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ABSTRACT: Based on the wide range of Elodea nuttallii, from oligo-mesotrophic waters to highly
eutrophic environments, it is important to determine its potential effect on the phosphorus cycle,
particularly in nutrient-poor lake ecosystems. Therefore, the absorption, transport and release of
phosphorus by E. nuttallii plants were studied using **P. The experiments were conducted in a
2-compartment apparatus for translocation studies and in non-partitioned Erlenmeyer flasks for the
determination of uptake kinetics. The plants absorbed phosphorus via both roots and shoots. The
phosphorus uptake via shoots significantly exceeded the phosphorus uptake via roots. The absorbed
phosphorus was equally translocated via acripetal or basipetal movements, and was incorporated in
all parts of the plants tested. The determined phosphorus incorporation rate (IRp) was nearly 5 times
lower when phosphorus was fed through the root system, than the IR, when phosphorus was fed
through the shoots. Additionally, we detected clear evidence for phosphorus recycling via plants.
Phosphorus recycling processes have a substantial effect on the balance of phosphorus acquisition by
E. nuttallii. However, phosphorus uptake was exclusively detected during illumination. Considering
this strong dependency of phosphorus uptake on light, we assume that the absorption and release of
phosphorus might be linked with photosynthesis and respiratory processes. Our results suggest that

the effect on lake water of a potential leakage of phosphorus via the shoots might be small.
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INTRODUCTION

In Europe, Nuttall's waterweed Elodea nuttallii
(Planchon) H. St. John, 1920 is an invasive species
originating from North America (Cook & Urmi-Kénig
1985). It often forms dense, monospecific stands and
displaces other aquatic plants from many localities
(Simpson 1984, 1990, Barrat-Segretain 2005). It is able
to grow in turbid, highly eutrophic waters (Cook &
Urmi-Kénig 1985, Ozimek et al. 1993, Thiébaut &
Muller 1999), as well as in clear oligo-mesotrophic
waters (Thiébaut et al. 1997, Barrat-Segretain 2001,
Nagasaka 2004). Its wide distribution indicates a rela-
tively flexible ability to use different nutrient sources:
water or sediment. Particularly in oligomesotrophic
waters E. nuttallii has to use several nutrient sources,
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among which nutrient uptake via root absorption
might play a major role (cf. Carignan & Kalff 1980,
Barrat-Segretain 2001, Nagasaka 2004).

Root systems of submerged hydrophytes are reduced
markedly in comparison to those of their terrestrial
forefathers (Agami & Waisel 1986). This is compen-
sated by their ability to obtain water and minerals
directly through their shoots (Bristow & Whitcombe
1971, Agami & Waisel 1986, Madsen & Cedergreen
2002). Robach et al. (1995) and Madsen & Cedergreen
(2002) have shown that leaf uptake can become the
main source for phosphorus in E. nuttallii and E.
canadensis, respectively. In contrast, several studies
have indicated that aquatic macrophytes rely mainly
on the sediment for their phosphorus supply (Bole &
Allan 1978, Carignan & Kalff 1980, Chen & Barko 1988,
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Pelton et al. 1998). There is also evidence that the rapid
growth of several aquatic plants, including Elodea sp.,
normally requires the presence of a root system grow-
ing within a nutrient-rich substrate (Peltier & Welch
1969, Bristow & Whitcombe 1971, Xie et al. 2007). Most
of the conflicting results in general might be based on
the ability of aquatic vascular plants to adapt their
phosphorus uptake to the sources available—whether
present in the water or in the sediment—with respect
to the surrounding phosphorus concentration and the
biochemical availability of phosphorus (McRoy & Bars-
date 1970, Denny 1972, Bole & Allan 1978, Shardendu
& Ambasht 1991).

However, the potential leakage of absorbed phos-
phorus via foliage or roots has been discussed contro-
versially by several authors. McRoy & Barsdate (1970)
reported a rapid phosphorus absorption by both roots
and shoots of Zostera marina. The absorbed phos-
phorus was transported and subsequently excreted
through the untreated part. Also, Gentner (1977) came
to similar conclusions for Valisneria spiralis, whilst
Bristow & Whitcombe (1971) and Welsh & Denny
(1979) found considerable root to shoot transport in
Elodea sp. and Myriophyllum sp. with no excretion.
DeMarte & Hartman (1974) also measured a rapid
shoot to root transport in Potamogeton sp., whereas
Bristow & Whitcombe (1971) did not find this. More-
over, Eugelink (1998) found no significant phosphorus
release of E. nuttallii and E. canadensis, but his exper-
imental treatments also disregarded the evidential
major influences of temperature, light, potential re-
cycling of released P, etc. (e.g. Ingold 1936, Jeschke
& Simonis 1965, McRoy & Barsdate 1970).

In such cases, at least mass developments of aquatic
plants like Elodea nuttallii may play an important role
in the phosphorus cycle of lake ecosystems (e.g.
DeMarte & Hartman 1974, Ozimek et al. 1993). Partic-
ularly with regards to a dominant phosphorus uptake
from sediment, roots reduce the phosphorus content
in the surrounding pore water (Chen & Barko 1988,
Laskov et al. 2007) and transport it to the surface,
where it may be released into the water via leakage
from the plant, grazer recycling, or decomposition
(McRoy & Barsdate 1970, DeMarte & Hartman 1974,
Carignan & Kalff 1980). With respect to several contra-
dicting results presented in the literature (cf. McRoy &
Barsdate 1970, Welsh & Denny 1979), it is essential to
quantify the potential phosphorus leakage via roots or
shoots in order to estimate its relevance for the nutrient
balance of lake ecosystems.

Therefore, the present study was designed to criti-
cally investigate the preferred way of phosphorus ab-
sorption (via shoots or roots), translocation of phos-
phorus and potential phosphorus release via shoots or
roots in Elodea nuttallii. We paid particular attention to

the possibility of leakage through the seals, potential
day-night influences and phosphorus re-absorption
via E. nuttallii plants.

MATERIALS AND METHODS

Plant material was collected under an ice cover in
February 2006 in a large mining lake in Germany
(Goitschesee; 51°37'N, 12°24'E). Plants were trans-
ported immediately to the laboratory, and shoot tips
(length ca. 10 to 15 cm) were planted in aerated aquaria
(50 x 30 x 30 cm) containing ca. 5 cm of nutrient-rich,
littoral sediment (with total phosphorus [TP, mean =+
SD] = 0.058 + 0.01 mg g~!) at room temperature. The
aquaria were filled with lake water (pH 8.1; 1143 pS
cm™!), which was replaced every 2 wk. The chemical
characteristics of the lake water are shown in Table 1.
Irradiance (Osram FQ 80 W/865, Lumilux Plus Day-
light; 140 to 160 pmol photons m~2 s7! incident irradi-
ance) was provided in a 10:14 h dark:light cycle. The
irradiance (photosynthetically active radiation, PAR)
was measured with a LI-250 PAR-meter (LI-COR),
equipped with a spherical underwater quantum sensor
(US-SQS/L, Walz).

To reduce the incorporated phosphorus reservoir,
plants (1.6 g P kg™! dry weight [DW]) were acclimated
before measurements for 20 d with intact roots and
shoots in aerated aquaria (40 x 25 x 25 cm) at room
temperature (moderate 18 to 20°C) containing ca. 5 cm

Table 1. Chemical characteristics of the lake water (Goit-

schesee in Germany), at the sampling station. All data are

means = SD of 7 samples from December 2006 to November

2007. DOC: dissolved organic carbon; TIC: total inorganic

carbon; TOC: total organic carbon; SRP: soluble reactive
phosphorus; TP: total phosphorus

Component Content (mg 17!
CI 37.76 + 1.35
(SO)* 296.61 + 15.39
Ca? 111.14 +4.85
K* 7.93 + 0.76
Mg?* 15.01 £ 1.61
Na* 27.09 + 1.85
DOC 4.4 +0.16
TIC 10.56 + 0.83
TOC 4.41 +0.13
NH,* 0.034 + 0.025
NO,~ 0.01 + 0.006
NO;~ 1.7+0.13
Si 0.79 + 0.17
SRP <0.003

TP <0.006

Al <0.1

Fe 0.013 + 0.006
Mn 0.03 +0.018
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autoclaved silicate sand and 25 cm autoclaved nutri-
ent-poor lake water (0.006 g P I"!; pH 8.9). Irradiance
(Osram Halolux Classic A, 60 W; PAR: 40 to 50 pmol
photons m~2 5! on the water surface) was provided in a
12:12 h dark:light cycle. The aquaria were cleaned,
and the lake water was changed weekly. After accli-
matisation the average phosphorus reservoir of Elodea
nuttallii was ca. 0.86 g P kg™! DW.

Long-term experiment. To analyze the acripetal and
basipetal phosphorus translocation mechanisms of
Elodea nuttallii, 2 experiments were carried out be-
tween the end of November 2006 (basipetal) and
beginning of March 2007 (acripetal), each with 6 repli-
cates and 3 controls. A modified 2-compartment appa-
ratus, modelled according to Frank & Hodgson (1964)
and Bristow & Whitcombe (1971), was used for both
3P translocation experiments (Fig. 1). The leaves of
each plant (stem length ca. 10 + 1 cm) were removed
ca. 1to 1.5 cm from an appropriate section in the mid-
dle of the stem, which was wrapped in an eversible
plug. The plug was upended over a powder funnel
neck, and potential permeable scopes at proximate
osculation points were isolated generously by a water-
tight silicon-free vacuum crease, called glisseal®N.
The funnel neck was then fitted into the neck of a 100
ml wide-mouth Erlenmeyer flask. In order to reduce
evaporation effects, a glass Petri dish was used as a lid
on top of the upper compartment, after it was filled
with media. The 2 compartments were stabilised using
an ebonite ring. Roots were only allowed to grow in the
lower compartment. In order to exclude light from the
root zone, the lower compartment was covered with

N —7 — Cover

(powder funnel,
180 ml media volume)

/ Ebonite ring

Filled with glisseal®N

[ Eversible plug

Air-filled space

Air-filled space
\Q&&%} Upper compartment
8
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4

Roots

Lower compartment
—+—— (wide-mouth Erlenmeyerflask,
115 ml media volume)

Fig. 1. Two-compartment apparatus used in the long-term ex-

periments for measurements of **P translocation in Elodea

nuttallii plants. By means of a thin tube, plants were carefully

threaded into the plug. Each compartment was equally filled
with radioactive or non-radioactive medium

metal foil. Temperature and light conditions were
maintained under the same conditions as in the accli-
matisation culture. The controls were treated equally,
whereas plants were imitated by 5 cm long plastic
sticks.

To investigate acripetal phosphorus translocation,
the upper segment (180 ml medium volume) of the
2-compartment apparatus was filled with autoclaved
lake water, here used as phosphorus-depleted medium
(0.006 g P 171), and the lower segment (115 ml medium
volume) was filled with *¥P-medium (0.150 g P 1}
pH 8.4). For the basipetal phosphorus translocation
experiment, the compartments were filled vice versa.
The **P-medium used was a composition of autoclaved
lake water and 1 ml I"! of a 3*P stock solution (0.66 g
KH,PO, 1"!; pH 5). The radionuclide *P, obtained from
GE Healthcare as orthophosphate in dilute HCI solu-
tion, had been added to the stock solution before the
experiment was started.

The activity of all samples was counted using a liquid
scintillation analyser (LSA, Packard Tri-Carb 2300TR).
Phosphorus-depleted media were counted for 10 d and
then changed every 24 h. ®P-media were counted at
the beginning of the measurements, as well as at the
end of the experiment. Measured counts of the media
were corrected for radioisotope decay. Because of
coeval measurements of the controls, background cor-
rection was negligible.

Afterwards, plants were harvested, agitated 3 times
thoroughly in deionised water for about 10 s and
towelled with lint-free paper. Immediately afterwards,
fresh weights (FW) of whole plants were determined.
Subsequently, samples of leaves, stems and roots of
each contaminated plant and 3 uncontaminated con-
trol plants were separated and FW was measured
again. Separated plant samples were digested by
incubation in 2 ml Soluene 350 for 72 h and counted
afterwards. Measured counts were corrected for radio-
isotope decay. Because of coeval measurements of un-
contaminated control plants, correction of background
was also negligible.

Several LSA cocktails were used for counts per minute
(cpm) determinations. Plant samples were measured
using Ultima Gold F, and both media were measured
using Ultima Gold XR.

The maximal phosphorus incorporation rate (IRp) for
whole plants was calculated using:

IRy (ngP kg™ FW d) = % W
where Dp and Ip are phosphorus decrease or increase
in cultivation solution, respectively, calculated from
the measured changes in radioactivity (**P) after incu-
bation time (t) in days. FW; is plant fresh weight at t.
The IRp values for plant parts (leaves, stem and roots)
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were calculated from the measured activity distribu-
tion within the plant at ¢.

Short-term experiment. In order to investigate the
day-night influences of the phosphorus translocation,
as well as phosphorus translocation mechanisms with-
out the influence of a 2-compartment apparatus (at
bidirectional phosphorus translocation) for the whole
plant, a short-term experiment (phosphorus uptake
period of 3 d) was carried out in March 2007. The setup
and measurements were similar to those described
above for long-term determinations. However, in place
of the 2-compartment apparatus, plants were retained
in a 100 ml wide-mouth Erlenmeyer flask, filled with
115 ml *3P medium. In contrast to long-term determi-
nations, for a more sensitive yield of counts, the *3P
medium contained twice as much of the radioisotope.
Samples were taken after 0, 6, 12, 24, 30, 36, 48, 54, 60
and 72 h.

Statistical analysis. For each experiment, control
data and original data, as well as replicates, were com-
pared using ANOVA (p < 0.05). For the short-term
experiment, the effects of light were tested using the
paired t-test (p < 0.095).

RESULTS
Long-term experiment

The translocation and accumulation of *P in Elodea
nuttallii plants were measured over a 10 d period.
Figs. 2 & 3 show the result of the long-term experiment
in which *P was first fed through the root system
(Fig. 2) and then fed through the shoot (Fig. 3). The
chosen phosphorus concentration of the 3P medium
was set at a high concentration (150 ug P I"!) in order to
obtain definite saturation. Our observation of healthy
plant growth is in good agreement with the results of
others (cf. Bole & Allan 1978, Carignan & Kalff 1980).
33p was translocated within the plants from rooted stem
bases to the upper plant parts (foliage and stem; Fig. 2)
and vice versa (Fig. 3). The IRp and the distribution of
IRp within these plants are depicted in Table 2. The
absorption of phosphorus by shoots significantly ex-
ceeded the phosphorus absorption by the root system.
In detail, the mean phosphorus absorption by the
shoots (73.7% from primary 3*P solution), which was
measured if phosphorus was added to the upper
compartments, was >2-fold higher than phosphorus
absorption by the roots (31.1 %), which was measured
if phosphorus was added to the lower compartment
(Figs. 2B & 3A). These different kinds of uptake rates in
the shoot and the root system were also reflected by
the different characteristics of the IRp (cf. Table 2),
where, in the course of the low phosphorus absorption

>

100
90
80

> e
g ol

>

60
50 g
40

30
20

Medium activity (cpm ml~)
3
b
-
-
-
(g |

10

o2}

45000
40000 T
35000
30000 W_
25000
20000
15000
10000

Medium activity (cpm mli™)

5000

10
t(d)

Fig. 2. Elodea nuttallii. Uptake and release of phosphorus (**P)
fed through the root system, represented as changes in
medium activity (cpm: counts per minute). (B) %P uptake by
roots and (A) **P release by upper plant parts (foliage and stem,
m) (see 'Materials and methods; Long-term experiments’).
All data are mean + SD (n = 6); in (A) mean values of control
experiments (A, n = 3) are also shown. {: incubation time

by roots, only a mean of 4.5 ug P kg~' FW d~! was incor-
porated instead of 21.7 pg P kg~! FW d! if basipetal
phosphorus movements were analysed. However, in
spite of the comparatively low IRp based on a low phos-
phorus absorption rate by the roots, an average of
13.8% of the absorbed phosphorus was displaced in
the upper plant compartments: foliage and stem (cf.
Table 2). In contrast, whilst basipetal transport was
observed, only 4.6 % of the absorbed phosphorus from
the upper plant compartments was transferred and
incorporated into the roots.

After 7 d of incubation during investigation of basi-
petal phosphorus movements in Elodea nuttallii plants,
there was evidence of 3*P release in the lower compart-
ment via the roots, based on a significant activity in-
crease in the lower compartment (Fig. 3B). As shown in
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Fig. 3. Elodea nuttallii. Uptake and release of phosphorus
(*¥P) fed through the shoots, represented as changes in
medium activity (cpm ml™!): (A) *¥P uptake by foliage and
stem and (B) *P release by lower plant parts (roots, m)
(see 'Materials and methods; Long-term experiment’). All
data are mean + SD (n = 6); in (B) mean values of control
experiments (A, n = 3) are also shown

Fig. 2A, there was no significant phosphorus excretion
by the upper plant compartments if acripetal phospho-
rus translocation was observed. The apparent small in-
crease in solution activity in both controls (cf. Figs. 2A &
3B) and the non-radioactive medium of the upper com-
partment (Fig. 2A) can be traced
back to the standardized correction
of the radioisotope decay.
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Fig. 4. Elodea nuttallii. Absorption and release of **P in plants

and the *P movement dependency on light as observed by

the decrease or increase of radioactivity in cultivation solution

(m) (see 'Materials and methods; Short-term experiment’).

Dark periods are indicated by grey bars. All data are mean =+

SD (n = 6); mean values of control experiments (A, n = 3) are
also shown
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phorus absorption and release on illumination are il-
lustrated in Fig. 4. To exclude possible effects of a
2-compartment apparatus, E. nuttalliiwas incubated in
wide-mouth Erlenmeyer flasks. The data presented
clarify the strong dependency of phosphorus uptake by
E. nuttallii plants on illumination. Specifically, the phos-
phorus uptake could exclusively be detected during the
daytime, when the light was on. During this time, E.
nuttallii consumed ca. 36 % of the offered phosphorus
from the primary 3P solution (Fig. 4). Moreover, it was
possible to determine a significant phosphorus release
over the second and third dark periods (between 36 and
48 h and between 60 and 72 h, respectively), whereas
the determined phosphorus uptake per day decreased
rapidly in time. The behaviour of the average phospho-
rus uptake rate (ng P mg' FW d™!) of E. nuttallii over
time could be described by the following equation: y =
0.0182 Ln(x) + 0.0553, with r? = 0.8484. As can be seen
in Fig. 4, the activity in the control solutions was
relatively constant over the whole time period. In com-
parison to the long-term experiments, lower differences
in medium activity can be reduced to the standardized
correction of radioisotope decay.

Table 2. Elodea nuttallii. Maximal P incorporation rate (IRp, ng P kg™! FW d7};
FW: fresh weight) of plants, which were incubated for 3 or 10 d in an Erlenmeyer

flask or a 2-compartment apparatus. The calculation of IR is given in ‘Results’.

All data are mean + SD (n = 6)

Short-term experiment ] .
Investigated Incubation  Plant Leaf Stem Root
) translocation (d)

The absorption and release of P
by Elodea nuttallii plants incubated Acripetal 10 45+092 036+0.61 026032 3.88x0.97
. . . . _ Basipetal 10 21.7+5.15 13.19+3.21 7.51+235 1.0 +0.61
in radioactive medium over a 3 d pe Bidirectional 3 2231346 1394262 6.34+288 204=1.18
riod and the dependency of phos-
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The IRp and the distribution of IRp within the plants are
depicted in Table 2. The IRp of plants incubated for 3 d in
Erlenmeyer flasks show analogous values to plants incu-
bated for 10 d in the 2-compartment apparatus to deter-
mine their basipetal phosphorus movement (Table 2), es-
pecially with regard to the distribution of phosphorus
within the plants. Under both conditions >60 % of ab-
sorbed phosphorus was incorporated in foliage and ca.
28 or 34 % of absorbed phosphorus was incorporated in
stems. Contrary results were determined for the IRp at
acripetal phosphorus movements. During the investiga-
tion of basipetal and bidirectional phosphorus move-
ments, plants were able to incorporate almost 5 times
more phosphorus than during the examination of
acripetal phosphorus movements. Moreover, with re-
gards to the phosphorus distribution within the plants,
there was a clear shifting in the ratio of shoots (leaves
and stem) versus roots of incorporated phosphorus from
ca. 1:6.2 for acripetal phosphorus movements to ca. 20:1
and 10:1 for basipetal and bidirectional phosphorus
movements, respectively (Table 2).

DISCUSSION

Rooted aquatic vascular plants are able to adapt their
phosphorus uptake strategy to the sources available
and relocate the absorbed phosphorus in several direc-
tions: from the shoots into the roots and vice versa
(cf. Bristow & Whitcombe 1971, DeMarte & Hartman
1974, Pelton et al. 1998). Moreover, several authors
have clearly described the dependency of phosphorus
uptake efficiency on the phosphorus content of the
surrounding water (cf. Granéli & Solander 1988,
Shardendu & Ambasht 1991, Robach et al. 1995, Pelton
et al. 1998). Based on this it was possible for Bole &
Allan (1978) to show that in nutrient-rich water (sedi-
ment: 300 pg P I"!; water: 2000 pg P 1) Myriophyllum
spicatum plants were able to satisfy their phosphorus
requirement almost exclusively via shoot absorption
(averaged 92 %). Carignan & Kalff (1980) showed for
the same species that, if sediment soluble reactive
phosphorus (SRP) content is high (1200 or 169 pg I'!)
and SRP content in overlying water is low (1.9 or 0.5 ng
P I'Y), root absorption of M. spicatum plants becomes
the main source of phosphorus uptake (nearly 100 %).

The 3 different experimental procedures (the ex-
amination of basipetal, acripetal and bidirectional phos-
phorus movements) present in the current study should
clearly illustrate the ability of Elodea nuttallii plants to
adapt their phosphorus uptake strategy to the availabil-
ity of different kinds of phosphorus sources in a similar
way (cf. Bole & Allan 1978, Carignan & Kalff 1980). Ad-
ditionally, the presented data strongly suggest that there
are large differences between the phosphorus absorp-

tion kinetics of roots and shoots. The phosphorus uptake
rate by shoots of E. nuttallii plants exceeded that by their
roots almost 2-fold (Figs. 2B & 3A). Additionally, with ref-
erences to IRp, phosphorus incorporation due to phos-
phorus absorption by shoots exceeded the phosphorus
incorporation after phosphorus uptake by roots almost
5-fold (Table 2). These results are in contrast with those
published by Eugelink (1998) for E. nuttallii, who de-
scribed a higher phosphorus absorption rate for the roots.
This difference might be caused by difficulties with the
quantification of the phosphorus budget in plants, based
on the capability of phosphorus re-absorption, as a func-
tion of phosphorus absorption and release (see below).
However, several authors, including Eugelink (1998; for
E. canadensis), Ozimek et al. (1993; for E. nuttalliiand E.
canadensis) and Robach et al. (1995; for E. nuttalliiand
E. canadensis) have described a higher efficiency in
phosphorus absorption by shoot uptake compared to that
by roots for various Elodea species.

According to the phosphorus uptake rate deter-
mined (Figs. 2B & 3A), the IRp for whole plants was
highest in the case of phosphorus absorption via the
shoot, whereas the distributions of phosphorus within
the plants were actually the same in the case of both
phosphorus uptake by shoots (2-compartment appara-
tus) and over the whole plant, when plants were incu-
bated in Erlenmeyer flasks (Table 2). Moreover, if
phosphorus translocation in an acripetal direction was
observed, ca. 13.8% of the absorbed phosphorus was
transported via roots into the shoots instead of ca. 4.6 %
vice versa. Therefore, even though lower phosphorus
absorption via the root system was detected, substan-
tially faster phosphorus relocation could be seen in the
case of acripetal phosphorus translocation compared to
basipetal phosphorus translocation.

A significant phosphorus release by the plants was de-
tected in 2 of the 3 experiments: (1) during our investiga-
tion of the basipetal phosphorus translocation there was
evidence for a release of phosphorus by the roots after
7 d of incubation (Fig. 3B) and (2) within the short-term
(bidirectional) experiment we observed a phosphorus re-
lease that was already significant after 48 h (Fig. 4).
These results are comparable with results presented by
other authors, who previously postulated a net phospho-
rus leakage from aquatic vascular plants (McRoy & Bars-
date 1970, DeMarte & Hartman 1974, Twilley et al. 1977).

However, if measurements were processed in a
day-night cycle during the short-term experiment, the
phosphorus uptake could exclusively be detected in
the daytime if the light was on. This observation clari-
fies a strong dependency of the phosphorus uptake by
Elodea nuttallii plants on illumination. Therefore, it
can be assumed that the uptake and release (see
below) of phosphorus in E. nuttallii plants might be
linked with photosynthesis and respiratory processes
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as well and need further investigation. This finding is
in good agreement with the very early results of Ingold
(1936), who demonstrated a considerable influence of
light on the absorption of salts by E. canadensis. A
similar light dependency of phosphorus uptake by
aquatic vascular plants was also shown by McRoy &
Barsdate (1970) and Jeschke & Simonis (1965).

Based on our finding of a significant release of phos-
phorus by the Elodea nuttallii plants, the experiments
also provided evidence for phosphorus re-absorption. In
detail, the presented results demonstrate clearly that all
of the released phosphorus was completely recycled
by E. nuttallii plants via subsequent phosphorus re-
absorption during illumination within approximately 6 h
(Fig. 4). This highlights the substantial effect of phospho-
rus recycling processes on the balance of phosphorus ac-
quisition by E. nuttallii. In particular, with regards to the
strong dependency determined of phosphorus uptake on
light, there is a necessity to perform quantifications of
phosphorus uptake and phosphorus release directed
more specifically towards potential phosphorus re-
absorption and the irradiance regime. Therefore, with
regards to a potential high phosphorus re-absorption by
shoots, it is possible that the absence of evidence for
significant phosphorus release by the shoots, in the ex-
periments presented here, does not mean that there is no
release at all. Moreover, such difficulties might be the
reason why Eugelink (1998) could not find significant
evidence for phosphorus release by upper or lower plant
parts in E. nuttalliiand E. canadensis.

Nevertheless, there was no significant phosphorus
release via shoots or roots, during the first 6 d of exam-
ination, within the long-term experiment. This lack of
significant phosphorus release could be a result of the
pre-experimental acclimatisation of the culture plants
in a nutrient-poor solution. This means that, even
though the plant tissue of culture plants had a phos-
phorus content of 1.6% DW, which is clearly above
the critical threshold for maximum yield (1.3%) of
aquatic vascular plants (see Gerloff & Krombholz
1966), post-acclimated plants had a tissue phosphorus
content of 0.086 %, which clearly falls below the critical
value for maximum yield. Therefore, it is possible that,
with longer experimental terms, the phosphorus con-
tent in plant tissue increases up to a limit where phos-
phorus release could be detected. This could clarify the
observed phosphorus release after 7 d by roots when
basipetal phosphorus movements were examined.
Additionally, it can be considered that the absence of
significant phosphorus release via shoots during the
investigation of acripetal phosphorus movements was
a consequence of the pre-experimental phosphorus
depletion in plant tissue as well. With regards to the
slower phosphorus uptake rate by roots in comparison
to shoots, it appears logical that phosphorus content in

plant tissue increases more slowly to a point where
phosphorus release is clearly detectable.

Moreover, there are reports of phosphorus release dur-
ing phosphorus uptake experiments if tissue phosphorus
content of aquatic vascular plants was not depleted be-
fore the start of the experiment (cf. Gessner & Kaukal
1952). It appears to be logical that phosphorus uptake or
release depends on the phosphorus concentration in the
plant tissues themselves. In accordance to this concept,
our results also describe a continuously decreasing phos-
phorus uptake rate with time, which simultaneously cor-
relates with an increase in phosphorus release (see
short-term experiment; Fig. 4). This observation and the
determination of significant phosphorus release, which
was detected in the lower compartment during our in-
vestigations of basipetal phosphorus translocation, might
be aresult of the dependency of phosphorus uptake and
phosphorus release from the phosphorus concentrations
in the water, the sediments and the plant tissues.

CONCLUSIONS

Based on the results of the present study, it can be con-
sidered that the phosphorus absorption via shoots is the
preferred route of phosphorus uptake for Elodea nuttal-
liiplants. Therefore, in eutrophic lakes, phosphorus up-
take via shoots is expected to dominate and should be
sufficient for E. nuttallii plants to meet their phosphorus
requirements. Under such conditions the plants reduce
the phosphorus content in the surrounding water and, if
possible, they transport the phosphorus into the sedi-
ment via release from the roots and therefore change the
phosphorus content of pore water. In contrast, in oligo-
mesotrophic lakes, E. nuttallii plants have to meet their
phosphorus requirement by phosphorus absorption from
sediment via roots. The slower uptake rate of roots in
comparison to the faster absorption via shoots might be
sufficient to meet the phosphorus requirement of a
whole E. nuttallii plant under these environmental con-
ditions. However, if phosphorus uptake from the sedi-
ment dominates, roots reduce the phosphorus content in
the surrounding pore water. There was no evidence for
any effect of the living plant on the overlying water via
phosphorus release by the shoots. It is possible that, if
phosphorus were absorbed via the shoots, it could be re-
leased again at senescence of the plants. However, with
regard to the high absorption capacity of their shoots, the
effect on lake water by a potential leakage of phospho-
rus via shoots might be negligible. Only the release into
the water via grazing or decomposition might have an
effect on phosphorus cycling (Thiébaut et al. 1997, Nino
et al. 2005). However, the clearly illustrated ability of E.
nuttallii plants to absorb high quantities of phosphorus
by their shoots, if phosphorus supply is sufficient, pre-
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destines them for their use in phosphorus removal from
waste water treatments, as has already been proposed
for several macrophytes (cf. DeBusk et al. 1995, Hadad
& Maine 2007).

To gain more insight into the ecophysiology of these
interesting organisms, future work should focus on ques-
tions that have not yet been covered by the present
study: (1) What effect does the phosphorus release via
roots have on the chemical composition of the sediment
or on co-residing species? (2) What relation exists be-
tween phosphorus uptake or phosphorus release and
photosynthesis or respiration? (3) Is it possible to sub-
stantiate these laboratory results by field studies?
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