
INTRODUCTION

Elodea nuttallii (Planch.) H. St. John is one of the in-
vasive neophytes of the genus Elodea, which have spread
across Europe during the last century (Kowarik, 2003;
Hussner et al., 2010; Hussner, 2012). E. nuttallii was first
introduced to Europe in 1936, almost 100 years after the
closely related Elodea canadensis Michx. had reached
Europe (Simpson, 1984; Kowarik, 2003; Hussner, 2012).
Although E. nuttallii was introduced later than E.
canadensis, it has replaced E. canadensis in many Euro-
pean lakes and rivers (Simpson, 1990; Barrat-Segretain,
2001). The excessive growth of E. nuttallii often has a
negative influence on the economic interests of fishery
and tourism in lakes (Podraza et al., 2008) and can affect
the biodiversity of lakes by out-competing the less robust
native species and by releasing allelochemicals into the
water (Barrat-Segretain, 2005; Kelly and Hawes, 2005;
Erhard and Gross, 2006; Erhard et al., 2007).

The management of invasive macrophytes like E. nut-
tallii can be difficult and it is often limited to mechanical

control methods, because chemical and biological man-
agement methods are commonly restricted or prohibited,
for example by European and national water regulation
laws. The methods most commonly applied in European
lakes are cutting and harvesting of macrophytes. These
methods, however, are often costly and non-specific
(Pieterse and Murphy, 1990). Usually, this leads to short-
term effects only or, as in the case of E. nuttallii, can even
cause the unintentional spread of fragments (Nino et al.,
2005). E. nuttallii, similar to E. canadensis, is able to re-
generate from small fragments (Barrat-Segretain and Bor-
nette, 2000; Barrat-Segretain et al., 2002) and has the
ability to adapt to a large range of environmental condi-
tions, for example low light conditions or low water tem-
peratures (Barrat-Segretain and Bornette, 2000; Jones et
al., 2000; Tremp, 2001; Barrat-Segretain et al., 2002; Bar-
rat-Segretain, 2005; Herault et al., 2008; Angelstein and
Schubert, 2009; Mazej, 2014). Therefore, the fragments
created through cutting enable E. nuttallii to colonise new
locations and spread over a large area. The cutting of E.
nuttalii populations is, as a result of this, commonly com-
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ABSTRACT
The presented study was conducted to determine which environmental factors and conditions can affect the regenerative capacity

and survivability of Elodea nuttallii and therefore the efficiency of mechanical management methods like cutting and harvesting. The
influence of water temperature, light intensity and nutrient concentration in the sediment on the survivability and regenerative capacity
of the invasive species E. nuttallii was determined in three laboratory and one field experiments. E. nuttallii fragments with one to four
nodes were stored in aquaria under constant temperature and/or light conditions. To examine the influence of water temperature, four
aquaria were kept at a constant water temperature of either 15°C or 20°C. The influence of light intensity was studied by shading the
aquaria with different types of mesh. The fragments were stored at constant light intensities of 215, 161, 86 and 31 µmol photons
m–2 s–1. Fragments in aquaria filled with sediment with 20 µg P2O5-P g–1 soil, 150 µg P2O5-P g–1 soil or without sediment were studied
to determine the influence of the sediment. The results of the laboratory experiments showed how the mechanical management methods
are most efficient during periods with low water temperatures, high turbidity or low global irradiation and nutrient poor waters. The
field experiment was designed to study the influence of the nutrient compositions in the sediment on the growth and regenerative capacity
of rooted E. nuttallii. E. nuttallii fragments were planted in compartments treated with PO4

3– and/or NH4
+-fertiliser and were trimmed

after six weeks. The experiment revealed that the growth before a harvest and the growth after a harvest (regenerative capacity) differ
significantly, depending on the nutrient composition in the substrate. An increase of the PO4

3– concentration in the sediment, for example,
reduced the growth of E. nuttallii before the harvest, but increased the growth after the harvest. A treatment with PO4

3– and NH4
+-

fertiliser had an opposite effect on growth and regenerative capacity. The study proved that the environmental conditions have a sig-
nificant influence on the efficiency of mechanical management methods.
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13Influence of environmental conditions on Elodea fragments

bined with a harvest to remove the fragments from the
lake (Pieterse and Murphy, 1990). However, small frag-
ments often remain in the lakes and in some cases the me-
chanical strain of the harvest can increase the amount of
small fragments (M. Hoffmann, personal observation).

Some studies showed that E. nuttallii prefers specific
environmental conditions, for example low light intensi-
ties or warm water temperatures (Kunii, 1982; Kunii,
1984a; Jones et al., 2000; Angelstein and Schubert, 2009;
Mazej, 2014). Those studies also indicated that environ-
mental factors can affect E. nuttallii fragments by accel-
erating or inhibiting their growth. Consequently, some
environmental conditions might increase the efficiency of
mechanical management methods, especially the cutting
and harvesting, by reducing the regenerative capacity and
survivability of fragments of E. nuttallii. The presented
study was conducted to investigate this possibility, more
precisely to determine which environmental factors and
environmental conditions can affect the regenerative ca-
pacity and survivability of fragments and therefore might
affect the efficiency of mechanical control methods.

METHODS

Experimental materials

The plant material used during the experiments was
collected from a mesotrophic water basin (Lake Starn-

berg) near the city of Munich (Fig. 1; Tab. 1: Water -
Lake) in South Germany. Similarly, the water as well as
the sediment were collected from a location in the Lake
Starnberg with a large population of E. nuttallii (Fig. 1).

Laboratory experiments

Experimental setup

The influence of water temperature, light intensity and
sediment conditions on the growth and survivability of
small E. nuttallii fragments was studied in three growth ex-
periments under laboratory conditions. All experiments
were conducted in 40 L aquaria fitted with pumps and filled
with lake water and a 5 cm layer of lake sediment (Tab. 1:
Sediment 1). Based on experiences made during previous
experiments, the water in the aquaria was partially replaced
every two to three weeks to prevent changes in the water
quality. Prior to the experiments, E. nuttallii was cultivated
under laboratory conditions for at least eight weeks. The
plants were stored at a water temperature of 15°C, a 12 hour
day-night rhythm and a light intensity of 215 μmol photons
m–2 s–1 (measured at the water surface). After then, the
aquaria were sub-divided into 24 compartments with
acrylic glass to separate the plant fragments, thus simpli-
fying the identification and measuring of the fragments.
However, the sub-divisions allowed free water exchange
within the aquaria. The lake water and the environmental
conditions used in the experiments were the same used for
cultivating E. nuttallii (Tab. 1: Water - Aquaria).

Based on observations made by the authors during
various management campaigns and field experiments,
four different sizes of small fragments were chosen: E.
nuttallii fragments with a length between one and four
nodes (including the apex) were used during the experi-
ments. Only one fragment was taken from each plant and
placed in one of the 24 compartments in the sub-divided

Fig. 1. Sampling and experimental sites in South Germany
(Bavaria). Lake Starnberg: 1) Plant material and sediment
sampling site, location of field experiment; 2) Lake water
sampling site.

Tab. 1. Nutrient concentration in the sediments and water used
in the experiments.

Sediment NO3
– NH4

+ P2O5-P P2O5-Ptot

(µg g–1 soil) (µg g–1 soil) (µg g–1 soil) (µg g–1 soil)

Sediment 1 <d.l. 5.0 20 500
Sediment 2 <d.l. 352 150 500

Interstitial water NO3-N NH4-N PO4-P % soil*
(µg L–1) (µg L–1) (µg L–1)

Sediment 1 <10 555 16 37.7
Sediment 2 700 741 111 50.8

Water pH NO3-N NH4-N PO4-P PO4-Ptot

(µg L–1) (µg L–1) (µg L–1) (µg L–1)

Aquaria 8.5 300 10 <10 18
Lake 8.5 300 10 <10 18

d.l., detection limit. *Share of interstitial water in the sediment.
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14 M. Hoffmann et al.

aquaria. After seven days of acclimation the length of the
fragments was measured at least once a week for a total
of 56 days (eight weeks). The length of the plants was de-
termined by analysing photos of the fragments with the
measurement software Kappa ImageBase (KIB). This
method was chosen to avoid unnecessary disturbances
during the experiments. At the end of the experiments all
plants were harvested and the final length, as well as the
dry weight, of the plants was determined.

Based on the measurements of the plants, the mean
length increment rates (RGR-L) were calculated as
[ln(final length) – ln(initial length)] / days. Additionally,
the relative growth rate (RGR)=[ln(final dry weight) –
ln(initial dry weight)] / days was calculated for the dry
weight of the plants. The standard error of the mean
(SEM) was computed for mean RGR-L and RGR.

Temperature experiment

The temperature experiment was designed to determine
if the water temperature during mechanical management
can affect the survival and the regenerative capacity of
small E. nuttallii fragments. E. nuttallii fragments with one
to four nodes were placed in four aquaria filled with the
same sediment (Tab. 1: Sediment 1) and water (Tab. 1) used
in the aquaculture and a 12 hour day-night rhythm with a
constant light intensity of 215 μmol photons m–2 s–1. Each
aquarium contained 24 fragments (six of each length)
which were randomly placed in one of the compartments.
Two of the aquaria were stored at a water temperature of
15°C (cold water condition), the remaining two aquaria
were stored at 20°C (warm water condition).

Light experiment

The aim of the light experiments was to study the ef-
fect of reduced light intensities on the survival and regen-
erative capacity of E. nuttallii. The experimental setup
consisted of one control (100% light intensity=215 μmol
photons m–2 s–1) and three variations in light conditions
(75%=161 μmol photons m–2 s–1, 40%=86 μmol photons
m–2 s–1 and 15%=32 μmol photons m–2 s–1). The different
light intensities were created by shading the aquaria with
multiple layers of metal mesh. A total of eight aquaria,
with a setup identical to the one used in the temperature
experiment, were exposed to the light conditions (two
aquaria per light intensity). The aquaria were stored at a
temperature of 15°C.

Sediment experiment

The third experiment conducted under laboratory con-
ditions focused on the influence of the sediment on the
survival and the regenerative capacity of E. nuttallii frag-
ments. Three different setups were used during the exper-
iment: i) two aquaria were filled only with lake water

(Tab. 1: Water - Aquaria) and remained without sediment;
ii) two aquaria were filled with a 5 cm layer of the same
sediment (Tab. 1: Sediment 1) used during the previous
experiments; iii) two aquaria were filled with sediment
collected from a location at the northern lakeshore of Lake
Waging (Fig. 1) dominated by Najas marina ssp. inter-
media L. (Tab. 1: Sediment 2), which contained consid-
erably higher nutrient concentrations than the sediment
used during the previous experiments.

Because of the high mortalities of the fragments with
one node during the previous experiments, only fragments
with two, three or four nodes were used in the experimental
setup. Additionally, the amount of fragments with the same
length was increased to eight per aquarium. The aquaria
were stored at 15°C and a 12 hour day-night rhythm with a
constant light intensity of 215 μmol photons m–2 s–1.

Field experiment

In addition to the laboratory experiments, a field study
was conducted in the Lake Starnberg (Fig. 1). The aim of
the experiment was to determine whether certain nutrients
or combinations of nutrients in the sediment, can affect the
regenerative capacity of E. nuttallii and therefore the suc-
cess of mechanical management methods under natural
conditions. The experimental setup consisted of eight alu-
minium trays, measuring 60 x 20 x 15 cm (width x high x
depth) each with three pods (20 x 20 x 15 cm) and a vol-
ume of six L. The pods contained four L sediment col-
lected from a location dominated by E. nuttallii (Tab. 1:
Sediment 1; Fig. 1) and were planted with four E. nuttallii
sprouts, each with an initial length of eight cm.

Apart from the control, the pods were treated with
NH4

+-fertiliser, PO4
3– fertiliser or a combination of both.

The concentration of NH4
+ and / or PO4

3–, was increased in
each compartment by 200 µg per L interstitial water by
adding the corresponding amount of NH4Cl and Na2HPO4

to the sediment. The upper surface of the compartments
was covered with a 1 cm layer of nutrient free sand to avoid
a direct exchange with the lake water. The controls, as well
as the treated pods, were replicated six times. The alu-
minium trays were placed randomly on a platform at a
depth of three m. The trays were deployed at the beginning
of June 2010 and after one week of acclimation the total
shoot length per pod was measured weekly. Seven weeks
after the start of the experiment all plants were trimmed to
simulate a harvest. The cut plant material was collected and
the fresh weight as well as the dry weight of the material
was determined. At the end of the experiment the remaining
plant material was harvested and weighed.

Chemical analysis

The concentration of soluble reactive phosphorus
(SRP), total phosphorus (total P), ammonium (NH4

+) and
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15Influence of environmental conditions on Elodea fragments

nitrate (NO3
–) in the water was determined using Phosphate

test P6/25 (0.01-5.00 mg L–1 PO4
3–), 14739 (0.01-2.00 mg

L–1 NH4
+) and 14556 (0.1-3.00 mg L–1 NO3

–) from WTW
(Wissenschaftlich-Technische-Werkstätten, Weilheim, Ger-
many) and the photometer PhotoLab S12 (WTW). The
analysis of the homogenised sediment samples was carried
out by AGROLAB Labor GmbH. Extractable phosphorus
and total phosphorus were measured as P2O5-P using the
acetate lactate method for extractable phosphorus and in-
ductively coupled plasma optical emission spectrometry
(DIN ISO EN 11885) for total phosphorus. Nitrate was
measured by flow analysis (DIN ISO EN 13395-D28) and
ammonia according to DIN ISO EN 38406-E5.

Statistical analysis

Statistical analysis was conducted using the free sta-
tistic software R (ver. 2.10.1, The R Foundation for Sta-
tistical Computing). Data from the measurements were
analysed with two-way analysis of variance (two-way
ANOVA) and LSD (Least Significant Difference) post-
hoc tests with Bonferroni correction to identify significant
differences between groups. The interaction between the
environmental conditions and the growth of E. nuttallii
was analysed with a linear mixed effect model (R-package
nlme). The linear mixed effect model was fitted by re-
stricted maximum likelihood (REML) and contained a
random intercept mixed effect with the subject (plant) as
random. The length as function of the time and the envi-
ronmental conditions and/or the amount of nodes was as-
sumed as fixed effect for the linear mixed model.

RESULTS

Laboratory experiments

Temperature experiment

The mortality of the fragments decreased with a
higher amount of initial nodes (Tab. 2). In the aquaria

with a water temperature of 20°C, more than 90% of the
fragments with one initial node died during the experi-
ment. The one node fragments in the 15°C aquaria
showed a higher survival rate, but still only 33% of the
fragments survived. In the aquaria with 20°C 66% of the
fragments with an initial length of two nodes died. The
survival rate of the fragments was only slightly higher
in water with 15°C. The fragments with an initial size of
three or four nodes showed high survival rates and no
differences in water with 15°C or 20°C. The temperature
experiment revealed a significant influence of the water
temperature on the growth of E. nuttallii. Fragments
with two or three initial nodes grew more than two times
faster and developed between 25% and 30% more bio-
mass in aquaria with a water temperature of 20°C than
fragments in the 15°C aquaria. In contrast to this, neither
the longitudinal growth nor the biomass growth of the
fragments with four initial nodes was affected by the
water temperature.

Light experiment

The light experiment revealed considerable differ-
ences in the mortality of the fragments depending on light
intensity and the amount of initial nodes. Similar to the
temperature experiment, the larger fragments showed an
overall higher survivability compared to the smaller frag-
ments (Tab. 3).

Between 33% and 66% of the fragments with one
initial node died during the experiment. The aquaria with
86 and 32 μmol photons m–2 s–1 light intensity showed
the highest mortality with 66%. All fragments with three
or four nodes, grown in aquaria with 215, 161 or 86
μmol photons m–2 s–1 light intensity, survived until the
end of the experiment. The overall average mortality was
42% highest in the aquaria with 32 μmol photons m–2 s–

1 compared to 29% at 215 μmol photons m–2 s–1, 17% at
161 μmol photons m–2 s–1 and 21% at 86 μmol photons

Tab. 2. Mean relative growth rates and mortalities at the end of the temperature experiment. Data is shown with standard error of the mean.

Water temperature 1 node 2 nodes 3 nodes 4 nodes
(RGR-L d–1) (RGR-L d–1) (RGR-L d–1) (RGR-L d–1)

15°C 0.027 (0.015) 0.024 (0.018)a 0.030 (0.012)a 0.031 (0.028)a

20°C 0.084 (0) 0.053 (0.024)b 0.070 (0.018)b 0.031 (0.024)a

Water temperature 1 node 2 nodes 3 nodes 4 nodes
(RGR d–1) (RGR d–1) (RGR d–1) (RGR d–1)

15°C 0.103 (0.009) 0.101 (0.002)a 0.110 (0.016)a 0.136 (0.003)a

20°C 0.121 (0) 0.128 (0.006)b 0.147 (0.008)b 0.133 (0.008)a

Water temperature 1 node 2 nodes 3 nodes 4 nodes
Mortality (% ) Mortality (% ) Mortality (% ) Mortality (% )

15°C 66.6 58.3 33.3 16.6
20°C 91.6 66.6 33.3 16.6
RGR-L, relative longitudinal growth rate; RGR, relative biomass growth rate. a,bDifferent superscripts in the same column indicate significant differences
(P<0.05). The high mortality of the fragments with one node did not allow the statistical analysis of the respective growth rates.
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16 M. Hoffmann et al.

m–2 s–1. The fragments with one or two initial nodes
showed only marginal longitudinal growth and biomass
growth in the aquaria without shading (215 μmol pho-
tons m–2 s–1). The growth rates, especially the biomass
growth rates, of the fragments with one or two nodes,
increased with shading. The small fragments showed the
highest biomass growth rates in the aquaria with only 32
μmol photons m–2 s–1. In contrast, the growth rate of
fragments with an initial size of three or four nodes de-
creased with shading. Plants in aquaria with 32 μmol
photons m–2 s–1 showed less than 20% longitudinal
growth and only 70% to 90% biomass growth compared
to the aquaria with 215 μmol photons m–2 s–1.

The linear mixed effect models, computed for the frag-
ment with three or four initial nodes, revealed a highly
significant influence of the light intensity on the longitu-
dinal growth during the experiment (time x light intensity
P<0.05). A more detailed analysis showed a significant
influence of the light intensity on the longitudinal growth
of the E. nuttalli fragments with four nodes in the aquaria
with 32 μmol photons m–2 s–1 (time x light intensity
P<0.05), 86 μmol photons m–2 s–1 (time x light intensity
P<0.05) and 161 μmol photons m–2 s–1 (time x light inten-
sity P=0.05). The data of the fragments with three initial
nodes showed a highly significant influence of the light
intensity on the length in the aquaria with 32, 86 and 161
μmol photons m–2 s–1 (time x light intensity P<0.05). The
high mortality of the fragments with one or two nodes
prohibited the analysis of the growth with linear mixed
effect models.

Sediment experiment

The third experiment conducted under laboratory con-
ditions revealed that the sediment can affect the surviv-
ability of E. nuttallii fragments. Plants in aquaria without
sediments showed a mortality of 25% regardless of the
amount of initial nodes. Fragments in aquaria with sedi-
ment, on the other hand, showed mortalities of only 13%
or less (Tab. 4). The nutrient concentration had no verifi-
able influence on the mortality of the fragments. However,
the nutrient concentration of the sediment affected the
growth of the plants. Fragments in aquaria filled with Sed-
iment 2, which contained a larger amount of plant avail-
able phosphorus compared to Sediment 1 (Tab. 1), showed
significantly higher growth rates than plants in aquaria
filled with Sediment 1 or without sediment (Tab. 4).

Field experiment

In the period before the cutting and harvesting of the
plants, E. nuttallii growing on sediment treated only with
a PO4

3– fertiliser showed considerably lower longitudinal
growth rates compared to the E. nuttallii plants growing
on non-fertilised sediment (control) or on sediment treated
with a NH4

+ and PO4
3– or NH4

+ fertiliser (Fig. 2, Tab. 5,
P<0.05). The longitudinal growth rates of E. nuttallii after
the harvest, on the other hand, were considerably higher
on PO4

3– fertilised sediment than the growth rates of the
plants in compartments without fertiliser (control) or NH4

+

and PO4
3– or NH4

+ fertilisers (Fig. 2, Tab. 5, P<0.05).
The compartments treated with a combination of NH4

+

Tab. 3. Mean relative growth rates and mortalities at the end of the light experiment. Data is shown with standard error of the mean.

Light intensity 1 node 2 nodes 3 nodes 4 nodes
(μmol photons m–2 s–1) (RGR-L d–1) (RGR-L d–1) (RGR-L d–1) (RGR-L d–1)

100% (215) 0.001 (0.001)a 0.001 (0.005)a 0.024 (0.007)a 0.030 (0.002)a

75% (161) 0.004 (0.006)a 0.006 (0.008)b 0.026 (0.006)a 0.036 (0.010)a

40% (86) 0.002 (0.001)a 0.009 (0.009)b 0.016 (0.003)b 0.017 (0.003)b

15% (32) 0.009 (0.005)b 0.008 (0.005)b 0.004 (0.005)c 0.004 (0.003)c

Light intensity 1 node 2 nodes 3 nodes 4 nodes
(μmol photons m–2 s–1) (RGR d–1) (RGR d–1) (RGR d–1) (RGR d–1)

100% (215) <0.001 (0) <0.001 (0) 0.123 (0.010)a 0.135 (0.015)a

75% (161) 0.089 (0.001)a 0.099 (0.006)a 0.113 (0.004)b 0.132 (0.006)a

40% (86) 0.094 (0.002)a 0.092 (0.006)a 0.110 (0.004)b 0.112 (0.002)b

15% (32) 0.104 (0.006)b 0.113 (0.008)b 0.112 (0.008)b 0.094 (0.004)c

Light intensity 1 node 2 nodes 3 nodes 4 nodes
(μmol photons m–2 s–1) Mortality (%) Mortality (%) Mortality (%) Mortality (%)

100% (215) 50 66.6 0 0
75% (161) 33.3 33.3 0 0
40% (86) 66.6 16.6 0 0
15% (32) 66.6 33.3 50 16.6

RGR-L, relative longitudinal growth rate; RGR, relative biomass growth rate. a,b,cDifferent superscripts in the same column indicate significant differences
(P<0.05).
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17Influence of environmental conditions on Elodea fragments

and PO4
3–, as well as the compartments treated only with

NH4
+, developed considerably more biomass (fresh and

dry weight) than the control compartments (fresh weight:
P<0.05, dry weight: P<0.05) or the compartments with in-
creased PO4

3– concentrations in the period before the har-
vest (fresh weight P<0.05, dry weight: P<0.05) (Fig. 1,
Tab. 5). In contrast to this, the E. nuttallii plants in the
PO4

3– treated compartments developed more biomass after
the harvest than the plants in the control compartments
(fresh weight: P<0.05, dry weight: P<0.05) or the com-
partments treated with a combination of NH4

+ and PO4
3–

(fresh weight: P<0.05, dry weight: P<0.05).
The linear mixed effect model, computed for the

growth of the compartments before the harvest revealed
that only the E. nuttallii in compartments with increased
PO4

3– concentration showed a significant influence of the
fertiliser on the growth (time x fertiliser P<0.05). The lin-
ear mixed effect model computed after the harvest also
showed a highly significant interaction between the de-
velopment of E. nuttallii and the PO4

3– fertiliser (time x
fertiliser P<0.05). Neither the NH4

+ fertilised compart-
ments (before harvest P=0.404, after harvest P=0.613) nor
the compartments treated with a NH4

+/PO4
3– combination

(before harvest P=0.199, after harvest P=0.093) showed
a similar interaction.

DISCUSSION

E. nuttallii reproduces mainly vegetatively within Eu-
rope (Barrat-Segretain and Bornette, 2000; Casper and

Krausch, 1980; Simpson, 1984), therefore the regenera-
tive capacity and the survivability of the fragments is cru-
cial for its ability to colonise new areas or to recolonise
harvested areas. Although some previous studies have ex-
amined the spread of E. nuttallii or the effect of manage-
ment on its populations, for example Barrat-Segretain and
Bornette (2000), Barrat-Segretain et al. (2002), Nino et
al. (2005) and Hoffmann et al. (2013), none of these stud-
ies considered the influence of environmental conditions
on the management methods or fragments with less than
five initial nodes. Small fragments, however, are still able
to regenerate (Casper and Krausch, 1980) and often re-
main in the lakes after a management campaign. There-
fore, the results of the present study can be useful for
reducing the consequences of an unintentional spread of
small fragments of E. nuttallii and improving the effi-
ciency of mechanical management.

The results of the laboratory experiments indicated
that lower water temperatures during the cutting and har-
vesting can increase the management success. The frag-
ments in aquaria with 20°C grew significantly faster than
the plants in the aquaria with 15°C, due to the increased
cellular activity of the plants (Richter, 1997). A previous
study conducted by Kunii (1982) supports this finding.
Kunii (1982) showed that E. nuttallii plants in water with
a temperature of 18°C grow about 1.5 times faster than
fragments in water with a temperature of 12°C. The high
growth rates under warm water conditions enable E. nut-
tallii to recover lost plant material much faster and there-

Tab. 4. Mean relative growth rates and mortalities at the end of
the sediment experiment. Data is shown with standard error of
the mean.

2 nodes 3 nodes 4 nodes
(RGR-L d–1) (RGR-L d–1) (RGR-L d–1)

No sediment 0.010 (0.004)a 0.014 (0.004)a 0.010 (0.004)a

Sediment 1 0.007 (0.002)a 0.013 (0.003)a 0.018 (0.001)b

Sediment 2 0.016 (0.004)b 0.022 (0.005)b 0.027 (0.003)c

2 nodes 3 nodes 4 nodes
(RGR d–1) (RGR d–1) (RGR d–1)

No sediment 0.056 (0.001)a 0.085 (0.002)a 0.085 (0.002)a

Sediment 1 0.090 (0.002)b 0.100 (0.004)b 0.116 (0.002)b

Sediment 2 0.105 (0.004)c 0.119 (0.004)c 0.124 (0.008)c

2 nodes 3 nodes 4 nodes
Mortality (%) Mortality (%) Mortality (%)

No sediment 25 25 25
Sediment 1 12.5 0 0
Sediment 2 12.5 0 0

RGR-L, relative longitudinal growth rate; RGR, relative biomass growth
rate. a,b,cDifferent superscripts in the same column indicate significant
differences (P<0.05).

Tab. 5. Relative growth rates, fresh weight and dry weight per
compartment at the harvest and at the end of the fertilisation ex-
periment. Data is shown with standard error of the mean.

Fertiliser Harvest End
(RGR-L d–1) (RGR-L d–1)

Control 0.074 (0.002)aA 0.050 (0.001)aB

N 0.078 (0.005)aA 0.050 (0.009)aB

P 0.063 (0.004)bA 0.074 (0.004)bB

N+P 0.078 (0.003)aA 0.039 (0.003)cB

Fresh weight harvest (g) Fresh weight end (g)

Control 54.81 (1.85)a 36.92 (9.7)a

N 62.79 (10.6)b 38.87 (10.2)a

P 44.25 (8.6)c 68.52 (9.8)b

N+P 82.34 (10.5)b 20.32 (1.8)c

Dry weight harvest (g) Dry weight end (g)

Control 2.53 (0.4)a 2.91(0.7)a

N 3.62 (0.6)b 2.96 (07)a

P 2.44 (0.4)a 5.06 (0.8)b

N+P 4.22 (0.8)b 1.83 (0.5)c

RGR-L, relative longitudinal growth rate; N, NH4
+-fertiliser; P, PO4

3–

fertiliser. a,b,cDifferent superscripts in the same column indicate signifi-
cant differences (P<0.05); A,Bdifferent superscripts in the same row
indicate significant differences (P<0.05). 

Non
-co

mmerc
ial

 us
e o

nly



18 M. Hoffmann et al.

fore decrease the efficiency of the management compared
to fragments in colder water. The present study showed
that in warm waters only fragments with one or two nodes
show an increased mortality and larger fragments is not
affected. Taking into account the higher growth rates in
warm water, it can be assumed that the effect of the in-
creased mortality might be countered or even exceeded
by the higher growth of the fragments. Therefore, the
management of E. nuttallii has to be considered as less
successful under warm water conditions and as a conse-
quence of this E. nuttallii should be cut and harvested dur-
ing a period with low water temperatures, for example
early spring or late autumn, to increase the efficiency of
the method. Similarly, also the findings of the light exper-
iment support this conclusion. Overall, the experiment
showed that the regenerative capacity and the survivabil-
ity of E. nuttallii fragments is reduced during periods with
low global irradiance (<86 μmol photons m–2 s–1). Al-

though the growth rate of the small fragments (one or two
nodes) increased at light intensities below 86 μmol pho-
tons m–2 s–1, the growth rates of the larger fragments, as
well as the overall survivability decreased considerably.
This is in agreement with previous studies that showed
how low light conditions decrease the growth rates of
large E. nuttallii fragments (Kunii, 1984a; Cook and
Urmi-König, 1985). Angelstein and Schubert (2009) re-
ported, in addition to this that rooted E. nuttallii developed
considerably lower growth rates at light intensities below
51 µmol photons m–2 s–1.

The light conditions in lakes are affected by different
parameters. The global irradiance depends on the cloud
cover and more important the zenith angle of the sun. At
a low angle, for example during spring or autumn, the
light intensity is significantly reduced (Gege, 2012). The
light attenuation of the water on the other hand is affected
by the optical properties of the water, more precisely tur-

Fig. 2. Mean total lengths in the compartments during the fertilisation experiment in Lake Starnberg. Data is shown with standard error
of the mean (SEM). N, treated with NH4

+- fertiliser; P, treated with PO4
3–fertiliser; P&N, treated with NH4

+ and PO4
3–fertiliser.
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bidity (Lee et al., 1999). Shallow lakes in the temperate
zone shift regularly between turbid and clear-water states
during the year: The lakes are in a turbid state during
spring and autumn, because of the dominance of phyto-
plankton. During summer macrophytes dominate the
lakes and as a result the lakes shift to a clear-water state
(Schwoerbel and Brendelberger, 2005). Consequently, the
cutting and harvesting of E. nuttallii should be most suc-
cessful during the cold water period in spring and autumn,
because of the low zenith angle of the sun and the natural
occurrence of turbidity.

Although the cutting and harvesting of E. nuttallii dur-
ing spring and autumn seems less effective than a man-
agement during summer, when the plant biomass reaches
its maximum, an early, respectively late, management has
various advantages, apart from the low temperature and
light intensity. Cutting and harvesting E. nuttallii during
spring, for example, favours slow growing, native macro-
phytes by suppressing the extensive growth of E. nuttallii
plants. A management during autumn, on the other hand,
reduces the amount of fragments during winter and there-
fore affects the spread of E. nuttallii plants during the next
vegetation period. Due to the vegetative reproduction be-
haviour of E. nuttallii, a sufficient amount of E. nuttallii
fragments has to survive the winter to enable the recoloni-
sation of the lake (Casper and Krausch, 1980; Kunii,
1981; Kunii, 1984b). Therefore, a reduction of the frag-
ments in the lakes before/during winter also affects the
ability of E. nuttallii to recolonise the lake in the follow-
ing year.

The results of the sediment experiment in the labora-
tory and the field indicate that the efficiency of cutting
and harvesting in lakes depends on the nutrient concen-
tration in the sediment. Although, E. nuttallii prefers to
absorb nutrients through the shoots (Eugelink, 1998; An-
gelstein and Schubert, 2008), the laboratory experiment
revealed that the absence of sediment (or extremely nu-
trient poor sediment) can decrease the survivability and
growth of E. nuttallii fragments, if the water is rather nu-
trient poor. Similar findings were reported in previous
studies, which examined the influence of nutrients on the
growth of large fragments or rooted E. nuttallii, e.g. Best
et al. (1996), Eugelink (1998), Özbay (2001) Angelstein
et al. (2009). Furthermore, the field experiment and stud-
ies by Best et al. (1996) and Özbay (2001) showed that,
apart from the amount, the composition of nutrients, more
precisely the phosphorus-nitrate ratio in the sediment, has
a significant influence on the growth and regenerative ca-
pacity of E. nuttallii. Although phosphorus is the limiting
factor in aquatic ecosystems (Schwoerbel and Brendel-
berger, 2005), the results of the studies indicated that high
PO4

3– concentration in the sediment inhibit the growth of
established E. nuttallii plants. On the other hand, Rolland
and Tremolieres (1995) and Nagasaka (2004) showed that

a slow but continuous addition of PO4
3– or higher concen-

trations of NH4+ increase the growth of established E. nut-
tallii plants. In addition to these findings, the present study
revealed that an increased PO4

3– concentration in the sed-
iment can significantly increase the growth (regenerative
capacity) of E. nuttallii fragment after a harvest. Kunii
(1981) and Barrat-Segretain et al. (1999) indicated that
the different growth rates before and after the harvest are
the result of differences in the development of whole
plants and plant fragments. Consequently, an analysis of
the lake sediment, more precisely the nutrient concentra-
tion and composition, can be used to improve the man-
agement of E. nuttallii. Depending on the nutrient
concentration and composition, the frequency and inten-
sity of the management can be adjusted to counter the in-
creased growth and/or regenerative capacity of the plants.
Additionally, the cutting and harvesting of the plants
could be combined with different management methods,
for example benthic barriers (Hoffmann et al., 2013), to
increase the efficiency and success of the management.

CONCLUSIONS

The present study proved that water temperatures,
light intensity, as well as the sediment conditions affect
the growth, regenerative capacity and survivability of E.
nuttallii fragments. As a consequence, also the efficiency
of mechanical management methods is profoundly af-
fected by environmental conditions. Accordingly, the
present results can be used to improve the mechanical
management. However, each experiment focused only on
one environmental condition, therefore additional re-
search regarding the interactions between different envi-
ronmental conditions might reveal further parameters or
combinations of parameters which affect the regenerative
capacity and survivability of E. nuttallii fragments.
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