken on extracts
containing >20 ng/uL (i.e. all inlets, available liquids and solids from the 4™, 5" and
6™ month, and soil pre-experiment). The details of the PCR/DGGE setting and primer
set used can be found in Chapter 6, Table 6.1. DNA extracted from Bauxsol™ pellets
and soil particles in the experimental canal (proximal end (0.6 m) at 5 months and
distal end (2.5 m) at 6 months), and gravel and soil particles from the control canal
(proximal end (0.6 m) at 5 months and distal end (2.5 m) at 6 months), as well as
DNA extracted from inlets at 0, 5, and 6 months, were subjected to functional PCR

amplification targeting specific genes involved in nitrogen transformation (bacterial
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and archaeal amoA genes, nosZ genes, and hzo genes). Details of the PCR setting and
primer sets used can be found in Chapter 6, Table 6.1. Details on the optimisation of
DNA extraction, PCR/DGGE method and functional PCR assay can be found in the
Appendix 9.3, Tables 9.2-9.8. Analyses were undertaken following QA/QC
procedures (Appendix 9.1).

7.2.4. Statistical analysis

Sample richness (i.e. average total number of bands), Shannon diversity index (H’)
and equitability index (J’) were calculated from liquid and solid DGGE data sets
using ePRIMER (version 6) software package (Clarke and Gorley 2006) to compare
bacterial communities between the experimental and control canals and within the
canals layers. Non-metric multi-dimensional scaling (MDS) analysis on fourth-roots
transformed data and Bray—Curtis similarity matrix was used to identify similarity
between samples according to sampling time, space (i.e. distance from the canal’s
inflow) and treatment (i.e. Bauxsol™ pellets, gravel, soil). DGGE profiles were also
subjected to one-way analysis of similarity (ANOSIM) to statistically test whether
there was a significant difference between samples (R value close to 1 indicates

dissimilarity between samples).

7.3. Results
7.3.1. Geochemistry

7.3.1.1. pH, EC, redox potential, DO & temperature

Inlet pH was stable during the entire trial (6.8+0.1), while experimental canal outlet
showed an increased pH reading over time (0-1 month 8.3+0.4; 5-6 months 9.6+0.1;
Figure 7.5 A). The data also showed an elevated pH in the waters of the Bauxsol™
and soil layers, where up until month 4 solution pH was higher at mid-canal (1.5 m)
by at least one pH unit compared to the distal end of the canal (2.8 m). After 4 months
a shift was observed with higher pH recorded towards the distal end of the canal
(Figure 7.5 A). In contrast, the pH in the control canal outlet was stable at 7.4+0.1

(Figure 7.5 B), and pH readings in the waters of the control canal were consistent in
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both gravel and soil layers (7.2+0.1). Moreover, no major difference was observed

between mid-canal (1.5 m) and the distal end of the canal (2.8 m).

A 10.0

9.5 4

9.0 -

8.5 A

pH

8.0 A

7.5 A

7.0

6.5

|'|'|'|'|'|1|'|'|'|' 11
1
1

(LTI

6.0

Figure 7.5: pH recorded between 0 and 1 month, 1 and 2 months, 2 and 3 months, 3 and 4
months, 4 and 5 months, and 5 and 6 months in A) experimental canal: inlet (- * -),
experimental outlet (—m-), at mid-canal (1.5 m) in the Bauxsol™ layer waters (histogram
vertical line) and in the soil layer waters (histogram horizontal line), at distal end of the canal
(2.8 m) in the Bauxsol™ layer waters (histogram vertical dash) and in the soil layer waters
(histogram horizontal dash); in B) control canal: inlet (- * -), control outlet (-0-), at mid-
canal (1.5 m) in the gravel layer waters (gray histogram vertical line) and in the soil layer
waters (gray histogram horizontal line), at distal end of the canal (2.8 m) in the gravel layer
waters (gray histogram vertical dash) and in the soil layer waters (gray histogram horizontal
dash). + standard error.

Electrical conductivity readings were consistent in the inlet, and the control canal
outlet (683+29 uS and 744443 uS, respectively), and no major differences were
observed between the gravel and soil layers waters (Figure 7.6 B). An EC spike was

seen in the experimental canal outlet over the first four months (11,610£1,286 pS).
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This EC spike was not only found in the waters from the Bauxsol™ layer but also in
the waters from the soil layer. Moreover, the spike was more pronounced at the distal
end of the canal (2.8m) (Figure 7.6 A).
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Figure 7.6: Electrical conductivity (EC; uS) recorded between 0 and 1 month, 1 and 2
months, 2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months in A)
experimental canal: inlet (- * —), experimental outlet (—m-), at mid-canal (1.5 m) in the
Bauxsol™ layer waters (histogram vertical line) and in the soil layer waters (histogram
horizontal line), at distal end of the canal (2.8 m) in the Bauxsol™ layer waters (histogram
vertical dash) and in the soil layer waters (histogram horizontal dash); in B) control canal:
inlet (- x -), control outlet (-O-), at mid-canal (1.5 m) in the gravel layer waters (gray
histogram vertical line) and in the soil layer waters (gray histogram horizontal line), at distal
end of the canal (2.8 m) in the gravel layer waters (gray histogram vertical dash) and in the
soil layer waters (gray histogram horizontal dash). + standard error.

Dissolved oxygen concentration in the inlet was at 2.2+0.3 mg/L during the 24 weeks
(Figure 7.7), although two spikes were recorded at 3.4+0.2 mg/L during week 1 and
16. DO concentration in the experimental canal outlet was recorded at an average of
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4.8£0.4 mg/L (Figure 7.7 A), with spikes at 7.4 and 6.2 mg/L at week 1 and 6,
respectively. Up until 2 months, DO concentration was higher in the waters of the
Bauxsol™ layer than in the waters of the soil layer. However, after 2 months DO was
similar in the waters of both layers (3.6£0.2 mg/L), suggesting an equilibration
coupling between the two layers. Moreover, no major difference was observed
between the waters of the mid-canal (1.5 m) and the distal end of the canal (2.8 m)
(Figure 7.7 A), suggesting a near homogeneous gradient in DO from effluent entry to
discharge. On average, the DO concentration was around 3.5+0.2 mg/L in the outlet
of the control canal and no difference in DO was observed between the waters from
the gravel and soil layers in the control canal. However, some differences were
observed between the waters at mid-canal (1.5 m) and distal end of the canal (2.8 m)
(Figure 7.7 B).
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Figure 7.7: Dissolved oxygen (DO) concentration (mg/L) recorded between 0 and 1 month, 1
and 2 months, 2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months in A)
experimental canal: inlet (— % —), experimental outlet (—m-), at mid-canal (1.5 m) in the
Bauxsol™ layer waters (histogram vertical line) and in the soil layer waters (histogram
horizontal line), at distal end of the canal (2.8 m) in the Bauxsol™ layer waters (histogram
vertical dash) and in the soil layer waters (histogram horizontal dash); in B) control canal:
inlet (- x -), control outlet (-O-), at mid-canal (1.5 m) in the gravel layer waters (gray
histogram vertical line) and in the soil layer waters (gray histogram horizontal line), at distal
end of the canal (2.8 m) in the gravel layer waters (gray histogram vertical dash) and in the
soil layer waters (gray histogram horizontal dash). + standard error.

Redox potential for the inlet, and control canal outlet were recorded at around +189+2
mV, whereas for the experimental canal outlet the redox potential was around +209+9
mV over the first four months and then dropped to around +175+3 mV. Data showed
that the average temperature in the inlet, experimental canal outlet and control canal
outlet was similar and increased over time. The temperature rose from approximately
16.9+0.7°C (0-1 month) to 27.1+1.9°C (5-6 months), owing to seasonal change (i.e.

beginning of the experiment in winter, end of the experiment in summer).
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7.3.1.2. Calcium & magnesium

A calcium spike averaging 1,737+135 mg/L over the first three months was seen in
the experimental canal outlet (average of 35 mg/L in the inlet and control canal
outlet). Similarly, magnesium concentration was higher in the experimental canal

outlet (26+4 mg/L) compared to the inlet and control canal outlet (~10 mg/L in both).

7.3.1.3. Phosphorus in liquid phase

Total phosphorus (TP) concentration in the inlet was mostly made of orthophosphate
(average of 87%) and fluctuated from 3 mg/L to 7.7 mg/L (Figures 7.8 & 7.9). In the
experimental canal, TP was almost completely removed to the substrate material in
the Bauxsol™ layer with an average removal rate of 95% over the entire trial at both
mid-canal (1.5 m) and distal end of the canal (2.8 m) (Figures 7.8 A, 7.9 A & 7.10). In
contrast, the control canal had much lower TP removal (average of 53%), where TP
was mostly removed in the distal end of the canal (2.8 m) in both gravel and soil
layers (Figures 7.8 B, 7.9 B & 7.10).
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Figure 7.8: Total phosphorus (TP) concentration (mg/L) recorded between 0 and 1 month, 1
and 2 months, 2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months in A)
experimental canal: inlet (- * -), experimental outlet (—m-), at mid-canal (1.5 m) in the
Bauxsol™ layer waters (histogram vertical line) and in the soil layer waters (histogram
horizontal line), at distal end of the canal (2.8 m) in the Bauxsol™ layer waters (histogram
vertical dash) and in the soil layer waters (histogram horizontal dash); in B) control canal:
inlet (- x -), control outlet (-O-), at mid-canal (1.5 m) in the gravel layer waters (gray
histogram vertical line) and in the soil layer waters (gray histogram horizontal line), at distal
end of the canal (2.8 m) in the gravel layer waters (gray histogram vertical dash) and in the
soil layer waters (gray histogram horizontal dash). + standard error.
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Figure 7.9: Orthophosphate (PO,>) concentration (mg/L) recorded between 0 and 1 month, 1
and 2 months, 2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months in A)
experimental canal: inlet (— * —), experimental outlet (—m-), at mid-canal (1.5 m) in the
Bauxsol™ layer waters (histogram vertical line) and in the soil layer waters (histogram
horizontal line), at distal end of the canal (2.8 m) in the Bauxsol™ layer waters (histogram
vertical dash) and in the soil layer waters (histogram horizontal dash); in B) control canal:
inlet (- x -), control outlet (-O-), at mid-canal (1.5 m) in the gravel layer waters (gray
histogram vertical line) and in the soil layer waters (gray histogram horizontal line), at distal
end of the canal (2.8 m) in the gravel layer waters (gray histogram vertical dash) and in the
soil layer waters (gray histogram horizontal dash). + standard error.
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Figure 7.10: Percentage removal of total phosphorus (TP) in experimental outlet (white histogram

black dots) and control outlet (gray histogram white dots) between 0 and 1 month, 1 and 2 months,
2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months. + standard error.

7.3.1.4. Phosphorus in solid phase

Comparisons of TP and Colwell P concentrations pre-experiment and at a specific
period (i.e. 0-1, 1-2, 2-3, 3-4, 4-5, and 5-6 months) on Bauxsol™ pellets and soil
particles in the experimental canal, and on gravel particles and soil particles in the
control canal are presented in Table 7.1; pre-experiment data can also be found in the
Appendix 9.8, Table 9.21. Bauxsol™ pellets and soil particles in the experimental
canal showed major differences in TP and Colwell P binding over time and distance
(Table 7.1). In fact, TP and Colwell P were predominantly bound to Bauxsol™ pellets
at the proximal end (0.6 m) of the canal and the uptake increased with time from
23+42 mg/kg to 764+134 mg/kg for TP and from 56+34 mg/kg to 619+79 mg/kg for
Colwell P. The soil particles in the experimental canal showed only moderate binding,
increasing over time and similar at both ends of the canal (up to 111 mg/kg for TP and
23 mg/kg of Colwell P) suggesting the bulk of the P removal was by the active
Bauxsol™ component. In contrast, gravel particles in the control canal showed a high
TP loss (up to 2 g/kg or 0.2%) but the soil particles in this control canal had a much

higher TP loading (up to 944 mg/kg) than the soil particles in the experimental canal.
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Table 7.1: Comparison between materials (i.e. Bauxsol™ pellets and soil particles in the experimental canal; gravel particles and soil
particles in the control canal) pre-experiment and at a specific period (i.e. 0-1, 1-2, 2-3, 3-4, 4-5, and 5-6 months) = accumulation or
release’; total phosphorus and Colwell P concentration (mg/kg) at the proximal end (0.6 m) and distal end (2.5 m) of each canal.

A: Total phosphorus (mg/kg)

Canal Distance Material 0-1 mth 1-2 mths 2-3 mths 3-4 mths 4-5 mths 5-6 mths
proximal | Bauxsol™ 23 +42 178 +20 380 +183 582 +20 616 +14 764 +134
_ end (0.6m) Soil -1+18 12 +23 -8 +25 43 +26 70 1 71 +1
Experimental
distal end Bauxsol™ -43 27 -1 +27 27 +69 102 +6 70 +38 36 +4
(2.5m) Soil 17 +14 17 +26 48 +64 74 +38 42 +6 41 +7
proximal Gravel | -1232 4289 | -900 +170 | -802 +385 | -337+80 | -537+280 | -775+42
Control end (0.6m) Soil 363 +200 368 +152 218 +20 408 +170 552 +25 673 +147
distal end Gravel 944 +254 | -867 201 | -928 +219 | -591+118 | -557 +84 | -755+115
(2.5m) Soil 211 +85 146 +40 168 +51 156 +39 262 +68 318 +12
B: Colwell P (mg/kg)
Canal Distance Material 0-1 mth 1-2 mths 2-3 mths 3-4 mths 4-5 mths 5-6 mths
proximal | Bauxsol™ | 56+ 34 191 +47 331 +47 420 +43 501 +39 619 +79
_ end (0.6m) Soil 9+4 15 +3 7 +6 5 +4 13 +5 17 +0
Experimental
distal end | Bauxsol™ -13 48 -12 12 442 -16 +19 -14 +21 146
(2.5m) Soil 10 +2 16 +2 22 +1 16 +7 13 +4 11 +5
proximal Gravel 1+2 6 +6 17 £2 21 +2 21 +2 22 3
Control end (0.6m) Soil 4 +3 1+1 6 +6 15 +4 15 +4 14 +4
distal end Gravel 1+1 6 5 11 +5 8 +2 910 10 +1
(2.5m) Soil 4 +2 6 +2 4 +0 4 +0 12 +8 17 +2

T negative values represent a loss in mass relative to an earlier condition
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7.3.1.5. Trace-metals

Trace-metal concentrations in the inlet were low: silver (0.001 mg/L), arsenic (0.001
mg/L), lead (0.001 mg/L), cadmium (0.001 mg/L), chromium (0.003 mg/L), copper
(0.007 mg/L), manganese (0.064 mg/L), nickel (0.012 mg/L), selenium (0.001 mg/L),
zinc (0.064 mg/L), mercury (0.0005 mg/L), iron (0.150 mg/L) and aluminium (0.008
mg/L).

Comparative analyses of solids pre- and post-experiment in the experimental canal
indicated that As, Pb, Cd, Cr, Cu, Ni, Se, Zn, and Al were mostly bound to Bauxsol™
pellets rather than soil particles, whereas Mn was bound equally between both
materials (Table 7.2; pre-experiment data can be found in the Appendix 9.8, Table
9.21). Trace-metals were evenly bound along the canal’s length, except Pb and Cr that
accumulated mostly at the distal end (2.5 m), and Cu that accumulated mostly at the
proximal end (0.6 m). In contrast, the control canal revealed that gravel lost all trace-
metals except Cr and some Al. Moreover, soil particles in the control canal did not
bind trace-metals (except Mn and Zn) similar to the soil found in the experimental
canal (Table 7.2).
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Table 7.2: Comparison between materials (i.e. Bauxsol™ pellets and soil particles in the experimental canal; gravel particles and soil particles in the control
canal) pre-experiment and post-experiment (i.e. 24 weeks) = accumulation or release®; trace-metals concentration (mg/kg; except iron and aluminium which
are in weight %) at the proximal end (0.6 m) and distal end (2.5 m) of each canal.

" negative values represent a loss in mass relative to an earlier condition
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Experimental Control Canal
Proximal end (0.6 m) Distal end (2.5 m) Proximal end (0.6 m) Distal end (2.5 m) Distance
Bauxsol™ | Soil Bauxsol™ | Soil Gravel | Soil Gravel | Soil Material
Silver 0.0 0.0 -0.1 0.0 -0.1 0.0 -0.1 0.0
Arsenic 7.6 0.4 5.6 0.4 -0.3 -0.1 -0.5 0.2
Lead 7.2 1.3 13.0 14 -0.9 -0.8 -1.3 -0.2
Cadmium 0.4 0.1 0.5 0.1 0.0 0.1 0.0 0.0
Chromium 48.8 17.9 88.9 23.6 8.9 -7.1 7.2 7.4
Copper 17.4 0.7 8.8 0.6 -4.5 -2.3 -6.6 -1.1
Manganese 140.6 116.4 102.3 101.9 -116.9 256.2 -180.3 197.2
Nickel 6.9 -2.6 7.3 0.1 -1.0 -7.0 -6.1 -3.1
Selenium 0.7 0.2 0.4 0.2 0.2 -0.2 0.0 0.2
Zinc 58.6 17.2 60.6 16.7 0.4 35.0 -12.8 20.3
Mercury 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Iron -1.2 -1.5 0.6 -14 -2.2 -1.5 -3.1 -1.5
Aluminium 1.6 0.4 2.1 0.5 0.5 -0.6 -0.1 0.1




7.3.1.6. Nitrogen in liquid phase

The average total nitrogen concentration was at 25+2.3 mg/L in the inlet (a drop was
recorded after month 3), while TN was recorded at 18.4+1.2 mg/L in the experimental
canal outlet and at 17.9+1.3 mg/L in the control canal outlet (Figure 7.11). An
exception was noted between 4 and 5 months, where a lower TN concentration was
recorded in the inlet compare to both canals outlets. Overall TN reduction rate was
~35% in both canals outlets until 3 months, and ~13% after 5 months. In the
experimental canal, TN concentration was significantly higher in the Bauxsol™ layer
waters for the first month; however, there was no major difference between mid-canal
(1.5 m) and the distal end of the canal (2.8 m) (Figure 7.11 A). TN concentration was
fairly similar between the waters from both control canal layers, and in addition, up
until 2 months the concentration was significantly higher at mid-canal (1.5 m) (Figure
7.11 B).
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Figure 7.11: Total nitrogen (TN) concentration (mg/L) recorded between 0 and 1 month, 1
and 2 months, 2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months in A)
experimental canal: inlet (— * —), experimental outlet (—m-), at mid-canal (1.5 m) in the
Bauxsol™ layer waters (histogram vertical line) and in the soil layer waters (histogram
horizontal line), at distal end of the canal (2.8 m) in the Bauxsol™ layer waters (histogram
vertical dash) and in the soil layer waters (histogram horizontal dash); in B) control canal:
inlet (- x -), control outlet (-O-), at mid-canal (1.5 m) in the gravel layer waters (gray
histogram vertical line) and in the soil layer waters (gray histogram horizontal line), at distal
end of the canal (2.8 m) in the gravel layer waters (gray histogram vertical dash) and in the
soil layer waters (gray histogram horizontal dash). +standard error.

Total Kjeldahl nitrogen (TKN) concentration, effectively represent the organic
nitrogen, ammonia and ammonium, was recorded at 7.8+1.1 mg/L in the inlet during
the first month and after 4 months; a spike to 19.7+0.5 mg/L was observed between
months 1 and 4 (Figure 7.12). TKN was more or less consistent during the 6 months
trial in both canals outlets (3.8£0.9 mg/L in the experimental canal outlet and 3.1+0.7
mg/L in the control canal outlet; Figure 7.12 A & B). Moreover, in the experimental

canal, TKN was slightly higher in the waters of the Bauxsol™ layer; and at mid-canal
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(1.5 m) before 4 months (Figure 7.12 A). In the control canal, no major difference

was observed between waters from the gravel and soil layers and between mid-canal

(1.5 m) and the distal end of the canal (2.8 m) (Figure 7.12B).
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Figure 7.12: Total Kjeldahl nitrogen (TKN) concentration (mg/L) recorded between 0 and 1
month, 1 and 2 months, 2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months
in A) experimental canal: inlet (— * ), experimental outlet (—m-), at mid-canal (1.5 m) in the
Bauxsol™ layer waters (histogram vertical line) and in the soil layer waters (histogram
horizontal line), at distal end of the canal (2.8 m) in the Bauxsol™ layer waters (histogram
vertical dash) and in the soil layer waters (histogram horizontal dash); in B) control canal:
inlet (- * -), control outlet (-0-), at mid-canal (1.5 m) in the gravel layer waters (gray
histogram vertical line) and in the soil layer waters (gray histogram horizontal line), at distal
end of the canal (2.8 m) in the gravel layer waters (gray histogram vertical dash) and in the
soil layer waters (gray histogram horizontal dash). +standard error.

Ammonium (NH;") concentration varied greatly from 2.5 to 16.9 mg/L N/NH," in the

inlet during the 6 months (Figure 7.13). In the experimental canal outlet ammonium

concentration was recorded at 5.3+0.5 mg/L N/NH," during the first month, and then
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decreased <1 mg/L N/NH," after 3 months. Ammonium was slightly higher in the
waters of the Bauxsol™ layer and at mid-canal (1.5 m) (Figure 7.13 A). In the control
canal, the ammonium concentrations were close to zero in almost all waters (i.e.
outlet, gravel and soil layer waters), except in the waters at mid-canal between 2 and
5 months (Figure 7.13B). Overall, both canals removed almost all ammonium from

the inlet, particularly from month 2 onwards.

16 A .
14 A . -
12 A . .

10 - * \

Ammonium (mg/L)
’

0-1 mth 1-2 mths 2-3 mths 3-4 mths 4-5 mths 5-6 mths

Time

18 ~
16 - .
14 A . N

12 4 . .

10 4 s

e R e

0-1 mth 1-2 mths 2-3 mths 3-4 mths 4-5 mths 5-6 mths

Time

Ammonium (mg/L)
7

Figure 7.13: Ammonium (NH,") concentration (mg/L) recorded between 0 and 1 month, 1
and 2 months, 2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months in A)
experimental canal: inlet (- * —), experimental outlet (—m-), at mid-canal (1.5 m) in the
Bauxsol™ layer waters (histogram vertical line) and in the soil layer waters (histogram
horizontal line), at distal end of the canal (2.8 m) in the Bauxsol™ layer waters (histogram
vertical dash) and in the soil layer waters (histogram horizontal dash); in B) control canal:
inlet (- * -), control outlet (-0-), at mid-canal (1.5 m) in the gravel layer waters (gray
histogram vertical line) and in the soil layer waters (gray histogram horizontal line), at distal
end of the canal (2.8 m) in the gravel layer waters (gray histogram vertical dash) and in the
soil layer waters (gray histogram horizontal dash). +standard error.
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Nitrite (NO;") concentrations were around 1.0+0.2 mg/L N/NO; in the inlet during
the first month, and around 0.4+0.1 mg/L N/NO, thereafter (Figure 7.14). In the
experimental canal outlet, nitrite concentrations were above 1.5 mg/L N/NO,  until 4
months (spike to 9.6 mg/L N/NO;, at week 6), and around 0.3+0.1 mg/L N/NO,
thereafter. No major difference in nitrite concentrations was observed between the
waters of the Bauxsol™ and soil layers or between mid-canal (1.5 m) and the distal
end of the canal (2.8 m) (Figure 7.14 A). In contrast, the control canal outlet had
nitrite concentrations <0.2 mg/L N/NO; after 1 month. Between 0 and 1, 2 and 3, and
3 and 4 months nitrite concentrations were significantly higher in mid-canal water
samples (1.5 m); however no differences were observed between the waters of the

gravel and soil layers (Figure 7.14 B).
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Figure 7.14: Nitrite (NO,") concentration (mg/L) recorded between 0 and 1 month, 1 and 2
months, 2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months in A)
experimental canal: inlet (— * —), experimental outlet (—m-), at mid-canal (1.5 m) in the
Bauxsol™ layer waters (histogram vertical line) and in the soil layer waters (histogram
horizontal line), at distal end of the canal (2.8 m) in the Bauxsol™ layer waters (histogram
vertical dash) and in the soil layer waters (histogram horizontal dash); in B) control canal:
inlet (- * -), control outlet (-O-), at mid-canal (1.5 m) in the gravel layer waters (gray
histogram vertical line) and in the soil layer waters (gray histogram horizontal line), at distal
end of the canal (2.8 m) in the gravel layer waters (gray histogram vertical dash) and in the
soil layer waters (gray histogram horizontal dash). £standard error.

Nitrate (NO3") concentrations averaged 12.6£0.9 mg/L N/NOj in the inlet (Figure
7.15). Up until 2 months, the nitrate concentration in the experimental canal outlet
was at 10.3+0.8 mg/L N/NOj3 (i.e. lower than the inlet); however, from month 3 it
increased and averaged 14.6+1.2 mg/L N/NOj3 (i.e. higher than the inlet). Moreover,
nitrate concentration was slightly higher in the waters of the Bauxsol™ layer until 3
months. No major differences were seen between water samples at mid-canal (1.5 m)

and distal end of the canal (2.8 m) (Figure 7.15 A). Similar to the experimental canal
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outlet, the control canal outlet displayed a nitrate concentration around 11.3+1.2 mg/L
N/NO;s until 2 months (i.e. lower than the inlet); however, from 3 months it increased
and averaged 16.1+1.4 mg/L N/NOgs (i.e. higher than the inlet). Moreover, in this
canal a significant difference was found between mid-canal (1.5 m) and the distal end
of the canal (2.8 m), and between the waters of the gravel and soil layers (Figure 7.15
B).

18 A

!

Nitrate (mg/L)

[T

KN
L A I Bl B I |
dnnnnnnnnnnne

[T

0-1 mth 1-2 mths 2-3 mths 3-4 mths 4-5 mths 5-6 mths
Time

1

T T T

Nitrate (mg/L)
TR EEE

T O
N &

%

i

0-1 mth 1-2 mths 2-3 mths 3-4 mths 4-5 mths 5-6 mths

Time

[¢)]

Figure 7.15: Nitrate (NO3") concentration (mg/L) recorded between 0 and 1 month, 1 and 2
months, 2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months in A)
experimental canal: inlet (- * -), experimental outlet (—m-), at mid-canal (1.5 m) in the
Bauxsol™ layer waters (histogram vertical line) and in the soil layer waters (histogram
horizontal line), at distal end of the canal (2.8 m) in the Bauxsol™ layer waters (histogram
vertical dash) and in the soil layer waters (histogram horizontal dash); in B) control canal:
inlet (- x -), control outlet (-0-), at mid-canal (1.5 m) in the gravel layer waters (gray
histogram vertical line) and in the soil layer waters (gray histogram horizontal line), at distal
end of the canal (2.8 m) in the gravel layer waters (gray histogram vertical dash) and in the
soil layer waters (gray histogram horizontal dash). £standard error.
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7.3.1.7. Nitrogen in solid phase

Comparisons of ammonium and nitrate concentrations pre-experiment and at a
specific period (i.e. 0-1, 1-2, 2-3, 3-4, 4-5, and 5-6 months) on Bauxsol™ pellets
and soil particles in the experimental canal, and on gravel particles and soil particles
in the control canal are displayed in Table 7.3; pre-experiment data can also be found
in the Appendix 9.8, Table 9.21. The data showed that ammonium in the experimental
canal was mostly bound to soil particles at the proximal end (0.6 m), increasing over
time from 41+21 mg/kg N/NH4" (0—1 month) to 100+14 mg/kg N/NH4" (5-6 months).
Bauxsol™ pellets also showed some ammonium binding, but it was much lower than
for soil particles and was equally distributed along the length of the canal (4.1 mg/kg
N/NH,4" up to 37.1 mg/kg N/NH,"; Table 7.3 A). In the control canal, ammonium was
also mostly bound by soil particles at the proximal end (0.6 m), increasing over time
from 39+24 mg/kg N/NH;" (0-1 month) to 124+17 mg/kg N/NH," (5-6 months). In
addition, gravel particles also bound some ammonium, mostly at the proximal end
(0.6 m), up to 78.0 mg/kg N/NH," (Table 7.3 A).

Nitrate was strongly bound to Bauxsol™ pellets at both ends of the experimental canal

(up to 597.0 mg/kg N/NO3"), while soil particles did not bind nitrate (Table 7.3 B). In

the control canal nitrate was not heavily bound (Table 7.3 B).
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Table 7.3: Comparison between materials (i.e. Bauxsol™ pellets and soil particles in the experimental canal; gravel particles and
soil particles in the control canal) pre-experiment and at a specific period (i.e. 0-1, 1-2, 2-3, 34, 4-5, and 5-6 months) =
accumulation or release'; ammonium and nitrate concentration (mg/kg) at the proximal end (0.6 m) and distal end (2.5 m) of each
canal.

A: Ammonium (mg/kg)

Canal Distance Material 0-1 mth 1-2 mths 2-3 mths 3-4 mths 4-5 mths 5-6 mths
proximal | Bauxsol™ 71 18 +10 3245 18 +9 11 +1 2148

, end (0.6m) Soil 41 +21 63 +20 52 +4 54 +3 68 +18 100 +14

Experimental

distal end | Bauxsol™ 11 +£3 12 +6 19 +4 10 5 7 £2 11 +3
(2.5m) Soil 29 +20 48 +20 52 +20 51 +21 3545 44 +4
proximal Gravel 20 +8 41 +8 66 +12 62 +16 45 +0 54 +9

Control end (0.6m) Soil 39 +24 59 +27 70 +25 89 +7 95 +13 124 +17
distal end Gravel 10 5 13 +7 15 +8 13 +10 5+1 11 #5
(2.5m) Soil 23 +13 37 +14 34 +16 36 +14 308 50 +12

B: Nitrate (mg/kg)

Canal Distance Material 0-1 mth 1-2 mths 2-3 mths 3-4 mths 4-5 mths 5-6 mths
proximal | Bauxsol™ | 195 +135 110 #10 46 +45 29 +28 45 +12 117 +84

_ end (0.6m) Soil 243 010 00 00 141 2 +0

Experimental

distal end | Bauxsol™ 78 +59 61 +7 69 +8 126 +49 137 +38 138 +38

(2.5m) Soil 1+1 010 1+1 2+1 140 0+0

proximal Gravel 11 +10 4+1 442 240 20 5+3

Control end (0.6m) Soil 946 3+1 240 240 1+1 1+1

distal end Gravel 2+1 2+1 3+1 240 3+1 3+1

(2.5m) Soil 141 0+1 3 +3 4 +3 1+0 1+0

Tnegative values represent a loss in mass relative to an earlier condition
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7.3.1.8. TC, TN, TOC, IC, C/N ratio

Concentration of total carbon (TC), total organic carbon (TOC), inorganic carbon
(1C), total nitrogen (TN), as well as C/N ratio (i.e. TOC/TN) on materials pre- and
post-experiment (i.e. 24 weeks) at both proximal and distal end of each canal can be
found in Table 7.4. These data showed that pre-experiment Bauxsol™ pellets were
mostly made of inorganic carbon (90% of the total carbon; Table 7.4), and that the
C/N ratio was relatively low (1.9). In contrast, soil particles pre-experiment was
mostly made of organic carbon (95% of the total carbon), and the C/N ratio was much
higher (20.6). Meanwhile, pre-experiment gravel particles had very low concentration
of TC and TN (<0.05%).

Bauxsol™ pellets post-experiment showed an increase in TOC, particularly on the
pellets located at the proximal end (0.6 m) of the experimental canal (1.43%), while
TN decreased slightly. Consequently, C/N ratio significantly increased on Bauxsol™
pellets post-experiment [C/N ratio of 20.4 proximal end (0.6 m) and 14.2 distal end
(2.5 m)]. Moreover, soil particles in the experimental canal recorded increases of
TOC, IC and TN along the length of the canal, and consequently the C/N ratio
reduced from 20.6 to 13.5. In contrast, the control canal data showed very little
change for the gravel particles, while soil particles recorded decreased TC at the
proximal end (0.6 m) and a slight increase at the distal end (2.5 m). Consequently,
C/N ratio on soil particles from the control canal lowered from 20.6 to an average of
14.5 (Table 7.4).
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Table 7.4: Total carbon (TC), total organic carbon (TOC), inorganic carbon (IC), total nitrogen (TN), and carbon/nitrogen ratio (i.e.
TOC/TN ratio) pre- and post-experiment (24 weeks) at canal’s proximal end (0.6 m) and at distal end of the canal (2.5 m): on Bauxsol™

pellets and soil particles from the experimental canal, and on gravel particles and soil particles from the control canal. All data are in %,
except the ratio.

Time Pre-experiment Post-experiment
Canal - - - Experimental Control
Distance B B B Proximal end Distal end Proximal end Distal end
(0.6 m) (2.5m) (0.6 m) (2.5 m)
Material Bauxsol™ Gravel Soil Bauxsol™ | Soil | Bauxsol™ | Soil Gravel | Soil Gravel | Soil
TC 1.56 0.04 2.39 2.36 3.26 2.19 3.27 0.04 1.66 0.04 2.46
TOC 0.15 0.01 2.27 1.43 2.92 0.71 2.85 0.04 1.64 0.04 2.45
IC 1.41 0.03 0.12 0.93 0.34 1.48 0.42 0 0.02 0 0.01
TN 0.08 0.02 0.11 0.07 0.22 0.05 0.21 0.03 0.12 0.03 0.16
TOC/TN ratio 1.9 0.5 20.6 204 13.3 14.2 13.6 1.3 13.7 1.3 15.3
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7.3.1.9. BOD, TOC, DOC, FC count
Biochemical oxygen demand (BOD) fluctuated from 5 to 60 mg/L in the inlet,

whereas BOD was almost always <5 mg/L in both experimental and control canals
outlets during the entire trial (Figure 7.16). Consequently, the BOD concentration was
reduced by 84+5% in both canals.

60 -
50 A
40 A
30 A

20 A

10 A

Biochemical oxygen demand (mg/L)

0-1 mth 1-2 mths 2-3 mths 3-4 mths 4-5 mths 5-6 mths
Time

Figure 7.16: Biochemical oxygen demand (BOD) concentration (mg/L) recorded between 0 and 1
month, 1 and 2 months, 2 and 3 months, 3 and 4 months, 4 and 5 months, and 5 and 6 months in
the inlet (- % -), experimental outlet (—m-), and control outlet (-O-). + standard error.

A decrease in total organic carbon (TOC) and dissolved organic carbon (DOC)
concentrations in both experimental and control canals outlets was observed at the end
of the trial, where the inlet concentrations of TOC and DOC were 9.3 mg/L and 7.0
mg/L, the experimental canal outlet concentrations of TOC and DOC were 3.6 mg/L
and 3.4 mg/L, and the control canal outlet concentrations of TOC and DOC were 5.4
mg/L and 5.3 mg/L. Similarly, Bauxsol™ pellets had a greater effect in reducing
faecal coliforms counts at 24 weeks, where the inlet counts was 3,600 cfu/100 mL, the
experimental canal outlet count was 70 cfu/100 mL, and the control canal outlet count
was 500 cfu/100 mL.
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7.3.2. Microbiology

7.3.2.1. Free-floating bacterial communities

Non-metric multi-dimensional scaling (MDS) analysis of liquid DGGE profiles of
16S rDNA amplified products showed temporal variation between inlets (Figure 7.17;
see all liquid DGGE profiles in Appendix 9.8, Figures 9.26-9.33). In addition,
significant differences (R = 0.326, p<0.1%) in bacterial community structure between
inlet and waters from both layers in the experimental and control canals were
observed (Figure 7.17, circle showing a well-defined cluster of the experimental canal
waters). Moreover, both canals showed some differences between the waters at mid-
canal (1.5 m) and the distal end of the canal (2.8 m). Differences between the waters
from both treatment and soil layers (i.e. Bauxsol™ and soil layers in the experimental
canal, and gravel and soil layers in the control canal) were more pronounced for the
control canal. These findings were also corroborated by the DGGE profile’s richness

(i.e. number of bands), Shannon diversity index, and equitability index (Table 7.5).
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Figure 7.17: Non-metric multi-dimensional scaling (MDS) of free-floating bacterial communities
generated by the analysis of liquids DGGE 16S rDNA gene products. Fourth-root transform and Bray-
Curtis matrix used. Samples are displayed according to their sampling time (0 to 24w) and location [i.e.
mid-canal — 1.5 m (= half) and distal end of the canal — 2.8 m (= out)]: inlet (>), Bauxsol™ layer
waters in the experimental canal (A), soil layer waters in the experimental canal (A), gravel layer
waters in the control canal (OJ), soil layer waters in the control canal (H).
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Table 7.5: Profile’s richness (R; number of bands), Shannon diversity index (H’) and
equitability index (J”) calculated from DGGE profiles analysis of 16S rDNA gene products
amplified from total DNA extracted from liquid samples at 16, 20 and 24 weeks: inlet,
experimental canal outlet, control canal outlet, Bauxsol™ layer and soil layer waters in the
experimental canal (mid-canal 1.5 m, and distal end of the canal 2.8 m), gravel layer and soil
layer waters in the control canal (mid-canal 1.5 m, and distal end of the canal 2.8 m).

Time Canal Distance Layer R H' J'

- Inlet - 20 2.88 0.96

Bauxsol™ 22 2.87 0.93
1.5m -

Soil 15 2.59 0.96

Experimental Bauxsol™ 15 2.51 0.93
2.8 m -

Soil 12 2.35 0.95

T=16w Outlet - n/a n/a n/a

Gravel 18 2.76 0.95
1.5m -

Soil 17 2.64 0.93

Control Gravel 16 2.72 0.98
2.8 m -

Soil 10 2.11 0.92

Outlet - 9 2.09 0.95

- Inlet - 12 2.28 0.92

Bauxsol™ 11 2.26 0.94
1.5m -

Soil 11 2.12 0.88

Experimental Bauxsol™ 18 2.63 0.91
2.8 m -

Soil 16 2.47 0.89

T=20w Outlet - 14 2.48 0.94

Gravel 17 2.70 0.95
1.5m -

Soil 14 2.53 0.96

Control Gravel 11 2.31 0.96
2.8 m -

Soil 3 0.92 0.84

Outlet - 17 2.68 0.95

- Inlet - 14 2.49 0.94

Bauxsol™ 11 2.08 0.87
1.5m -

Soil 11 2.29 0.95

Experimental Bauxsol™ 10 2.10 0.91
2.8 m -

Soil 10 2.15 0.93

T=24w Outlet - 11 2.21 0.92

Gravel 13 2.46 0.96
1.5m -

Soil 12 2.11 0.85

Control Gravel 17 2.67 0.94
2.8 m -

Soil 8 2.04 0.98

Outlet - n/a n/a n/a

7.3.2.2. Attached bacterial communities
Increased profile richness (i.e. number of bands) over time (Table 7.6) on the
Bauxsol™ pellets profiles, and significant temporal differences (R = 0.335, p<0.1%)
within the profiles of the Bauxsol™ pellets (Figure 7.18 A & B) were observed (see

all solid DGGE profiles in Appendix 9.8, Figures 9.34-9.45). The pre-experiment soil
profile was more similar to the soil profile from the experimental canal at 6 months
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than the soil profile at 4 months (Figure 7.18 A, B & D). Moreover, similar bands’
dominance at 4 months on DGGE profiles of Bauxsol™ and soil layers in the
experimental canal (Figure 7.18 A) and higher Shannon diversity index at the
interface (Table 7.6) were apparent. A lower equitability index was also recorded on
Bauxsol™ pellets and the soil particles after 6 months (Table 7.6). Distinct profiles
between Bauxsol™ and soil layers, and much stronger differences in profile richness
along the length of the experimental canal were observed from 6 months (Figure 7.18
B; Table 7.6).

In addition, the bacterial community developing on gravel particles in the control
canal was different to the bacterial community growing on Bauxsol™ pellets in the
experimental canal (Figure 7.18 B & C). However, DGGE analysis of solids from the
control canal showed greater similarity between profiles of the gravel and soil layers
at 6 months (Figure 7.18 C). Moreover, the equitability index in the control canal

increased over time (Table 7.6).
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Table 7.6: Profile’s richness (R; number of bands), Shannon diversity index
(H’) and equitability index (J’) calculated from DGGE profiles analysis of
16S rDNA gene products amplified from total DNA extracted from solid
samples at 16, 20 and 24 weeks. A) Experimental canal: Bauxsol™ pellets,
mix of Bauxsol™ pellets/soil particles (= interface), soil particles. B): Control
canal: gravel particles, mix of gravel particles/soil particles (= interface), soil
particles. Data are presented as <1.5m (= first half of the canal, 0.6 m + 1.3 m)
and >1.5m (= second half of the canal, 1.8 m + 2.5 m).

A: Experimental canal

Time Distance Layer R | H' | J'
Bauxsol™ 9 2.01 0.91
<1.5m Interface n/a n/a n/a
T=16w Soil 11 2.25 0.94
Bauxsol™ 8.5 1.97 0.92
>1.5m Interface 11 2.28 0.95
Soil 6 1.67 0.93
Bauxsol™ 8 1.93 0.94
<1.5m Interface 17 2.60 0.92
Soil 4.5 1.28 0.85
T=20w Bauxsol™ 9 1.94 0.88
>1.5m Interface 6 1.56 0.88
Soil 5 1.54 0.97
Bauxsol™ 12 2.06 0.83
<1.5m Interface 14 2.43 0.92
T=24w Soil 9 1.80 0.82
Bauxsol™ 16.5 2.39 0.86
>1.5m Interface n/a n/a n/a
Soil 15.5 2.44 0.89

B: Control canal

Time Distance Layer R H' J'
Gravel 5 1.43 0.90
<1.5m Interface 5 1.50 0.93
Soil 5.5 1.54 0.91
T=16w Gravel n/a n/a n/a
>1.5m Interface 9 1.91 0.88
Soil 5 1.42 0.90
Gravel 9 2.06 0.94
<1.5m Interface 9.5 2.05 0.91
T=20w Soil 14 2.48 0.95
Gravel 12.5 2.35 0.94
>1.5m Interface 12 2.30 0.94
Soil 11 2.28 0.97
Gravel 11.5 2.31 0.95
<1.5m Interface 9 2.01 0.92
Soil 14 2.55 0.97
T=24w Gravel 18.5 2.78 0.95
>1.5m Interface 15 2.53 0.93
Soil 12 2.33 0.94
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Figure 7.18: DGGE analysis (triplicate) of 16S rDNA gene products amplified from total DNA
extracted from solids samples. A) at 4" month in the experimental canal (Bauxsol™ and soil layers); B)
at 6" month in the experimental canal (Bauxsol™ and soil layers); C) at 6™ month in the control canal
(gravel and soil layers); D) soil pre-experiment. St = DNA marker standard from wastewater isolates.

7.3.2.3. Functional genes presence

Aerobic ammonia-oxidising bacteria (AOB) carrying amoA genes were found in the
experimental canal on Bauxsol™ pellets at 5 and 6 months along the length of the
canal, and on soil particles at 5 months (proximal end). In contrast, AOB were only
present on gravel particles at 5 months in the proximal end of the control canal (Table
7.7; Appendix 9.8, Figure 9.46). Moreover, AOB were also present on soil pre-
experiment and in the inlets (0 and 5 months; Table 7.7). Ammonia-oxidising archaea
(AOA) carrying amoA genes were evident on pre-experiment soil, in soil particles in
the experimental canal (6 months, distal end), in soil in the control canal (5 months,
proximal end), and on gravel particles at 6 months (distal end; Table 7.7).

Denitrifiers carrying nosZ genes were found in the experimental canal on Bauxsol™
pellets along the length of the canal at 5 and 6 months, and in the control canal on
gravel particles at 5 months (proximal end; Table 7.7). Moreover, denitrifiers were
also present in the inlets (0O and 5 months), but not on the pre-experiment soil.
Anaerobic ammonia-oxidising bacteria (anammox) carrying hzo genes were attached
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to Bauxsol™ pellets at 6 months (distal end) in the experimental canal, and on gravel
particles at 5 months (proximal end) in the control canal (Table 7.7). In addition,

anammox were also observed in the inlet at 6 months, but not on pre-experiment soil.
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Table 7.7: Presence (+) or absence (-) of bands on gel electrophoresis of functional PCR amplification products targeting bacterial nitritation (amoA AOB
genes), archaeal nitritation (amoA AOA genes), bacterial denitrification (nosZ genes), and anaerobic-ammonia oxidising (anammox) (hzo genes). a) Liquid
samples: inlet taken at T = 0, 5 months, and 6 months. b) Solids samples taken at 5 months (proximal end of the canal) and at 6 months (distal end of the canal):
soil pre-experiment, Bauxsol™ pellets and soil particles from the experimental canal, gravel and soil particles from the control canal.

a) Liquid

0 5 months 6 months Time
inlet inlet inlet Sample
amoA AOB + + -
amoa AOA - - -
nosZ + + -
hzo - - +
b) Solids
Pre-exp. 5 months at 0.6 m 6 months at 2.5 m Time/Distance
Soil Bauxsol™ Soil exp. Gravel Soil cont. | Bauxsol™ Soil exp. Gravel Soil cont. Sample
amoA AOB + + + + - + - — -
amoa AOA + — - — + _ + + _
nosZz — + - + — + - — —
hzo - - - + - + - - -
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7.4. Discussion
7.4.1. Geochemical explanation

7.4.1.1. pH, EC & Ca spike

The pH spikes recorded in the experimental canal outlet (Figure 7.5 A) are caused by
the release of unreacted calcium oxide from the cement binder used in the production
of the pellets (Despland et al. 2010b; Despland et al. 2011). However, the soil layer in
this canal acted as a buffer, lowering the water pH at the distal end of the canal (2.8
m) during the first 4 months and thereby delaying the appearance of an outlet pH
spike; at similar bed volumes in Despland et al. (2011) study (Chapter 5) the pH was
some 2 pH units higher. Moreover, the lower pH recorded mid-canal (1.5 m) after 4
months (Figure 7.5 A) is an indication that pellets are, at least in the first half of the
canal, free of unreacted calcium oxide. Consequently, rinsing the pellets with
freshwater as a pre-treatment and/or correcting the pH post-treatment would remedy
the pH spike. Similarly, the observed EC spike (Figure 7.6 A) correlated with the
calcium spike (1,737+135 mg/L) in the experimental canal outlet is attributed to the

release of unreacted calcium oxide (i.e. a rise of calcium strongly affect the EC).

7.4.1.2. Phosphorus removal

The outstanding TP removal in the experimental canal (>95%, Figure 7.10; under the
Australian guidelines for advanced wastewater treatment (National Water Quality
Management Strategy 1997; Chapter 2, Table 2.2) is explained by the high phosphate
binding capacity of Bauxsol™ (Hanahan et al. 2004; Akhurst et al. 2006; Clark et al.
2006a; Despland et al. 2011). Other studies using different materials in constructed
wetland systems have reported phosphate removal rates >85% [e.g. laterite (Wood
and McAtamney 1996), Maerl (Gray et al. 2000), steel-slag (Zhang et al. 2007), and
wollastonite (Brooks et al. 2000)]. However, as the current study shows, Bauxsol™
pellets present other advantages such as high trace-metal binding (McConchie et al.
1999; McConchie et al. 2000; McConchie et al. 2002; Despland et al. 2011, Chapter
5) and provide a suitable biomass support framework (Despland et al. 2012, Chapter
6).
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Similar to the findings of Akhurst et al. (2006), Hanahan et al. (2004), and Clark et al.
(2006a; 2009) for Bauxsol™ powders, phosphate removal by Bauxsol™ pellets in this
current study was most likely a combination of ligand exchange, chemisorption and
surface precipitation, with abundant Ca®* and Mg®" present in the Bauxsol™ pellet
matrix forming MgHPO, and CaHPO,. However, confirmation by X-ray diffraction
(XRD; Appendix 9.8, Figure 9.47) is difficult because of the dominance of the
Bauxsol™ mineralogy, and more sophisticated techniques (e.g. synchrotron) are
required to further investigate the speciation and binding environments. Moreover, the
data show that the majority of P was removed by the Bauxsol™ layer and that
saturation of Bauxsol™ pellets has not occurred (Figures 7.8 A & 7.9 A; Table 7.1 A).
Hence, the underlying soil in the experimental canal will be less likely to saturate with
P thereby potentially extending the canal life. An estimation based on the
extrapolating bed volume from the mesocosm column experiment (Despland et al.
2011, Chapter 5) suggests that an unplanted Bauxsol™ pellets constructed wetland
will remove >50% of the TP for at least five years. In addition, the high concentration
of Colwell P found on the Bauxsol™ pellets towards the end of the experiment (Table
7.1 B) suggests that it may be a potential fertilizer, and saturated pellets may have

reuse options.

The difference between control and experimental soil TP binding capacity can be
explained by the lower pH (7.4+0.2; Figure 7.5 B) found in the soil layer of the
control canal (i.e. dominant phosphate species as H,PO,), which facilitates
electrostatic and chemical attraction (Brady and Weil 2008), and by higher
concentration of phosphorus reaching the soil layer (Rhue and Harris 1999). Despite
the higher phosphate removal by the soil layer of the control canal, the overall
phosphorus removal from the control canal outlet quickly declined as saturation
occurred because gravel particles could not bind phosphorus, demonstrated by high
TP loss (Table 7.1 B). This loss was probably due to chemical weathering and weak
binding (i.e. ion exchange forming outer-sphere complex, which incidentally is highly
reversible; Rhue and Harris 1999). Consequently, as the soil is the only active
component in P removal in the control canal, the longevity of this canal is severely
reduced because the soil layer is likely to saturate with P rapidly.
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7.4.1.3. Trace-metals binding

Bauxsol™ has a high trace-metal binding capacity (>1,500 meqg/kg) from high surface
to volume ratio (100 m?g; McConchie et al. 1999; McConchie et al. 2000;
McConchie et al. 2002), and the pellets used indicate that this high trace-metal
binding capacity has been preserved (Table 7.2). Genc-Fuhrman et al. (2007) and
Despland et al. (2011, Chapter 5) obtained similar binding capacities for trace-metals

using Bauxsol™-coated sand and Bauxsol™ pellets.

It is believed that surface charge initially attracts dissolved metals and then a
combination of adsorption and new mineral precipitation occurs on mineral surfaces.
These surface deposits may be intracrystalline diffusion and/or recrystallisation and
lead to renewed metal binding as surface sites are made available; this also leads to
increased irreversibility of binding (e.g. Clark et al. 2009). The chemisorption
reaction at the surfaces of the oxide components of Bauxsol™ may also explain the
adsorption affinity of trace-metals (McConchie et al. 1999; McConchie et al. 2000;
Genc et al. 2003; Hanahan et al. 2004; Clark et al. 2006b; Genc-Fuhrman et al. 2007,
Clark et al. 2008; Clark et al. 2009; Clark et al. 2011a; Clark et al. 2011b; Clark et al.
2012). However, the investigation of the speciation and binding environments
requires very sophisticated techniques (e.g. synchrotron EXAFS and XANES), which
were not available to this project. Metal removal by Bauxsol™ is very complex and
not yet fully understood as it is a complex combination, surface charging, pH,
thermodynamic and Kinetic solubility aspects. Moreover, the
concentration/dissolutions of species in the solid are very minor (<1%) and

consequently, XRD will not resolve these secondary phase minerals.

Furthermore, trace-metals on Bauxsol™ pellets are irreversibly bound and highly
unlikely to leach (McConchie et al. 1999; Clark 2000; McConchie et al. 2000;
Davies-McConchie et al. 2002; McConchie et al. 2002; Genc et al. 2003; Hanahan et
al. 2004; Munro et al. 2004; Clark et al. 2006b; Clark et al. 2008; Clark et al. 2009;
Clark et al. 2011a; Clark et al. 2011b). Since there is such a strong affinity for trace-
metals by Bauxsol™ powders and Bauxsol™ pellets few metals are likely to remain
soluble until saturation occurs. Moreover, there needs to be sufficient supply of the
trace-metals to the solids, which appear relatively low in the inlet (mostly <0.01
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mg/L). Consequently, the observed small changes in Ag, Hg and Fe concentrations on
Bauxsol™ pellets (Table 7.2) were most probably due to analytical variability. In
contrast, the weaker trace-metals binding on soil particles in the control canal (Table
7.2) may be explained by leaching of trace-metals from the gravel layer (i.e. chemical
weathering of minerals surfaces and weak binding of trace-metals).

Trace-metal binding on soil particles in the experimental canal was weak because of
low concentrations reaching this layer (Table 7.2). However, trace-metals removal by
experimental soil was slightly higher than in the soil layer of the control canal,
probably because of specific environmental conditions (i.e. pH of the water of the soil
layer at 8.4+0.1; Figure 7.5 A) (Brady and Weil 2008).

7.4.1.4. Nitrogen removal

Geochemical processes, rather than biological, may explain part of the nitrogen
removal in both canals outlets (Figure 7.11). The high removal rate of ammonium
(Figure 7.13) may in part be due to geochemical binding as showed by the loading of
ammonium found on the soil particles in both canals (Table 7.3 A). Efficient binding
of NH," to soil particles is due to the high affinity of the soil organomineral
complexes (Gobat et al. 2004; Brady and Weil 2008). Moreover, the higher removal
rate of ammonium found in the control canal outlet (Figure 7.13 B) may be attributed
to struvite (MgNH4PO,) precipitation [i.e. NH," combines with PO,* and Mg** from
the reactive olivine contained in the basalt gravel (Babic-Ivancic et al. 2002; Despland
et al. 2011, Chapter 5)]. Struvite precipitation was probably weaker in the
experimental canal as high calcium conencentration interfered with struvite formation
(Babic-Ivancic et al. 2002) and phopshate was predominantly bound as MgHPO, and
CaHPQ,. Clark et al. (2008) found for sewage effluents that struvite precipitation
could account for a 50% reduction in NH,".

Nitrate removal in the experimental canal outlet (Figure 7.15 A) before 12 weeks may
partially be explained by strong nitrate bound on Bauxsol™ pellets (Table 7.3 B). It
may be hypothesised that the binding was via a ligand exchange mechanism, but to
date Bauxsol™ has not been studied for its nitrate binding capacity. However, Dr

Malcolm Clark (personal communication, 2012) suggests that equilibrium between
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nitrate and Bauxsol™ can establish regardless of the nitrate concentration, which

removes some 16% of soluble NO5".

7.4.2. Geochemistry influencing microbiology and vice-versa

7.4.2.1. Free-floating bacterial communities

The observed differences between DGGE profiles of the free-floating bacterial
community (Figure 7.17 & Table 7.5; Appendix 9.8, Figures 9.26-9.33) were mostly
attributed to shifts of band dominance and relative intensity variations of common
bands. The variability of the composition of wastewater at the inlet (e.g. ammonium
and nitrate concentrations; Figures 7.13 & 7.15) and subsequent changes of water
conditions imparted by the materials in the canals (e.g. alkaline pH, spatial and
temporal changes in ammonium and nitrate concentrations in the experimental canal,
Figures 7.5 A, 7.13 A & 7.15 A, spatial and temporal variability of nitrite and nitrate
concentrations in the control canal, Figures 7.14 B & 7.15 B) were probably the main
factors impacting on the free-floating microbial communities. Imfeld et al. (2010)
reached a similar conclusion in their study, showing that the changes in water
conditions (i.e. oxic to anoxic environment) impacted on the bacterial community

from the aqueous phase of a constructed wetland.

7.4.2.2. Attached bacterial community

The results of the DGGE analysis of the 16S rDNA amplified products from solid
samples in the experimental canal (Figure 7.18; Appendix 9.8, Figures 9.34-9.45)
showed a distinct and well-adapted bacterial community attached to the Bauxsol™
pellets; this community has developed from both the inlet and the soil pre-experiment
bacterial communities (i.e. similar bands’ dominance at 4 months on DGGE profiles
of Bauxsol™ and soil layers; Figure 7.18). The temporal differences within Bauxsol™
pellet profiles may be a sign of species’ specificity and could show a shift in the
ecological strategy of the bacterial community from a r-strategy (i.e. rapid
colonisation of new environment by species with a high rate of reproduction) to a K-
strategy (i.e. specific and competitive species well adapted to the environment; Gobat
et al. 2004; Madigan et al. 2012).
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