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Abstract In Western-Europe, agricultural practices
have contributed to environmental problems such as
eutrophication of surface and ground water, flooding,
drought and desiccation of surrounding natural hab-
itats. Solutions that reduce the impact of these
problems are urgently needed. Common reed (Phrag-
mites australis) is capable of sanitizing surface water
and may function as green energy source because of
its high productivity. Here, the results of an exper-
iment in a constructed wetland in the Netherlands are
presented where two different sanitation treatments
were compared. Depending on the residence time and
volume per unit area, reed is capable to reduce the
total amount of nitrogen in the water with average
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efficiencies from 32 to 47% and the total amount of
phosphorous with 27-45%. Although biomass pro-
duction still varies largely between different parts of
the constructed wetland, a rapid increase in biomass
was observed since planting. Constructed wetlands
with reed provide opportunities to improve water
quality and reed produces enough biomass to serve as
green energy source. Moreover, these wetlands also
function as a flood water reservoir and are possibly
advantageous for biodiversity. The optimal moment
of reed harvesting depends on the goal of the owner.
This moment should be chosen wisely, as it may have
consequences for reed filter regeneration, biomass
production, biodiversity, methane emission and water
sanitation efficiency.
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Introduction

A low-lying country like the Netherlands has to cope
with numerous problems in its water management.
With half of the country below sea level, flooding is
always imminent (Meerburg and Van der Werf
2008). If climate changes, the challenges faced
by both water managers and land users will only
increase (Middelkoop et al. 2001; Van Koningsveld
et al. 2008). Besides flooding risks, another important
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problem is surface water pollution. The European
Water Framework Directive (EWFD, 2000/60/EC)
obliges all EU member states to ensure that the
quality of surface and ground waters reaches a high
standard (‘good ecological status’) by the year 2015.
This is important, as during the past decades, the
main rivers forming the Dutch delta (Rhine, Waal,
Scheldt, Meuse and Jssel) gradually became polluted
with nutrients (Wendland et al. 2005) and industrial
waste (Kooistra et al. 2001; Van Vliet and Zwolsman
2008). Agricultural practices have contributed to
these problems: flood risks were increased by rapid
water drainage, and excess in nutrients from fertil-
izers and manure polluted ground and surface water
(Oenema et al. 1998; Huijser et al. 2004).

To find solutions for these problems a pilot study
was started in 2006 at the Lankheet Estate near the
village of Haaksbergen, Overijssel Province, the
Netherlands (52°07’49.20"N, 6°42/59.73"E). In this
pilot project innovative approaches in land use are
tested for their efficiency and feasibility for water
management. The project aims to create a constructed
wetland that combines different functions in order to
show the benefits of such a multifunctional system.
Combining functions is an important precondition
when solving water problems (Van Koningsveld et al.
2008) and moreover, constructed wetlands might
offer land owners (e.g., farmers) new opportuni-
ties to generate an income (Meerburg et al. 2009).
At Lankheet, four functions are combined: surface
water sanitation, periodic water retention in case of
floods, biomass production for green energy, and
nature conservation. It is investigated whether
these functions can be combined ecologically and
economically. In this article, we will focus on the
results of surface water sanitation and production of
biomass.

The constructed wetland was planted with reed
(Phragmites australis). This crop can maintain its
productivity under various water regimes allowing
for temporary water storage and conservation.
Nutrients that are taken up by the crop, are removed
from the water when the reed is harvested annu-
ally (Verhoeven and Meuleman 1999; Toet et al.
2005). At the Lankheet estate, possibilities to use the
biomass as source for green energy are further
investigated. The pilot study also includes an assess-
ment of the hydrological consequences of the
constructed wetland (Querner and Mulder 2007)
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and the possible development of marsh forests (not
presented in this paper).

Materials and methods
Description of the study area

Lankheet is an estate of about 500 hectares on sandy
soils with both forests and farmland. The oldest
relicts of irrigation systems at this estate date from
the thirteenth and fourteenth centuries. Three irriga-
tion meadows were constructed at the estate at the
end of the nineteenth century. During the winter,
nutrient rich brook water was used to irrigate the
meadows to increase soil fertility. This old method
was frequently applied in the higher regions of the
Netherlands. It increased grass production, allowing
three harvests per year. Moreover, the grass sod was
kept frost free during the winter, resulting in an early
start of the growing season in the spring. A side-
effect was that hazardous insects and moles
were dispelled. However, the introduction of artificial
fertilizers made these meadows obsolete.

The estate is located along a brook (called
‘Buurserbeek’) that has total length of 16.2 km.
This brook was used for transportation of goods
(mainly wood) until about 1850. Since that time, the
main function of the brook has been water drainage,
while at the end of the nineteenth and the early
twentieth century it was also used for the irrigation
purposes that were mentioned before. Similar to
other brooks and many waterways in the Nether-
lands the Buurserbeek is currently eutrophied by
run-off and leaching of nutrients from heavily
fertilized farmlands upstream and from wastewater.
Moreover, the brook has been canalized and its
drainage is so powerful that it is causing desiccation
in the surrounding areas. The water board in the
region (Waterschap Rijn and IJssel) claims that for
Dutch conditions water quality in the brook is
average, and N (nitrogen), Zn (zinc), Cu (copper)
exceed critical regional or national standards (Anon-
ymous 2007).

Experimental site

The estate owners and the local water board agreed to
extract water from the brook in 2005 and lead it to a
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field planted with reed. A water supply canal was
especially excavated for this purpose.

A 5 ha field was transformed into six experimental
reed filters (Fig. 1) surrounded by dikes. The six
filters I-VI (ca. 0.5 ha each) have been planted with
reed rhizomes in August 2005 (4/m2; each 20-30 cm
long). The inflow into the reed filters varied between
230 and 650 m> day .

The nutrient load in the water supply canal is
constantly monitored by a sampling point. Moreover,
the inflow of eutrophic brook water across the six
reed filters is controlled by pumps, flow meters and
samplers. The outflow is led through a network of
water courses to restore the water table and ecology
of the surrounding desiccated forests with “purified
water”. Each reed filter consists of three sections
(a, b, and c, see Fig. 1), which are separated from
each other by dikes.

For each reed filter, the water intake volume and
water output are measured by flow meters and
registered by a central computer. For every 100 m’
of water through flow a signal is given to the
discharge-proportional sampler, which takes a sample
of about 80 ml and stores it in a cooled bottle.

Fig. 1 Structure of the six reed filters. Each filter (I to VI)
consists of three sections (a—c). Circles represent flow meters,
either input or output. Stars represent proportionate samplers

To assess the sanitation effect of the reed filters the
brook water is sampled before the intake points and
beyond the outlet. Every 24 h such a bottle is filled.
After a week, output samples are mixed separately for
every of the six reed filter. Input samples are only
taken by two proportional samplers at filters II and IV
and also mixed separately at the end of the week.
Samples are analyzed for total amounts of phospho-
rous (TP) and nitrogen (TN), nitrate (N-NO3) and
orthophosphate (ortho-P) with a spectrophotometer
after chemical dilation in prefilled test tubes (Hach
Lange, Tiel, The Netherlands).

After initial testing in 2006 and in early 2007,
the study started late May 2007 and lasted seven
consecutive weeks until late July. The difference
between the chemical composition of the water at the
input and the output was calculated in order
to estimate nutrient removal and storage (kg ha™'
week ') by the reed filters. Also the efficiency
(% removal) was estimated.

Testing procedures

Two different treatments were compared in order to
find out how the best sanitation efficiency could be
reached. During the first treatment, treatment A, the
locks in the dikes between the sections in the reed
filter were all open and the water that was pumped
into a reed filter was allowed to stay in sections a, b
and c for 24 h. This treatment was applied on reed
filters I, IIT and V. During the second treatment,
treatment B, the locks in the dikes between sections a,
b and c of the reed filter were closed and the water
was pumped from section to section after it had been
in the previous section for 6 h. This treatment was
applied on reed filters II, IV and VI. So, residence
time per unit area was 24 h in treatment A and 6 h
per unit area in treatment B. Consequently, there was
water in all three sections simultaneously in reed
filters under treatment A and only in one section per
time period in those filters under treatment B. The
reader should thus be aware that the size of the unit
area and the volume of water differed between
treatments.

For each treatment, the average concentration of
the inlet was compared with the average concentra-
tion of the outlet using a two-sided unpaired ¢ test.
This comparison was made for TP (total phosphorus),
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TN (total nitrogen), N-NO3 (nitrate), and ortho-P
(orthophosphate).

Biomass was sampled at 72 locations in the first
year after construction, September 2006, in order to
determine the dry weight (g m™?). In 2007 the
biomass production of the six reed filters was
measured five times via destructive harvesting and
indirectly by using the CropScan® multispectral
radiometer. The indirect method by the Crop Scan
was applied in order to assess the variance in standing
crop within and between sections more accurately.
The CropScan measures the reflectance from the
plants in specific bandwidths, which are used to
calculate the Weighted Difference Vegetation Index
(WDVI]) as follows: WDVI = IR — (IR;/ GRy) x
GR(%), where IR and GR are the infrared and green
reflectance of the crop and IRy and GR are the
infrared and the green reflectance of the bare soil
(Uenk et al. 1992). The WDVI-measurements were
used to estimate above ground biomass.

During the initial four biomass measurements two
reed sections of each reed filter were sampled (see
Table 2). During the fifth biomass measurement in
September 2007 all three sections of each reed filter
were sampled (three samples/section). The samples
were dried and the dry weight (g m~2) was deter-
mined. The reed in filter II was harvested in
September 2007, the reed in all other reed filters
was allowed to die-back and was harvested in March

2008. Reed filter II was harvested in September in
order to analyze re-growth capabilities of the reed
and to analyze its nutrient content (data not presented
here).

Experimental results
Water quality

Nutrient concentrations in the water supply canal
were continuously monitored. The nutrient concen-
trations at the inlet of the reed filters did not differ
between the treatments A and B (data not shown).
With increasing nutrient load (kg ha™' week™")
removal of nutrients increased linearly (Figs. 2, 3, 4,
5). Except for Ortho-P, removal efficiencies of TN,
TP, and N-NO; were significantly higher in treatment
A (Figs. 2, 3, 4, 5; Table 1). The treatments signif-
icantly reduced nutrient concentrations from the
inflow to the outflow (Table 2). The nutrient removal
efficiencies of different reed filters during a 7-week
period are presented in Table 1. More water was
pumped out of reed filters IV, V, and VI than was
pumped into these filters (see also Table 1). The
reason for this was the emergence of seepage in these
filters. Unfortunately it was impossible to determine
the quality of this seepage water, which is probably
caused by ground water flows. Water input exceeded

Fig. 2 Comparison of the 5
removal capacity of g 40 _ e 75
nitrogen (N) and the E 30 &= % ° °> O o
efficiency of both ? 20 ,@E]] s / 3 50 %JSD g; — 3 —
treatments (treatment A: = -0 =% o 2 5 00 & o o On o °
squares, treatment B: g 10 ok é °©
circles) g 0 ///géz&, w 0
& 0 20 40 60 80 100 0 20 40 60 80 100
TN loading. kg/ha/week TN loading. kg/ha/week
Fig. 3 Comparison of the 35
removal capacity of nitrate g 40 o 100
(N-NO3) and the efficiency E 30 = ; 75 o
of both treatments B B e & "
2 20 = s S 50 g ° O A
(treatment A: squares, = o O T o .g %Y o og o @ 7y
treatment B: circles) g 10 ol E 25 °° o 3
P o 5
§ o - : : 0 , , :
o 0 20 40 60 80 20 40 60 80

@ Springer

Nitrate-N loading. kg/ha/week

Nitrate-N loading. kg/ha/week



Wetlands Ecol Manage (2010) 18:463-470 467
Fig. 4 Comparison of the 35
removal capacity of g 1.0 S -0 100

= S o o
phosphate (P) and the 8 o7 8 =° S, 70 T 8 @ © 38
efficiency of both > 04 2 40 RS 55T o

=}

treatments (treatment A: = = .g 10 P aéf
squares, treatment B: % 0.1 uEl -20 = -
. " -
circles) E oo 50

& 0.0 0.3 0.6 0.9 1.2 1.5 0.0 03 0.6 0.9 1.2 1.5

TP loading. kg/ha/week TP loading. kg/ha/week
Fig. 5 Comparison of the ?;
removal capacity of ortho- s 08 . 100 = % o
B Q0 a

phosphate (ortho-P) and the E 0.6 o <, 70 = 5 Bo
efficiency of both B 04 g = g a0 o @f 0 o
treatments (treatment A: = 0.2 - Jé/?fe .g 10 o
squares, treatment B: S oo o E Ll @
circles) e PO w B

§ -02 -50 o

o 0.0 0.2 04 0.6 0.8 0.0 0.2 0.4 0.6 0.8

Ortho-P loading. kg/ha/week

Ortho-P loading. kg/ha/week

Table 1 Efficiencies of the different reed filters in the removal of nutrients from the water (TP = total phosphorous, TN = total

nitrogen)

Reed Treatment Water in Water out Efficiency Efficiency Ortho- Efficiency TN Efficiency

filter (m® week ™) (m® week™") TP(%) P (%) (%) N-NO; (%)

1 A 3,040 2,949 60 79 42 47

I B 2913 2,840 46 58 31 36

I A 2,812 2,385 49 52 55 63

1AY B 3,148 3,318 23 35 39 50

\% A 3,405 3,460 26 27 45 52

VI B 3,070 3,515 14 30 26 33

Avg. efficiency 3086" 2931* 45* 53* 47* 54*
treatment A (%)

Avg. efficiency 3050 3243° 27° 41° 32° 40°

treatment B (%)

Means with the same letter were not significantly different (P > 0.05)

Table 2 Average concentrations £SE (n = 38) for in- and
outflow of the reed filters

Nutrient Concentration in mg 1='  Concentration out mg 1~

TP 0.106" = 0.006 0.06" = 0.003
Ortho-P 0.042* + 0.004 0.016" & 0.002
TN 536" +0.36 332" +£0.27
N-NO;  4.48" +0.33 2.53° £ 0.24

Means with the same letter were not significantly different
(P > 0.05)

that of water output in the other reed filters,
presumably caused by evaporation and/or infiltration.

However, also in the other filters the emergence of
seepage could not be excluded.

Biomass productivity

Biomass production increases rapidly over the years.
On average, standing crop in September 2006 based
on reflectance measurements was 221 g m~>. One
year later, at the end of September 2007, standing
crop increased to an average of 903 g m™ 2. Clearly,
2 years after transplanting rhizomes, still quite some
variation in standing crop occurs (Fig. 6).
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Fig. 6 Box and Whisker Biomass
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In this study, common reed (Phragmites australis)
was used to create a multifunctional system that
combines surface water sanitation, water storage and
green energy production. The results so far are
promising: the soil-reed—microbe system is capable
of filtering significant amounts of nutrients from the
water and biomass production is considerable.

The current ecological status of Dutch surface
waters is constantly monitored in line with the
demands of the European Water Framework Directive
(EWFD, 2000/60/EC). New targets are to be set to
reach the “good status”. In 2009 the EU member states
should finish a first policy plan for each international
river basin district containing a “programme of
measures” to reach the EFWD-goals.

Critical threshold values for TN and TP are not yet
defined for the surface water body “Buurserbeek”.
This is a task for the province of Overijssel, where the
Lankheet estate is located. Preliminary critical
threshold values for a good ecological perspective
were recently provided: 2.5-4 mg N/l and 0.12—
0.14 mg P/1 (Anonymous 2008).

Our results demonstrate that the critical value for P
is not problematic, while for N this still remains
questionable. The residence time (time that the water
remains in the filters) seems to be very important for
the efficiency of reed sanitation, a conclusion shared
by others (Schulz et al. 2003). Table 1 and Figs. 2, 3,
4, 5 show that with increasing residence time
sanitation efficiency also increases, especially for
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increased to 72 h in three filters. Now efficiencies of
54, 61, 80, and 85% were obtained for TP, Ortho-P,
TN, and N-NOj;, respectively. Residence time is
currently being investigated more in detail. Further-
more, Figs. 2, 3, 4, 5 clearly indicate a non-saturating
linear relationship between nutrient load and nutrient
removal. This suggests that soil-plant-microbe sys-
tem is not saturated and is probably capable to deal
with higher nitrogen and phosphorous loads. Nitrogen
removal in constructed wetlands depend on the
combination of factors, such as denitrification, plant
uptake and volatilization. Many of these processes
are pH dependent (Vymazal 2007).

At Lankheet, the average pH of the reed filter soils
was measured in 2006, 2007, and 2008 and the mean
results varied between 6.1 and 6.2, whereas the pH of
the surface water was around 7.0. But pH is only one
soil characteristic. Other soil properties (such as
carbon, redox potential, DO (dissolved oxygen) level
at the soil water interface) are also important for the
efficient removal of nutrients from the water (Sook-
nah and Wilkie 2004). Among others, these proper-
ties will be analyzed the forthcoming years.

The loading rates for TN and TP in this system are
considerably lower compared to those of constructed
wetlands for wastewater treatment (Vymazal 2007).
This is due to the fact that for surface water sanitation
high volumes of water with a relatively low concen-
tration of N and P have to be sanitized. However, this
means that in order to sanitize surface water large
areas next to surface water bodies are required. We
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have calculated the area that is needed to compensate
for the yearly P-load in the Netherlands (7,000 tons
P), assuming an efficiency of 50%. About 150,000 ha
of constructed wetlands with reed would be needed in
the Netherlands in order to meet the EWFD-targets.

Reed is a highly productive crop (Vymazal 2005),
with documented annual productivities varying
between 10 and 50 t ha™'. Assuming biomass produc-
tivity of 25 t ha_l, 150,000 ha (about 5% of the total
agricultural land available) could potentially produce a
total of 3,750,000 t of reed biomass. This corresponds
to an amount of about 64 PJ thermic green energy,
under the precondition that this quantity of reed can be
used economically and technically. This is a consid-
erable potential and is equivalent to approx. 3% of the
total expected energy demand of the Netherlands in
2030. Two years after planting average productivity
was around 9 t ha™!, with a high variance (Fig. 6).
However, Fig. 6 also shows that 25% of the samples
had a higher productivity than 11 t ha™', with the
highest value of approx. 19 tha™' 2 years after
planting. Generally, it takes up to 4 years for P.
australis to reach maximum standing crop (Vymazal
and Kropfelova 2005), so we may assume that in our
case maximum standing crop is by far not reached yet.

Choosing the moment of harvesting may have
important consequences for the soil-plant—microbe
system, especially on aspects as nutrient-removal,
methane emission, filter regeneration and biomass
production. Harvesting times need to be optimized in
order to combine the different functions as water
sanitation, biomass production and biodiversity goals.

In order to remove the maximum amount of
nutrients out of the soil-plant—microbe system, har-
vesting should start before re-translocation of nutrients
to the root system occurs (late summer). It is known
that this can substantially contribute to the nutrient
removal capacity of the wetland (Brix 1994; Kadlec
and Knight 1996; Verhoeven and Meuleman 1999).
Another advantage is that in this period standing crop is
at its optimum (high energy content), the reed is still
vital and methane production is limited (Sorrell and
Boon 1994; Sorrell et al. 1997; Picek et al. 2007).
However, when nutrients are still located in the plant
when harvested, high concentrations of nutrients in the
biomass may have corrosive effects on the energy
processing plant. More importantly, plant re-growth in
the next year may be lower (Meuleman et al. 2002).
The reed at Lankheet was partly harvested in

September 2007, but the major part was harvested in
early March 2008. Re-growth rates of reed in the filters
that were mown in early March 2008 seemed quicker
than the filter that was mown in September 2007 (data
not shown). However, maximum biomass productivity
was difficult to interpret because of a tremendous hail
storm in June 2008. Conversely, mowing in February
may also have several disadvantages. It may lead to
less biomass production due to loss of foliage (and thus
lower energy content) and lower water sanitation
efficiencies in the long term.

For maximum biodiversity, mowing should prob-
ably take place at the end of February/early March.
Mowing in August or in September/October can have
an undesirable effect on the biodiversity as birds,
insects and small mammals will use reed as cover
during winter (Huijser et al. 2001, 2004; Schmidt
et al. 2005).

Here, we have demonstrated that constructed
wetlands can effectively contribute to the reduction
of nutrients in the surface water and that Phragmites
australis is capable to produce good amounts of
biomass within a few years after the start of the
project. The coming years biomass harvest times will
be further optimized according to the functions that
were mentioned earlier.
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