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Abstract

Background: A major problem with farming systems is the deficiencies in phosphorus (P) due to fixation in soils,
erosion and run-off, and exports of herbal and animal products. P resources for the compensation of these losses
will sooner or later be depleted. For this reason, innovative ideas for phosphorus recycling are highly relevant.
The P excess from farming systems mostly ends up in surface waters, leads to eutrophication, and promotes the
growth of aquatic plants. Particularly invasive neophytes such as western waterweed (Elodea nuttallii) can rapidly
generate high levels of biomass in waters with good nutrient supply and bind relevant amounts of phosphorus.

Methods: In the renatured open-pit mine Goitzsche (Saxony-Anhalt, Germany), biomass from E. nuttallii was
harvested (2005-2008) and the biomass dry matter and the P concentration were determined. The phosphorus
recovery potential from this plant biomass was calculated by extrapolation based on the phosphorus analyses and
the area potentially populated by E. nuttallii. One analysis of E. nuttallii was conducted to evaluate the content of
potentially toxic elements (PTEs).

Results: The results showed that with 0.5 to 6.3 kg P/Mg of total solid (dry matter), E. nuttallii could have a high
potential to recycle phosphorus, e.g., by anaerobic digestion and digestate fertilization. Lake Goitzsche offered an
annual recovery potential from 0.5 to 1.7 Mg phosphorus in the investigation period. This could meet the needs of
114-ha organic farming land based on a 7 kg/(ha*year) regional phosphorus deficit.

The digestate of £. nuttallii is very well suited as a fertilizer due to its high phosphorus concentration. The concentrations
of PTEs in the current digestate (related to an individual case) are sufficient for legal admission in Germany. In this study,
nickel was above the threshold values for Germany. The elevated nickel levels in the Flodea biomass correspond to the
geogenic high nickel concentrations in the sediment of this lake.

Conclusions: Aquatic macrophytes have a significant potential for recovering phosphorus from waters and sediments of
relevant phosphorus concentrations. Further studies of surface water zones, particularly with regard to the aquatic plant
biomass and phosphorus concentration of sediments, are needed to assess future exploration.
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Background

Phosphorus is a non-substitutable plant nutrient and
therefore essential for agriculture and human consump-
tion. Besides the fixation of phosphorus in soils and
losses by erosion and run-off, the main interruption of
the phosphorus cycle is caused by the export of herbal
and animal products from agricultural production [1, 2].
The occurring deficiencies may be compensated by using
organic or mineral phosphorus (P) fertilizers. However,
mineral P is a scarce resource. Estimates for the range of
P reserves differ rather to some extent because of un-
known development parameters, such as an increase in
food production and efficiency enhancement of fertilizer
use [3—7]. Sooner or later, mineral P resources will be
depleted. Especially in organic farming, the compensa-
tion of P deficiencies is limited due to the amount of
available mineral P fertilizers permitted for use accord-
ing to the Commission Regulation (EC) No. 889/2008,
German fertilizer ordinance (Annex 2, Table 1.4 DiMYV)
and standards applied by the organic associations (e.g.,
Demeter, Bioland, Naturland). And thus, P recycling is
necessary for agriculture and is of particular interest for
organic farming.

A potential source of P may be the biomass of aquatic
plants that must be harvested for water maintenance. In
particular, aquatic neophytes such as the two waterweed
species (Elodea nuttallii and Elodea canadensis) play an
important role as they are able to produce a lot of bio-
mass in a short time under favorable conditions.

E. nuttallii as an invasive aquatic macrophyte species
of North American origin was observed for the first time
in 1939 in Europe [8-10]. E. nuttallii grows submerged
in slow-running and standing waters and often breeds
dense stands there [9-11]. In Europe, male and female
plants rarely occur together in the same population, and
regeneration is predominantly vegetative [12]. New
plants develop from shoot fragments, which accumulate
on the ground at the end of a growing period [9, 11].
Therefore, the distribution is effected by means of flow
paths, shipping, and water birds [9].

Generally, a mass growing of aquatic macrophytes
could result in ecological and economic problems. Apart
from the disability of leisure activities and boat traffic,
fluently transferred aquatic plants are able to block hy-
draulic structures especially in autumn. Furthermore,
the decomposition of aquatic plants at the end of a
growth period results in significant oxygen consumption
and release of nutrients. This leads to an accumulation
of fermentation end products in the metabolism of an-
aerobic bacteria which are toxic for many aquatic organ-
isms [13, 14]. Hence, their population in German waters
needs to be reduced, e.g., by mechanical removal [14].

According to a number of estimates from 2008, the
cost for the removal of weeds from unnatural running

Page 2 of 10

waters (constructed waterways) in Germany amounted
to about 100 million euros per year [15]. When consid-
ering the increasing spread of neophytes in non-floating
waters, these costs could be higher. According to esti-
mates, only the cost for disposal of the biomass amounts
to about 20 million euros [16].

The necessity of harvesting the aquatic plant biomass
and the associated costs requires a possibility of use in-
stead of disposing of the biomass as a waste.

Discontinuous anaerobic digestion trials were con-
ducted to evaluate the suitability of aquatic plant bio-
mass as a substrate for biogas production. The results
indicate that aquatic macrophytes, such as E. nuttallii,
have appropriate substrate characteristics and allow con-
siderable biogas yields comparable to hay to be achieved
[17]. During anaerobic digestion, methane (CH,) and
carbon dioxide (CO,) are formed, but nutrients like P
remain in the digestate [18, 19].

With a share of 1.0 to 1.6 kg P/Mg of total solid (accord-
ing to the results of previous investigations), E. nuttallii
has a potential as a phosphorus pool, being suitable as a
substrate for the extraction of P resources by means of
regular harvesting and anaerobic digestion [14].

The aim of the study was to estimate the potential of
P recovery through harvest and anaerobic digestion of
aquatic macrophytes (especially E. nuttallii) with the ob-
jective to use the digestate as a fertilizer in agriculture
within the legal limits for heavy metal concentrations.

Methods

Study site and sampling

The study area was Lake Goitzsche (51° 37" 35" N, 12°
21" 49" E), located in a renatured mining area near
Bitterfeld (Saxony-Anhalt) in central Germany. As a re-
sult of a flood in the summer of 2002, the nutrient-rich
water of the river Mulde provoked a short-term eu-
trophication of the lake. Due to a high number of P-
binding cations (especially iron), phosphorus was rapidly
fixed in lake sediments [20]. Consequently, the nutrient
content of water bodies decreased to a nutrient-poor
(oligotrophic) range [20]. Currently, the water conditions
of the lake are oligotrophic to mesotrophic (middle nu-
trient status) and chemically neutral (pH 7) [20]. The
lake surface is 1331 ha (13.31 km?) at 75 m above sea
level. Lake Goitzsche has a maximum depth of 49 m
and holds a volume of 212.8 million m® water, which
makes it one of the largest lakes in central Germany
[20-22]. The area of the littoral, where sunlight
penetrates all the way to the sediment and allows
aquatic plants to grow, is 399 ha [23].

The invasive macrophyte species E. nuttallii ranked,
beside Characeen, as a dominant species in Lake
Goitzsche in 2005, 2006, 2007, and 2008. The first of the
monthly sampling campaigns within a year was between
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May and June and the last between September and
December.

Over the investigation period, fresh matter of E. nut-
tallii from Lake Goitzsche was intensively examined in
the sub-basins Pouch, Birenhof, Niemegk, Miihlbeck,
and Dobern (Fig. 1) [20, 23-25]. Since sprouts of E. nut-
tallii died off in winter and sprouted again from the re-
sidual root system of the sediment in the next spring,
the samples from the whole vegetation period could be
used for an annual balance of E. nuttallii biomass. Due
to the significant dominance of E. nuttallii over Charac-
een, only the data of E. nuttallii were used for the calcu-
lation in this study.

The sub-basins were marked by fixed white ropes
along a line on the ground to facilitate rediscovery of the
same areas over years. For sampling, two divers used
weight belts and a depth gauge to determine the desired
depth. At depths of 1, 2, 3, 4, and 5 m, a steel frame of
1-m” size was placed. From this steel frame, the total
biomass of macrophytes was harvested (without the root
system, by cutting near to ground level) and collected in
a mesh bag. Following the complete harvest of 1 m? the
mesh bag was brought up to the accompanying boat and
transferred to a plastic bag.

During every dive, all depths were examined with re-
gard to new growth. Only sporadic developments of
macrophytes in some sub-basins were not included in
the harvest. In the case of repeated sampling, the steel
frame was positioned on non-harvested areas at appro-
priate depths.

For analyses of potential toxic elements (PTEs),
Lake Goitzsche was sampled on the 23rd of June
2011. This sampling was made in the Miihlbeck sub-
basin near the peninsula Pouch (51° 37" 43.2" N,
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012° 22" 50.9” E), not far from the shore and at a 0.
5-m water depth.

Analysis

The plants were weighed at the shore (fresh matter) and
transported to the laboratory, where they were flushed
with water to remove sediment, as well as cut and air-
dried. Grinding was carried out using an Ultra Centrifu-
gal Mill of type Retsch ZM1 using a 0.25-mm titanium
sieve insert. The fresh samples of E. nuttallii were
weighed and dried at 105 °C to a constant weight to de-
termine their total solids (TS) following DIN 12880. An
aliquot of the dried sample was milled and heated to
550 °C in a muffle furnace to determine the content of
volatile solids (VS) according to DIN 12879. According
to Weiflbach and Strubelt, the TS and VS contents of all
samples were corrected for the volatile organic com-
pounds that were lost during oven drying, i.e., lactic
acid, volatile short-chain fatty acids (C2—C7), methanol,
ethanol, and propanol [26].

The determination of the phosphorus concentration
was carried out by spectrophotometric detection accord-
ing to DIN 38405-D11: 0.5 g of dried (at 105 °C) and
milled plant material was eluted with a mixture of 5 ml
HNO3; and 0.5 ml H,O, at 260 °C, filled with 50-ml
water and analyzed by means of inductively coupled
plasma-optical emission spectrometry (ICP-OES).

The minimum, maximum, and mean values of phos-
phorus concentrations for each year were determined,
whereby all depths of the different dives, including the
unvegetated depths (zero gram biomass), became in-
volved (except minimum determination).

For the ICP-MS analysis of PTEs (As, Pb, Cd, Ni, Cr,
Cu) using samples from an investigation in 2011, 0.5 g
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of milled plant material was eluted with a mixture of
4 ml HNO; (65%) and 0.5 ml H,O, (30%) for 30 min at
10 MPa and 250 °C. For the pulping processes, an ultra-
CLAVE III Microwave Digestor (MLS GmbH) was
employed. The resulting solutions were filtrated by
means of a cellulose-acetate membrane (Sartorius) of 0.
45-um pore size and filled with deionized water (MilliQ-
Element; Millipore) to 50 ml, ensuring that an analysis
would be carried out using a PerkinElmer SCIEX Elan
DRC-e inductively coupled plasma mass spectrometery
(ICP-MS). Additionally, the P concentration was deter-
mined by means of an ICP-MS and the zinc (PTE) con-
centration by means of inductively coupled plasma-
optical emission spectrometry (ICP-OES).

Anaerobic digestion batch tests

The potential of the harvested macrophytes to produce
methane by anaerobic digestion was measured in bio-
chemical methane potential (BMP) tests on a laboratory
scale, following the standardized method protocol VDI
4630 published by the Association of German Engineers
[27]. Eudiometers (Neubert Glas GbR, Geschwenda,
Germany) were used as gas production measurement de-
vices to determine the specific methane yield of the E. nut-
tallii plant material. The samples consisted of 500 g of
inoculum and approximately 2.5 g of volatile solids (VS)
of the substrate, each in three replications. The inoculum
was derived from the DBFZ research biogas plant, which
was operated at 37 °C using corn silage and cattle manure
as the feedstock materials. Digestate from the primary di-
gester was sieved (5 mm) and degassed at room
temperature for 5 days to decrease the residual biogas
generation. The inoculum to substrate rate (ISR) was ap-
proximately 2:1. In addition to the sample materials, a
blank sample containing solely inoculum was tested to de-
termine the endogenous methane yield in order to sub-
tract it from the sample methane production.
Microcrystalline cellulose was used as a reference sub-
strate, to monitor the inoculum performance. The head-
space of the sample flasks was flushed with nitrogen prior
incubation. Headspace correction was carried out as de-
scribed in the method description VDI 4630 [27]. The test
was operated under mesophilic conditions (38 °C), while
stirring once a day. Gas composition measurement was
completed using a land fill gas monitor (GA2000, Ansyco,
Karlsruhe, Germany). The BMP test concluded when the
daily biogas production was below 1% of the total biogas
production over a period of five consecutive days. The
specific methane yield was calculated under standard con-
ditions 273.15 K and 1.01325 x 10° Pa.

The calculation of the phosphorus recovery potential
The total P recovery potential (TP, was calculated by
multiplying the total solid of E. nuttallii produced in the
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littoral zone of Lake Goitzsche (TSjora) by the average
P concentration (TP,ean)-

For the assessment of the fulfillment of phosphorus
demand in organic farming, a study by Harzer [28] was
taken as a basis. This study presented phosphorus ac-
counting in nine organic farms between 2003 and 2004.
The investigated organic farms were located in four dif-
ferent agricultural regions in Saxony-Anhalt and classi-
fied by their yield in the following groups: three cash
crop farms with low yield (soil quality (Ackerzahl) < 40),
three mixed farms with middle yield (soil quality (Acker-
zahl) 40-60), and three crash crop farms with high yield
(soil quality (Ackerzahl) >80). One farm was classified
as a cash crop farm due to the low stocking density (< 0.
2 livestock unit). The accounting was made by the
computer-aided balance model REPRO. One of the
farms showed particularly high P surplus (26 kg P/
(ha*year)) due to imported manure. The added P quan-
tity of that one of the investigated farms was equivalent
to three times the amount that would be expected from
manure under complete feeding of all growths. As this is
a non-regular condition for organic farming, this farm
was not included in the calculation of the mean P deficit.
The balance results showed P deficits between — 14 and
-1 kg/(ha*year) [27], which resulted in a mean phos-
phorus deficit of 7 kg P/(ha*year).

Estimation of the concentrations of P and harmful
substances in digestates

During anaerobic digestion, elements not converted to
gas will increase in concentration due to the mass reduc-
tion by decomposition of organic matter [29]. As the
water remains undegraded, the enrichment is higher in
the total solids (TS). This change is important for the
evaluation of the suitability as a fertilizer under the con-
ditions of German law (German fertilizer ordinance,
Annex 2, Table 1.4). There are limit values of heavy
metals in fertilizers, related to the concentration in the
DM. It is possible to determine the change by a specific
enrichment factor (EF). The mass of biogas corresponds
to the mass reduction of the substrate. Biogas contains
(after gas cleaning, separation of NH3 and H,S contents
and its return into the digestate) only C, H, and O, as
the other elements became enriched. Thus, the enrich-
ment factor of the TS resulted from the relation between
the initial total solid and the mass of the total solid of
the digestate. As a basis for the calculation, the cor-
rected mean values (WeifSbach correction) of total solid
(TSy), volatile solids (VSy), the net average of specific
gas production (q), and the mean mass fraction of me-
thane in biogas (wcpg) (results of the batch tests) were
used. On this data basis, a mass calculation of the total
solid (mrg), volatile solids (myg), ash (my), and water
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(mpno) was carried out for a chosen value of fresh mat-
ter (FM =1 g).

Results

In general, the highest density of plant cover was deter-
mined during autumn. The results showed a variable,
planar occurrence of E. nuttallii. The amount of fresh
matter harvested per square meter varied between a few
grams and several kilograms. On average, for all depths
and locations, from 50 to 220 Mg of total solid could be
harvested per square kilometer and year (Table 1), which
corresponded to yields of 0.5 to 2.2 Mg/ha. This is a
modest amount of total solid as compared with agricul-
tural land, but if the harvesting has an additional pur-
pose such as cleaning the water, this amount of plant
material might be a valuable benefit.

The mean total P concentration (TP,,.,,) varied from
1.9 kg P/Mg TS (2006, 2007) to 2.4 kg P/Mg TS (2005)
(Table 1).

For estimating the phosphorus concentration change
during anaerobic digestion, the enrichment factor was de-
termined, as described above. The results of the batch
tests as well as the results of the mass calculation, used as
a basis, are presented in Table 2. As the initial TSs before
anaerobic digestion of 0.073 and 0.016 g were converted
to biogas, an enrichment factor of 1.28 was achieved.

The phosphorus concentration in the digestate was de-
termined using an enrichment factor (EF = 1.28). The re-
sults are presented in Table 3.

The potential toxic elements (PTE) concentrations in
the digestate based on the dataset of 2011 were also cal-
culated using the enrichment factor and compared with
the threshold values in fertilizers according to the
German fertilizer ordinance (Annex 2, Table 1.4 DiMV)
(Table 4).

Table 1 Results of the projection of the phosphorus recovery
potential from the years 2005 to 2008

Year 2005 2006 2007 2008
TSmean Mg TS/km?] 496 60.7 2198 70.0
TSumin value Mg TS/km?] 05 17 8 0.2
TSmax value [Mg TS/km?] 313 283 1108 577
TSitroral Mg TS] 197.8 2422 8772 279.1
TPrmean lkg P/Mg TS 24 1.9 1.9 2.1
TPrmin value lkg P/Mg TS 12 09 05 05
TPrax value tkg P/Mg TS 63 48 49 41
TPoor lkal 474.8 460.1 1666.7 586.1
Mgl 047 046 167 059

Calculation using non-rounded values, reference: Helmholtz-Centre for Environmental
Research - UFZ. Mean value of the total solid of E. nuttallii (TSmean); Minimum
and maximum value of the total solid of E. nuttallii excluding zero values
(TSmin valuer TSmax value); total solid of E. nuttallii of total littoral area (TSjittoral)i
mean, minimum, and maximum value of total P concentration in E. nuttallii
(TPmeans TPmin value:TPmax value); total P recovery potential (TP o)
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The results of the determination of the total phosphorus
recovery potential (TP,o) in kilograms (Table 1) were
taken as a basis for the fulfillment of phosphorus demand
by E. nuttallii digestate from Lake Goitzsche. Referring to
the mean total phosphorus recovery potential (TPpo¢mean)
amounting to 796.9 kg, the average deficit of the examined
ecofarms of 7 kg P/(ha*year) could be covered for about
114 ha (Table 5). Thereby, the relationship between the
littoral area (399 ha of 1331 ha total lake area) and the
area of fulfillment of demand is on an annual average of 5:
1, 6:1, and 5:1 in 2005, 2006, and 2008, respectively. The
most closely related at an average of 2:1 was achieved in a
year of mass development, in 2007. The results of the
(rounded) ratio calculation, also related to the total lake
area, are given in Table 5. Detailed information about data
base, calculations and extrapolation are given in the
Additional file 1.

Discussion

A number of studies demonstrated that sediments were the
main source of nutrients for rooted aquatic vascular plants
in nutrient-poor lakes [30, 31]. An extensive analysis of
phosphorus concentrations in E. nuttallii biomass and
water bodies took place in 2004. The phosphorus content
in E. nuttallii biomass exceeded the phosphorus content in
pelagic zones by far [23]. Consequently, a predominant nu-
trient uptake from the sediment, which could be supported
by laboratory investigations, was assumed [23]. To achieve
high growth rates, E. nuttallii stock relies on sufficient light
[24]. Excavations between the late summer of 2004 and the
spring of 2005 at the shore range had therefore resulted in
lower growth in 2005 compared to the previous years.
Hence, dredging between the late summer of 2004 and the
spring of 2005 in the shore range could have led to lower
growth in 2005 compared to the previous years. As influen-
cing factors for the phosphorus content, fluctuations of lim-
nophysical factors, such as light offering, temperature, and
wind-related turbulences, came into account [25, 30, 32].

In order to assess the fertilizer usability of E. nuttallii
digestate, the potential P concentrations in the digestate,
estimated by using an enrichment factor, were converted
from the elementary form to the oxide form P,O5 by a
conversion factor of 2.2914 [33] (Table 6) and compared
with different organic fertilizers.

It is apparent that the phosphorus content in the
digestate of E. nuttallii is relatively high. Compared to
the given organic fertilizer of plant origin, the P concen-
tration in E. nuttallii digestate with 5.5 to 7.1 kg P,Os5/
Mg TS is significantly higher than the highest concentra-
tion in biowaste compost (3.2 kg P,O5/Mg TS) [34]. Re-
garding the organic fertilizer of animal origin, the P
concentrations of E. nuttallii digestates were slightly
below the phosphorus concentrations of chicken ma-
nure/feces (7.5 kg P,Os/Mg TS) [33], but clearly differed
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Table 2 Results of batch tests and mass calculations

Page 6 of 10

FM TSq Mrs VS, Mys ma Mk20 WcHa g
Unit ] (%0l (e [%0rs] la] ] lal (%] [MIv/Jooml
E. nuttallii 1 73 0.073 66.62 0.049 0.024 0927 580 257.5

Reference: German Biomass Research Centre (DBFZ). Value of fresh matter (FM), percentage of total solid (TSe,), mass of the total solid (mys), percentage of volatile
solids (VSe,), mass of volatile solids (mys), mass of ash (ma), mass of water (my,0), mean mass fraction of methane in biogas (wcpa), corrected (WeilSbach) net average of

specific gas production (q)

from pig manure (1.6 kg P,Os/Mg TS) [34]. Addition-
ally, turkey manure and meat and bone meal exhibited a
considerably higher P,O5 concentration of 12.6 and 156.
8 kg P,O5/Mg TS [34]. Regarding organic fertilizers of
animal origin, it should be noted that there were restric-
tions in the European Ordinance 889/2008. Animal ma-
nure from intensive, non-ecological farming (“factory
farming”) is not allowed as fertilizer for organic farming
systems. For meat and bone meal, an exclusion due to
an evidence of chromium (VI) in milligrams per kilo-
gram TS is intended. Also, the application of bone and
meat meal is limited to the non-edible parts of the
plants. The phosphorus concentration in the digestate of
E. nuttallii regarding the total solid is consequently in a
comparatively high range. With regard to this effect, this
water plant is likely a good fertilizer.

Rock P fertilizers have a 9 to 26% P,Os5 significantly
higher phosphorus content [35], but the finite nature of
the worldwide P reserves should be taken into account.
In addition, plant availability is a fundamental criterion.
For the availability of P rock, a low pH value (< 6) is sig-
nificant. A poor availability could, depending on the
main crop, be only partially improved by suitable catch
crops [36]. On the contrary, substrates for biogas be-
came mineralized by anaerobic digestion, which resulted
in a higher plant availability [17, 18].

By means of enrichment factors, the heavy metal con-
centrations in the digestate were also determined
(Table 4). The legal limits applied in accordance with
Annex 2 of Table 1.4 of the German Fertilizer Ordinance
(German abbreviation: DuMV) are juxtaposed with
heavy metal concentrations in Table 4. The German
Fertilizer Ordinance defined the limits for the heavy
metals arsenic, lead, cadmium, and nickel, which applies
to raw materials and the final product. In the raw mater-
ial (E. nuttallii total solid before anaerobic digestion),
the legal limits of all heavy metals are to some degree
well undercut. In digestate of E. nuttallii, the arsenic

Table 3 Calculation of the total phosphorus concentration in E.
nuttallii digestate (TPpg)

Year 2005 2006 2007 2008
TPrnean [kg P/Mg DM] 24 19 19 21
TP lkg P/Mg DIG] 3. 24 24 27

Calculation using a non-rounded value; reference: UFZ. Mean total phosphorus
concentration in E. nuttallii (TPyean)

quantity reached 33% and the lead quantity 3.3% of the
legal limit. Hence, they were assessed as harmless. With
73.3% exploitation, the concentration of cadmium in
digestate was more critical. With an exploitation of 108.
8%, the nickel quantity was about 8.8% above the legal
limit for fertilizers. As the compliance with legal limits
for heavy metal concentrations is the absolute condition
for the usage of digestates as fertilizers, the exploitation
would be excluded in this case. The heavy metal concen-
trations from this study were not applied to every diges-
tate of E. nuttallii, as the concentrations were not
substrate-specific, but differed depending on location
factors (especially the heavy metal contents of sediment
and water bodies). The comparatively high nickel con-
tent in the sediment of the Lake Goitzsche was of geo-
gene origin.

Zehnsdorf et al. [37] investigated the heavy metal con-
tents in E. nuttallii in the river Parthe in Leipzig (Sax-
ony, Germany) and identified that during 2 years, the
nickel concentration in total solid never exceeded
40 mg/kg DM. The application of E. nuttallii digestate
as a fertilizer in agriculture as a result was not funda-
mentally exclusionary. The respective special heavy
metal concentrations (on a case-by-case basis) were ra-
ther decisively taken for legal admission. With the
current study, the nickel (location-related) and cadmium
concentrations were classified as potentially critical.

Table 4 PTE concentrations of the total solid and the total solid
digestate compared to legal limits

PTE Concentration in TS Concentration in TSpig Legal limit
Unit [mg/kg TS] [mg/kg TS] [mg/kg TS]
As 103 132 400

Pb 39 50 150.0

Cd 0.85 1.1 1.5

Ni 68.0 87.0 80.0

Cr 19 152 -

Cu 16.1 206 -

n 1545 197.8 -

TP 2032 2601 -

Reference: UFZ. Total P (TP), PTE concentrations in the total solid of E. nuttallii
(concentration in TS), concentration in total solids of digestate of E. nuttallii
(concentration in TSpy), and the legal limits of heavy metal concentrations in
fertilizers were given according to the German fertilizer ordinance (Annex 2,
Table 1.4 DUMV)
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Table 5 Results of the calculation of fulfillment of P demand for
the years 2005 to 2008

Year 2005 2006 2007 2008
TPoot kgl 4748 460.1 1666.7 586.1
TPpotmean tkal 796.9

Pdeficit [kg P/ha] 7

Ao [hal 678 65.7 2381 83.7
Aofmean [ha] 1138

A/ Aot - 20:1 201 6:1 16:1

Alittoral/ Aot - 6:1 6:1 2:1 5:1

References: UFZ, [28]. Total P recovery potential (TP,o), mean total P recovery
potential (TPpotmean), Mean P deficit of eight ecofarms in Saxony-Anhalt (Pgeficit),
area of fulfillment of P demand (A5, mean of area of fulfillment of P demand
from 2005 to 2008 (Aot mean), lake area (Ape), littoral area (Ajoral)

In the course of other areas of research referring to P,
the recycling for nutrient recovery shown in numerous
approaches is advisable. These procedures could also be
applicable to digestates [38], but their implementation
would have influence on the economic efficiency due to
an increase of costs. A straightforward solution could be
an admixture of biogas substrates with lower heavy
metal contents, such as straw. The use of pure E. nuttal-
lii substrates could be advisable due to their high water
content, but was not practicable. A mixing with parts of
straw to compensate for liquid loss is essential not only
for silage but also for the use of E. nuttallii in biogas
plants at all. As the addition of other substrates is neces-
sary for usage, there is no contradiction of a possible
mixing and dilution ban, such as might be created in the
planned Ordinance of P Extraction (German abbrevi-
ation: AbfPhosV) [39].

The results of the extrapolation concerning Lake
Goitzsche near Bitterfeld showed a fulfillment of demand
of about 114 ha of agricultural land in organic farming by
taking an average P demand of 7 kg P/(ha*year) as a basis
(Table 5). By December 2015, the share of organically cul-
tivated land in Germany was (with 1,088,838 ha) about 6.
5% of the total agricultural area [40]. The target of the
German government was to increase organic cultivated
land from 6.5% up to 20% [41].

German surface waters (lakes, rivers, canals, and close
coastal waters) have a total area of 867,100 ha [42]. The
total number of non-floating surface waters is currently
unknown; according to a number of estimates, there are
about 15,000 to 20,000 lakes with an area of over 1 ha.

Table 6 Phosphorus concentrations in the digestate of E.
nuttallii in the years 2005 to 2008

2005 2006 2007 2008
P lkg/Mg TS] 3.1 24 24 27
P05 lkg/Mg TS] A 55 55 62

P values were converted to the oxide form P,0s by a conversion factor
(of 2.2914)
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The limnological database of the Brandenburg Univer-
sity of Technology (BTU) Cottbus-Senftenberg includes
about 12,272 water bodies. In addition, German floating
waters form a further potential with a total length of
130,000 km [43]. All those bodies of water also have a
potential for P removal and an extraction of P resources
through the anaerobic digestion of aquatic plants. The
level of the potential depends on complex interactions
(trophy, phytoplankton, etc.), which causes the growth
and the absorption of environmental substances by
water plants [25, 30, 32].

With regard to the transferability of results to other
water bodies and species of aquatic macrophytes, differ-
ent P concentrations are to be expected. This verifies an
analysis of aquatic macrophytes from Lake Tegel (Berlin,
Germany) performed in 2015. The phosphorus content
of 3.2 kg P/Mg DM of E. nuttallii from Lake Tegel was
above the phosphorus content of E. nuttallii from Lake
Goitzsche (Table 1). Lake Tegel had a significant eu-
trophication as a result of the longstanding use of sew-
age farms in North-West Berlin (Schonerlinde,
Blankenfelde, Buch, Hobrechtsfelde). Since 1985, the P
concentration caused by the inflow of Nordgraben and
Tegeler FliefS has been reduced by an industrial-scale
plant (German abbreviation: OWA) [44]. Nowadays, the
nutrient status of the water bodies is mesotrophic [45],
but the phosphorus content in sediment is still high
(sediment samples from 2015 showed phosphorus con-
tents between 0.647 and 1.280 kg P/Mg DM). Similarly,
the additionally analyzed aquatic macrophytes Myrio-
phyllum sp. and Callitriche sp. were found to have high
(ie., 3.0 kg P/Mg DM) or even higher (ie., 4.5 kg P/Mg
DM) phosphorus content, respectively. Due to different
nutrient availability and further limnophysical factors,
the developments of aquatic macrophytes’ biomass also
differ.

Conclusions
The growth of E. nuttallii biomass in Lake Goitzsche
near Bitterfeld (Saxony-Anhalt, Germany) fluctuated
during the investigation period (2005-2008) in the level
and area of occurrence throughout the years. The ana-
lysis of phosphorus content, however, showed only small
differences between 1.9 kg/Mg DM (2006, 2007) and 2.
4 kg/Mg DM (2005). Lake Goitzsche offered a recovery
potential of 0.5 Mg (2005, 2006) to 1.7 Mg (2007) phos-
phorus in the investigation period. This could meet the
needs of 114 ha of agricultural land (ecofarm) on the
basis of a mean demand amounting to 7 kg P/(ha*year).
Compared to other organic fertilizers, especially of plant
origin, the digestate of E. nuttallii is very well suited as a
fertilizer, not only due to the high phosphorus concentra-
tion and the improved plant availability but also due to
mineralization during anaerobic digestion. As a recycling
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product, E. nuttallii digestate fertilizer would also preserve
the worldwide P resources. Compliance with legal limits is
mandated for usage in Germany. The nickel concentration
of samples from 2011 was location-related above the legal
limit and would impede the usage of this E. nuttallii diges-
tate. This shows that site conditions for the quality of the
biomass of aquatic plants are crucial. The usability of the
digestate obtained from aquatic biomass as a fertilizer is
therefore site-specific, especially with regard to the heavy
metal concentrations, and the suitability must be assessed
on a case-by-case basis. Though the analysis of 2011 eluci-
dated the need for heavy metal verification in digestates,
the sole anaerobic digestion of pure E. nuttallii substrate
is unsuitable for practice for different reasons. A common
anaerobic digestion with straw could also reduce the heavy
metal concentrations in the digestate.

The results of this study showed the fundamental poten-
tial of phosphorus recovery through anaerobic digestion
of aquatic macrophytes. For the more detailed recording
of the potential of recycling phosphorus from aquatic
freshwater plants and, in particular, of aquatic macro-
phytes in Germany, further investigation of the surface
waters (regarding the littoral area) is required. Due to the
annual fluctuations of biomass growth and phosphorus
contents, investigations over longer periods are necessary.
For a euthrophication assessment and management, the
evaluation of the P in aquatic macrophytes derived from
water bodies or sediment, which is differing in diverse
water bodies, might become important. A well-founded
assessment of the phosphorus potential in aquatic plants
(regarding recycling and euthrophication aspects) is cru-
cial for sustainability judgment.

Additional file

Additional file 1: Data base, calculations and extrapolation of P
recovery potential, PTEs and Enrichment of Elodea nuttallii. (PDF 277 kb)

Abbreviations

Anake: Lake area [hal; Ajworar Littoral area [m?], [km?], [hal; Aor: Area of
fulfillment of phosphorus demand [hal; Aotmean: Mean of area of fulfillment
of phosphorus demand from 2005 to 2008 [hal; EF: Enrichment factor [—];
FM: Fresh matter [g]; ma: Mass of ash [g]; my.o: Mass of water [g]; mys: Mass
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