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Abstract

Aquatic (submerged) macrophytes stands represent an important phosphorus (P)
retention structure, crucial in stabilizing the clear water state of shallow waters even at
an increasing P loading. Particularly reviewed are processes often regarded only in a
biased presentation since mainly studied exclusively during the plant’'s growing
season: 1) Beside the P uptake by plants during their growth, they can considerably
translocate P to other biota by mobilizing mineral P forms, and by accumulating organic
matter stimulating redox processes being related to an iron-bound P release. 2)
Definite stands preferentially accumulate matter during growing season, which is
usually fine grained and rich in organic matter and P, representing a high resuspension
potential. Macrophyte senescence regularly leads to temporary and higher
resuspension rates (P entrainment) compared to non-vegetated areas. 3) In-lake P
precipitation translocates P towards the sediment surface limiting pelagic P availability,
but providing an important P resource for the recovering eutraphent macrophyte
species. The key role of submerged macrophytes in shallow waters is more directly
related to modifying the dynamic equilibria between the seasonally different vegetation
particle trapping and resuspension, i.e. between retention and mobilization of P in the
plant’s life cycle. This makes obvious, that studies quantifying and balancing the
transient matter retention and the net effect of macrophytes should include at least a
complete annual life cycle of the dominating species.
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1 Introduction

Aquatic macrophytes are a substantial part of aquatic ecosystems. They are
important habitats for a variety of fish and macrozoobenthos species, and crucial in
stabilizing the clear water state of shallow waters even at an increasing nutrient loading
(e.g. SCHEFFER et al. 2001). Because of their low mean water depth, usually <56 m
(JEPPESEN et al. 1990), and thereby light transmission up to the bottom, shallow lakes
are often colonized by submerged macrophytes. However, if a certain waters-specific
threshold of burden of nutrients such as the key nutrient phosphorus (P) is exceeded
the lake can abruptly switch toward a turbid, plankton-dominated macrophyte-free
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state (SCHEFFER et al. 1993). This turbid state is self-stabilizing since the low light
availability restricts the macrophytic growth. The feedback between water turbidity and
macrophyte occurrence causes a hysteresis. As a consequence, a strong reduction in
nutrient loading below the previous threshold becomes necessary to reach a re-
colonization by macrophytes and thus the clear water state (SCHEFFER et al. 1993).
Within a certain span of P loading alternative stable states are a characteristic feature
of shallow lakes, i.e. at the same P loading they can be clear or turbid.

The weathering of P-containing minerals in the catchment area is usually a slow
process (SHARPLEY et al. 1999). Thus, usually only a small quantity of P is mobilized
and accumulated in different type of waters (KLEEBERG et al. 2010a). However,
processes occurring at the sediment water interface may considerably enhance P
mobilization, as often mediated by macrophytes. Colonisation, growth and
decomposition of macrophytes can considerably influence P cycling, and thus the
energy flow in aquatic ecosystems (BARKO & JAMES 1998; DINKA et al. 2004). During
the growing season, macrophytes accumulate P from both sediments and water (e.g.
PELTON et al. 1998). When the macrophytes die, the resulting decomposition
processes can, in turn, substantially regulate the recycling of P in fresh water
ecosystems over an extended period of time (PIECZYNSKA 1993; SHILLA et al. 2006).

Living macrophytes alter sediment biogeochemistry, resulting in varying pore
water P, solid-phase P, and metal levels (WIGAND et al. 1997). Decomposing
macrophytes supply organic matter (OM) (BARLOCHER & GRACA 2005) which can
stimulate microbial and redox processes (LONGHI et al. 2008) within a lake.
Furthermore, it has been hypothesized that elevated nutrient concentrations may be
an important factor in controlling decomposition rates (XIE et al. 2004; SHILLA et al.
2006), as nitrogen and P demands associated with decomposition often exceed the P
supply from the material being decomposed.

Resuspension, the hydrodynamically induced entrainment of already deposited
particulate matter and dissolved sediment constituents due to impact of wind and
waves (e.g. SHINOHARA & ISOBE 2010; KLEEBERG et al. 2013a) as well as due to the
locomotive activity by benthivorous fish can considerably contribute to an increase in
turbidity particularly in shallow lakess (VAN DONK & VAN DE BUND 2002) and rivers
(KLEEBERG et al. 2010b). This applies also to the entrainment of sedimentary
particulate and dissolved P forms (e.g. SCHEFFER 1998; KLEEBERG et al. 2013a). Thus,
resuspension is an important mechanism in shallow aquatic systems, where the
translocation and transport of sediment-associated P often constitutes a high
percentage of the total annual P flux. However, stands of submerged macrophytes can
significantly contribute to stabilize the sediment against waves and benthivorous fish
and thus lowering the concentration of suspended particulate matter (SPM) (e.g. JAMES
et al. 2004; MADSEN et al. 2001).

The aim of the present mini-review is to provide arguments that macrophytes
mediate important long-term matter accumulation which is a seasonal equilibrium
process particularly in respect to P mobilization. Compiled are preferentially processes
often regarded only in a biased presentation; that is why the mini-review does not
complain to be complete. Particularly, the following three issues are being addressed:
1) the role of macrophytes in the benthic pelagic P cycle (P mobilization, release), 2)
their effects on P transport (sedimentation, resuspension), and 3) plant recovery
following restoration measures (P supply).
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2 Role of macrophytes in the benthic pelagic phosphorus cycle

Macrophyte stands represent an important P retention structure within a lake
where P is accumulated in the lake sediment. Internal biochemical processes,
however, can considerably enhance P mobilization (e.g. RODEN & EDMONDS 1997), and
macrophytes can also enhance benthic P mobility.

Coupled mechanisms of carbon (C) turnover and P mobilization can lead to
positive feedback effects. Figure 1 illustrates the main processes of the benthic-pelagic
P cycle in a shallow macrophyte-dominated system. An increasing allochthonous C
input (process #1) and the biomass produced by pelagic and benthic production lead
to deposition and accumulation of OM. Event-related changes of sedimentation (#2)
and resuspension (#3) lead to the formation of transport- and accumulation-zones at
the bottom (e.g. KLEEBERG et al. 2013a). Due to the selective transport of particles,
sediment is spatially sorted according to sediment properties. Hence, the basic
morphology, wind exposure, location, runoff and particulate matter load of tributaries
determine whether and to what extent which materials are translocated and thus which
C and P compounds temporarily accumulate in the sediment or are entrained into the
pelagial. Moreover, resuspension is often related to milieu changes, which in turn
influence the redox-controlled P binding onto iron (GERHARDT et al. 2005) or lead to
sorption/desorption of P (KROGERUS & EkHOLM 2003).
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Fig.1: Conceptual model illustrating the main processes of the pelagic benthic P cycle in a shallow
macrophyte-dominated aquatic system. Corg — organic carbon, Pog — organic bound
phosphorus, Pmin — phosphorus bound in minerals.

One well described positive feedback involves acceleration of P cycling by
submersed macrophytes (reviewed by BARKO et al. 1991; BARKO & JAMES 1998).
Accordingly, sediment P, even if rather tightly (metal) bound, is taken up by roots (#4).
Macrophytes can mobilize particulate bound P since they influence the biogeochemical
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conditions in the rhizosphere on a small scale. Due to the release of acids and
exudates, the root surface forms a reactive surface for different chemical and microbial
processes (SORRELL et al. 2002), which can influence the stability of mineral phases
(#5). Short-chain organic acids mobilize P sorbed to iron hydroxides (e.g. THOMSEN et
al. 2005). Macrophytes thus act as a ‘P pump’, transporting P towards the water body
(SMITH & ADAMS 1986; #6). In this manner, P is mobilized and translocated to shoots
(#4) and subsequently released rapidly upon seasonal senescence (#7). This P
recycling increases P availability in the open water where P can be used by
phytoplankton leading to a further C fixation, which in turn accelerates OM production
and accumulation at the surface sediment which in turn can induce redox processes
at the sediment water interface (#8). As in terrestrial systems, the quality of the OM
and the availability of electron acceptors determine the decomposition rate (GRIMM et
al. 2003).

The decomposition of OM, especially via iron and sulfate reduction, is crucial for
the mobilization of inorganic P, bound by sorption to iron hydroxide surfaces (RODEN &
EDMONDS 1997; #5). Briefly, the formation and precipitation of insoluble complexes of
sulfide with ferrous iron can disrupt the iron-phosphate cycle which results in a lack of
iron for P binding, and an excess of mobile P species (e.g. KLEEBERG et al. 2012) and
their release (#6).

Due to aerobic and anaerobic redox processes, not only organic C compounds,
but also organic P compounds are turned over (TURNER et al. 2005; #8). A further
succession of vegetation in the lake will generate biologically available P forms (e.g.
BARKO & SMART 1980; #6) which are favourable for the intensification of the lake
internal P cycle.

In conclusion, usually an increasing import of OM both from terrestrial and aquatic
vegetation increasingly contributes to accumulation of OM stimulating microbial and
redox processes. In this manner, primarily aquatic macrophytes can accelerate the
shift from a ‘pure’ geochemical to a biogeochemical sediment diagenesis and
essentially drive the evolution of a sedimentary P cycle by mobilizing and translocating
P to other biota. Still a key unresolved issue is whether the biota at a given site
determine their own future by modifying their environment, or the development of an
ecosystem is simply determined by the external environment (MITCH & GOSSELINK
2000).

3 Effects of macrophytes on sedimentation and resuspension

Aquatic macrophytes play a key role in structure and functioning of aquatic
ecosystems, which applies to fluvial systems (e.g. SAND-JENSEN et al. 1989) in a very
similar manner to shallow, wind- and wave-exposed standing waters (e.g. SCHEFFER
1998). The seasonally different extent of increasing or decreasing the accumulation
and mobilization of matter and P by macrophytes is illustrated in their annual life cycle

(Fig. 2).
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3.1 Macrophyte effects during growing season

During growth, despite the very low concentrations of soluble reactive P (SRP) in
the pore water, rooted macrophytes are known to be fully capable of deriving their P
nutrition exclusively from the sediment (Fig. 2). As reported by BARKO & SMART (1980),
P absorption and translocation into shoots (i.e., mobilization) was substantial, and in
some cases suggested a more than 1000-fold turnover of pore water SRP over a 3-
month period. For example BARKO & SMART (1980) reported macrophyte-mediated P
release rates, for Egeria spec. 1.64-2.88 mg m2 d', Hydrilla spec. 0.27-
1.37 mg m2 d-', and Myriophyllum spec. 0.41-4.38 mg m2 d-'.

In definitive stands, macrophytes locally reduce flow velocities by mechanical
obstruction of water flow (BUTCHER 1933), and improve water quality, trap extensive
SPM, and accumulate and stabilize fine-grained cohesive sediments (SCOFFIN 1970;
MADSEN & WARNCKE 1983; SAND-JENSEN et al. 1989; MARSHALL & WESTLAKE 1990;
MADSEN et al. 2001). Furthermore, the retention and release processes strongly
regulate the fluxes of P (HAGGARD et al. 2004; KLEEBERG et al. 2007). The reduction of
flow velocities, increases both sedimentation and P retention, and decreases the
potential for resuspension at high biomass levels (Fig. 2) (FONSECA & CAHALAN 1992;
JAMES & BARKO 1994; MADSEN et al. 2001; JAMES et al. 2004).
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Fig. 2: Schematic presentation of the possible effects of macrophytes on sediment water interactions
in a shallow, wind-exposed lake with macrophytes. An upturned arrow indicates the increase
in the intensity of a process; a downward arrow indicates the opposite. The respective process
can either have a positive (‘+‘) or a negative effect (‘-) on the water quality.

For example, these effects were studied during the growing season (May-August)
in three different zones of a stand of the emergent Typha angustifolia L. in shallow
Kirkkojarvi basin of Lake Hiidenvesi, SW Finland (HORPPILA & NURMINEN 2001). The
authors reported that within the stand (5 m from the edge), both the concentration of
SPM and the entrainment rate were significantly lower than at the edge and outside
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the stand (5 m from the edge). The differences between the zones increased towards
the end of summer together with the growing stem density. During the 82 d study, on
dry weight basis, 2210 g m of sediment was resuspended in the outer zone. At the
edge and in the inner zone, the corresponding numbers were 1414 and 858 g m?,
respectively. The P entrainment rate was 39.4 mg m=2 d' outside the stand, 22.4
mg m=2 d" at the edge, and 13.4 mg m d-" within the stand. The authors admit that in
early summer, the concentration of SPM had a highly significant positive effect on SRP
concentration in the water, whereas, in late summer (Typha senescence) no effect was
found. During the study period, P retention by emergent macrophyte stands
corresponded to only 3-5% of the present annual external P loading of the Kirkkojarvi
basin (HORPPILA & NURMINEN 2001).

In a similar study, i.e. at the same site and time HORPPILA & NURMINEN (2003)
studied sedimentation and resuspension in a submerged plant community. During the
83 d study period, 793 g m~ of sediment was resuspended within a stand formed by
Ranunculus circinatus SIBTH., Ceratophyllum demersum L., and Potamogeton
obtusifolius WERT. et W.D.J. KocH. Outside the stand, 1701 g m? sediment
resuspension was determined. Water turbidity and SPM concentration were
significantly lower within the plant bed compared with the surrounding water area. With
the resuspended sediment, the P entrainment rate was 11.8 mg m-2 d-" within the stand
and 24.5 mg m2 d! outside the stand. Within the macrophyte stand, resuspended
particles absorbed P from the water (indicated by the inverse relationship between
SPM and SRP), which was probably connected to the lowered P concentration of
surface sediment due to uptake by macrophytes (HORPPILA & NURMINEN 2003). The
latter is astonishing. Usually, seasonal changes in sedimentary TP are not to detect
since first, the variability particularly in plants stands is too high to find any significant
uniformity, and second, the dissolved P pool of sediment usually represents not more
than 1-2% of TP (BOSTROM et al. 1988).

In essence, in definitive stands during growing season, macrophyte-mediated
effects improving the water quality are dominating, i.e. mainly due to the P uptake from
the sediment into biomass, and by accumulating matter within their stands.

3.2 Macrophyte effects during plant senescence

It is obvious that the matter accumulated during growing season is preferentially
fine grained and rich in OM and P representing a respective resuspension potential
(KLEEBERG et al. 2010b). Thus, the senescence of macrophytes, a sudden increase in
discharge of a running water or an inflowing tributary, wind and waves, or a possible
plant cutting, all lead to resuspension and entrainment of organic material (SAND-
JENSEN et al. 1989; ScHuLz et al. 2003; JAMES et al. 2004), and release of nutrients
into the water column (WAINRIGHT 1990; KLEEBERG et al. 2010b).

The extent of resuspension depends on both (i) the vertical distribution of
sediment properties in the bed, such as dry weight representing time after deposition,
OM, and P concentration of pore water (WITT & WESTRICH 2003; TENGBERG et al. 2004;
KLEEBERG et al. 2007), and (ii) the hydrodynamics such as flow velocity and bottom
shear stress, which also influence floc formation and aggregation at the sediment-
water interface (DROPPO et al. 1998). Although the impact of all these parameters is
qualitatively known, it is not possible to predict the resuspension behaviour of the
sediment (such as critical erosion thresholds and entrainment rates) from one or more
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easily measurable sediment parameters (e.g. EL GANAOUI et al. 2004). Hence, each
sediment and plant type must be investigated independently.

The importance of the hydrodynamically induced transport processes relative to
the total flux of nutrients through the system is often not known. In particular, the P
fluxes due to resuspension associated with macrophyte stands under changing wave
and flow conditions are poorly understood (REDDY et al. 1999; STEINMAN et al. 2008).
Consequently, often the impact of ‘in-stream’ or ‘in-lake’ hydrologic conditions on the
extent of benthic P entrainment is poorly documented, both for the magnitude and
source strength from sediment and pore water. Moreover, accurate determination of
critical shear stress for resuspension is only attained through direct, in situ
measurements (PATERSON & BLACK 1999).

Moreover, macrophytes and their interactions with sediment and overlying water
may be considered from small scale (individual plant) to large scale (vegetation
mosaic); intermediate scales are vegetation patches, which are assemblages of certain
dominating species growing in relatively uniform physical conditions with defined
spatial boundaries (PRINGLE et al. 1988). Assembling of individual plants into patches
means establishing certain interactions between plants, and assumes an increased
level of interaction with the flow such as vegetation resistance, frictional energy loss
and volume displacement (e.g. GREEN 2005). Because of this complexity (see SAND-
JENSEN & PEDERSEN 1999), most of the basic interactions have been conceptualized
only at the individual plant and patch scale. At all scales there are only limited studies
providing quantitative data of the definitive relationships (see review by MADSEN et al.
2001).

A more recent paper by KLEEBERG et al. (2010) quantified resuspension, in
particular the P entrainment, under well-defined hydrodynamic conditions in a stand of
the arrowhead Sagittaria sagittifolia L. in shallow lowland River Spree, Brandenburg,
Germany. In situ resuspension experiments with a hydrodynamically calibrated erosion
chamber were conducted. Concurrent measurements of the prevailing flow
characteristics and bed load were used to quantify the seasonal dynamics of matter
deposition and mobilization (Fig. 2) inside and outside (free path) of a representative
patch of S. sagittifolia. Increasing entrainment rates (E) of particles (Espm) and TP
(Etp), with increments of shear velocity (u*) from 0.53 to 2.42 cm s, were significantly
higher inside the plant patch than outside. Indeed, Espm and Etp at the lowest u* were
8- and 12-fold higher inside than outside the patch, reflecting the resuspension
potential of the upper nutrient-enriched layer and the extent of pulsed P inputs even at
small increases in u*. Vertical distribution of velocity (u) revealed a flow pattern of a
mixing layer inside the S. sagittifolia patch, and that of a boundary layer in the free
path. The highest gradient of u in the mixing layer was located in the water column at
about 0.5 m depth, whereas the highest gradient of u for the boundary layer was found
near the riverbed. The maximum of u* (1.65 cm s™') was only 4 mm above the sediment.
Thus, a plant mosaic provides a low-energetic environment promoting extensive
particle trapping and the accumulation of a fine-grained, P-enriched sediment, and
forming a large resuspension potential. Consequently, during plant decay and the
concomitant increase of u* this material is preferentially entrained (Fig. 2) at higher
rates. Hence, the key role of submerged macrophytes in lowland rivers, as in shallow
lakes, is more directly related to modifying the dynamic equilibria between vegetation
trapping and resuspension, i.e. the retention and mobilization of P.
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3.3 Macrophyte effects during decomposition

During decay, the majority of plant constituents, e.g. nutrients, is rapidly leached
and released back to the sediment pore water or overlying water (Fig. 2). For example,
BELOVA (1993) studied the decomposition of several lake macrophytes in the littoral of
two lakes with different levels of macrophyte development. Weight loss during 40-60
days of decomposition for fast-decomposing plants was 60-95% and after 365-day of
incubation Potamogeton perfoliatus L. lost nearly 100% of its initial weight. Slow-
decomposing plants lost 20-50% of their initial weight after 40-60 days of incubation,
and Phragmites australis (CAV.) TRIN. ex STEUD. lost 84% of its initial weight after
365 days. TP in plants did not decrease at the first stages of decomposition. The
proportion of macrophyte OM entering the biological cycle in two lakes amounted 3.5%
and 26% of phytoplankton primary production (BELOVA 1993).

An additional view, it can be assumed that metals concurrently released during
plant decomposition could contribute to P binding (KLEEBERG 2013), thus decreasing
the direct P availability to decomposers and the release to the water column and other
biota (Fig. 1). This applies particularly to Fe, which is known to be an efficient P binding
partner. Phosphorus is co-precipitated with oxidized Fe- and Mn-species, and
adsorbed to their amorphous oxyhydroxides (CHRISTENSEN et al. 1997). Briefly,
inorganic Fe exists in the reduced ferrous (Fe?*) or the oxidized ferric (Fe3*) form,
depending upon pH and oxidation-reduction potential. Thus, Fe3* compounds such as
Fe(OH)s strongly sorb P and form an oxidized ‘microzone’ at the sediment surface.
Minerals such as FePO4 are also formed, but the primary P retention in sediments is
by solid FeOOH~PO4 complexes whose effect is greatest across a pH range of 5to 7
(MARTYNOVA 2010). In the reduced state, Fe?* becomes soluble and associated P is
released. This change occurs rapidly, so that even brief periods of oxygen
consumption lead to P release. Both the mineralization of organic P compounds and
the dilution of solid Fe minerals could contribute to a transition from less mobile to more
mobile (i.e., redox-sensitive) Fe-bound P (Fig. 1). However, in studies on aquatic
macrophyte decomposition, P binding partners are usually not yet been examined
(KLEEBERG 2013). Furthermore, the availability of elements such as Fe can influence
macrophyte species composition (LAMERS et al. 2002).

In essence, both sedimentation of OM and the uptake of P, and the resuspension
of different sediment constituents and P and its binding partners within the plant’s life
cycle, all with different intensity, emphasize the importance of submerged macrophytes
in mediating the water quality. However, the plant-dependant properties of the
sediment known to influence sediment consolidation and the respective hydrodynamic
thresholds for resuspension are often not known. Thus, it becomes obvious, that
studies quantifying and balancing the equilibrium processes and the net effect of
macrophytes on retaining OM and P, respectively, should include at least a complete
annual life cycle of the dominating species.

4 Effects after macrophyte recovery following restoration
measures

The pristine state of lakes is often poor in P, clear and rich in aquatic
macrophytes. The lakes with low P concentrations have mostly growth-restricted
plants. With increasing load of OM and P and its availability the aquatic plant biomass
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increases (see Fig. 1); dense stands might occur which thrive within the whole water
column up to the water surface (SCHEFFER 1998). However, if a certain threshold of P
concentration is exceeded the lake can switch toward a turbid, plankton-dominated
macrophyte-free state (SCHEFFER et al. 1993).

The case study of dimictic Lake Grof3-Glienicke, Berlin/Potsdam, Germany,
illustrates that a single in-lake Fe application can be a suitable lake restoration tool to
initiate the re-colonialization of a certain community of submerged macrophytes which
in turn is contributing to a stabilization of a new, long-lasting equilibrium.

Following the reduction of the external P loading, the previously highly eutrophic
Lake Gro3-Glienicke has been treated once, between December 1992 and February
1993, with solid ferric hydroxide (Fe(OH)s) and dissolved ferric chloride (FeCls), each
at 250 g Fe m (KLEEBERG et al. 2012). Due to reduced external P loading and the in-
lake P precipitation, the concentrations of total P (TP) and chlorophyll a (Chl a)
decreased on average (1989-1992 to 1993-1996) from 485 to 55 ug I, and from 41 to
13 ug I'', respectively; decreases have continued down to today’s mesotrophic level
(TP 20 pg I, Chl a 7 ug I'"). The secchi depth visibility increased to maximum 6 m
(KLEEBERG et al. 2013b) providing a better light availaibility.

With the recolonialization of submerged macrophytes and their massive
dispersion since about the year 2000 mesotrophic conditions at a TP concentration
around 22 ug L' have been reached. The maximum macrophytic colonization depth
of about 3 m in 2000 increased on average to 6.3 m in 2008, and the numbers of
species within the same period of time from 7 to 14 species. The macrophyte
evaluation using the reference index according to SCHAUMBURG et al. (2006) resulted
in the ecological status class 3.0 (‘moderate’) for the lake. The evaluation according to
the macrophyte index Brandenburg (PAzoLT 2007) resulted in an ecological status
class 1 (‘excellent’). Surveying and mapping in 2010, in the same manner as before,
resulted in 13 species of aquatic macrophytes. The colonization of the submerged
macrophytes with water depth increased to 7.2 m. Nevertheless, the evaluation of the
macrophytes indicated only an ‘unsatisfactory’ ecological status of the lake; because
the species which represent a ‘good ecological quality’ such as Chara spp. are missing
or completely under-represented. Guidelines that critically assess the potential
development of submerged vegetation, considering into account the complex factors
and interrelations that determine their occurrence, abundance and diversity exist (e.g.
HILT et al. 2006). Nevertheless, it remains difficult to predict when and which
submerged macrophyte species will probably re-colonize a lake after a certain
restoration measure.

The in-lake measure, more than 20 yrs ago, is sustainable (KLEEBERG et al.
2013b). Due to the iron addition the pelagic P was almost completely precipitated and
translocated towards the sediment surface. This is the main reason why particularly
eutraphent species of submerged macrophytes recolonized the bottom of the litoral
zone. The highly competitive plant species benefit from the high iron-bound P supply
at the sediment surface, translocating via their roots the P in the same manner as
described above (Fig. 2). However, decisive is that the P, taken up from the P-rich
surface layer of sediment, is seasonally stored in the biomass, thus being not available
for phytoplankton growth. Hence, the rooting macrophytes contribute to a stabilization
of the mesotrophic, i.e. low level P conditions in the water column.After senescence of
biomass, the P leaked can be retained by oxidized iron compounds.
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Zusammenfassung

Bestande aquatischer (submerser) Makrophyten reprasentieren eine
bedeutende Retentionsstruktur flir Phosphor (P), die entscheidend den
Klarwasserstatus eines Flachgewassers, selbst bei zunehmender P-Last, stabilisieren.
Insbesondere betrachtet werden Prozesse die oft einseitig interpretiert wurden, da sie
hauptsachlich nur zur Wachstumssaison der Pflanzen untersucht wurden: 1) Neben
der P-Aufnahme der Pflanzen wahrend ihres Wachstums, kdnnen sie in erheblichem
Malle P zu anderen Organismen verlagern in dem sie mineralisch P-Formen
mobilisieren und durch die Akkumulation organischen Materials Redoxprozesse
stimulieren, die wiederum die eisengebundene P-Freisetzung begunstigen. 2)
Ausgepragte Bestande akkumulieren praferentiell wahrend der Wachstumssaison
Material welches feinkornig und reich an organischem Material und P ist, das zugleich
ein hohes Resuspensionpotential reprasentiert. Der Makrophytenzerfall fuhrt folglich
regelmafig und kurzzeitig zu hoheren Resuspensionraten (P-Eintrag) im Vergleich zu
vegetationsfreien Flachen. 3) Eine seeinterne P-Fallung verlagert den P zur
Sedimentoberflache und begrenzt so die pelagische P-Verfugbarkeit, stellt jedoch eine
wichtige  P-Ressource fir die sich  wiederansiedelnden eutraphenten
Makrophytenarten dar. Die Schllsselrolle der submersen Makrophyten in
Flachgewassern ist insgesamt eher auf die Modifizierung eines dynamischen
Gleichgewichts zwischen dem saisonal unterschiedlichen Partikelfang in der
Vegetation und der Resuspension gerichtet, d. h. zwischen der Retention und
Mobilisierung von P im Lebenszyklus der Pflanzen. So wird deutlich, dass
Untersuchungen, die die voribergehende Materialretention und den Netto-Effekt der
Makrophyten quantifizieren und bilanzieren sollen, mindestens einen jahrlichen und
somit vollstandigen Lebenszyklus der dominanten Art(en) berlicksichtigen sollten.

Acknowledgements

All individuals who contributed to this study are sincerely thanked. My previous
colleagues, particularly Christiane Herzog, from the department Chemical Analytics
and Biogeochemistry (Leibniz-Institute of Freshwater Ecology and Inland Fisheries,
IGB Berlin) for their support during my field and laboratory studies. Dr. Michael Hupfer
(IGB Berlin) for many fruitful discussions on the subject of phosphorus and sediment
water interactions. Prof. Dr. em. Gieselher Gust (Hamburg/Kiel) who | owe basic
knowledge on hydrodynamics and resuspension out of numerous discussions. An
anonymous referee for helpful comments on an earlier version of the manuscript.

Literature

Barko, J.W. & W.F. James, 1998. Effects of submerged aquatic macrophytes on nutrient dynamics,
sedimentation, and resuspension. In: Jeppesen, E., M Sondergaard & K. Christoffersen (Eds.),
The structuring role of submerged macrophytes in lakes. Springer New York, 197-215.

Barko, JW. & R.M. Smart, 1980. Mobilization of sediment phosphorus by submersed freshwater
macrophytes. Freshwater Biology, 10: 229-238.

Barko, J.W., D. Gunnison & S.R. Carpenter, 1991. Sediment interactions with submerged macrophyte
growth and community dynamics. Aquatic Botany, 41: 41-65.

Barlocher, F. & A.S. Graca, 2005. Total Phenolics. In: Graca, M.A.S., F. Barlocher & M.O. Gessner
(Eds.). Methods to Study Litter Decomposition: a Practical Guide: 97-100.

Belova, M., 1993. Microbial decomposition of freshwater macrophytes in the littoral zone of lakes.
Hydrobiologia, 251: 59-64.

68



Bostréom B., J.M. Andersen, S. Fleisher & M. Jansson, 1988. Exchange of phosphorus across the
sediment-water interface. Hydrobiologia, 170: 229-244.

Butcher, R.W., 1933. Studies on the ecology of rivers. I. On the distribution of macrophytic vegetation
in the rivers of Britain. Journal of Ecology, 21: 58-91.

Christensen, K.K., F.O. Andersen & H.S. Jensen, 1997. Comparison of iron, manganese, and
phosphorus retention in freshwater littoral sediment with growth of Littorella uniflora and benthic
microalgae. Biogeochemistry, 38: 149-171.

Dinka, M., E. Agoston-Szabé & I. Téth, 2004. Changes in nutrient and fibre content of decomposing
Phragmites australis litter. International Revue Hydrobiology, 89: 519-535.

Droppo, I.G., D.E. Walling & E.D. Ongley, 1998. Suspended sediment structure: implications for
sediment and contaminant transport modelling. In: Summer, W., E. Klaghofer & H. Zhang (eds.),
Modelling soil erosion, sediment transport and closely related hydrological processes,
International Association of Hydrological Sciences IAHS Publications, no. 249: 437-444.

El Ganaoui, O., E. Schaaff, P. Boyer, M. Amielh, F. Anselmet & C. Grenz, 2004. The deposition and
erosion of cohesive sediments determined by a multi-class model. Estuarine, Coastal and Shelf
Science,60: 457-475.

Fonseca, M.S. & J.A. Cahalan, 1992. A preliminary evaluation of wave attenuation by four species of
seagrass. Estuarine, Coastal and Shelf Science,35: 565-576.

Gerhardt S., A. Brune & B. Schink, 2005. Dynamics of redox changes of iron caused by light-dark
variations in littoral sediment of a freshwater lake. Biogeochemistry, 74: 323-339.

Green, J.C., 2005. Modelling flow resistance in vegetated streams: review and development of new
theory. Hydrological Processes, 19: 1245-1259.

Grimm, N. B., S.E. Gergel, W.H. McDowell, E.W. Boyer, C.L. Dent, P. Groffman, S.C. Hart, J. Harvey,
C. Johnston, E. Mayorga, M.E. McClain & G. Pinay, 2003. Merging aquatic and terrestrial
perspective of nutrient biogeochemistry. Oecologia, 442: 485-501.

Haggard, B.E., S.A. Ekka, M.D. Matlock & I. Chaubey, 2004. Phosphate equilibrium between stream
sediments and water: potential effect of chemical amendments. Transactions of the ASEA, 47:
1113-1118.

Hilt, S., E.M. Gross, M. Hupfer, H. Morscheid, J. Mahimann, A. Melzer, J. Poltz, S. Sandrock, E.-M.
Scharf, S. Schneider & K. van de Weyer, 2006. Restoration of submerged vegetation in shallow
eutrophic lakes - A guideline and state of the art in Germany. Limnologica, 36: 155-171.

Horppila, J. & L. Nurminen, 2001. The effect of an emergent macrophyte (Typha angustifolia) on
sediment resuspension in a shallow north temperate lake. Freshwater Biology, 46: 1447-1455.

Horppila, J. & L. Nurminen, 2003. Effects of submerged macrophytes on sediment resuspension and
internal phosphorus loading in Lake Hiidenvesi (southern Finland). Water Research, 37: 4468-
4474,

James, W.F. & J.W. Barko, 1994. Macrophyte influences on sediment resuspension and export in a
shallow impoundment. Lake and Reservoir Management,10: 95-102.

James, W.F., JW. Barko & M.G. Butler, 2004. Shear stress and sediment resuspension in relation to
submersed macrophyte biomass. Hydrobiologia, 515: 181-191.
Jeppesen, E., J.P. Jensen, P. Kristensen, M. Sgndergaard, E. Mortensen, O. Sortkjaer & K. Olrik, 1990.

Fish manipulation as a lake restoration tool in hallow, eutrophic, temperate lakes 2: threshold
levels, long-term stability and conclusions. Hydrobiologia, 200/2001: 219-227.

Kleeberg, A., 2013. Impact of aquatic macrophyte decomposition on sedimentary nutrient and metal
mobilization in the initial stages of ecosystem development. Aquatic Botany, 105: 41-49.

Kleeberg, A., A. Freidank & K. Johnk, 2013a. Effects of ice cover on sediment resuspension and
phosphorus entrainment in shallow lakes: Combining in situ experiments and wind-wave
modeling. Limnology and Oceanography, 58: 1819-1833.

Kleeberg, A., C. Herzog & M. Hupfer, 2013b. Redox sensitivity of iron in phosphorus binding does not
impede lake restoration. Water Research, 47: 1491-1502.

Kleeberg, A., M. Hupfer & G. Gust, 2007. Phosphorus entrainment due to resuspension in a lowland
river, Spree, NE Germany — a laboratory microcosm study. Water, Air, and Soil Pollution, 183:
129-142.

Kleeberg, A., A. Kéhler & M. Hupfer, 2012. How effectively does a single or continuous iron supply affect
the phosphorus budget of aerated lakes? Journal of Soils and Sediments, 12: 1593-1603.

69


http://www.sciencedirect.com/science?_ob=JournalURL&_cdi=6776&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=a7899d65c71a98d141245cd74ed7592c
http://www.sciencedirect.com/science?_ob=JournalURL&_cdi=6776&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=a7899d65c71a98d141245cd74ed7592c
http://www.sciencedirect.com/science?_ob=IssueURL&_tockey=%23TOC%236776%232004%23999399996%231%23FLA%23display%23Volume_60,_Issue_3,_Pages_359-540_%28July_2004%29%23tagged%23Volume%23first%3D60%23Issue%23first%3D3%23Pages%23first%3D359%23last%3D540%23date%23%28July_2004%29%23&_auth=y&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=2eb97e5cb298ca7fbb85f06d06129b60
http://www.sciencedirect.com/science?_ob=JournalURL&_cdi=6776&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=a7899d65c71a98d141245cd74ed7592c

Kleeberg, A., C. Herzog, S. Jordan & M. Hupfer, 2010a. What drives the evolution of the sedimentary
phosphorus cycle? Limnologica, 40: 102-113.

Kleeberg, A., A. Sukhodolov, T. Sukhodolova & J. Kéhler, 2010b. Effects of aquatic macrophytes on
organic matter deposition, resuspension and phosphorus entrainment in a lowland river.
Freshwater Biology, 55: 326-345.

Krogerus, K. & P. Ekholm, 2003. Phosphorus in settling matter and bottom sediments in lakes loaded
by agriculture. Hydrobiologia, 492: 15-28.

Lamers, L.P.M., S.J. Falla, E.M. Samborska, I.A.R. van Dulken, G. van Hengstum & J.G.M. Roelofs,
2002. Factors controlling the extent of eutrophication and toxicity in sulfate — polluted freshwater
wetlands. Limnology and Oceanography, 47: 585-593.

Longhi, D., M. Bartoli & P. Viaroli, 2008. Decomposition of four macrophytes in wetland sediments:
Organic matter and nutrient decay and associated benthic processes. Aquatic Botany, 89: 303-
310.

Madsen, T.V. & E. Warncke, 1983. Velocities of currents around and within submerged aquatic
vegetation. Archiv fur Hydrobiologie, 97: 389-394.

Madsen, J., P. Chambers, W. James, E. Koch & D. Westlake, 2001. The interaction between water
movement, sediment dynamics and submerged macrophytes. Hydrobiologia, 444: 71-84.

Marshall, E.J. & D.F. Westlake, 1990. Water velocities around water plants in chalk streams. Folia
Geobotanica et Phytotaxonomica, 25: 279-289.

Martynova, M.V., 2010. Iron compound occurrence forms in freshwater deposits: Analytical Review.
Water Resources, 37: 488-496.

Mitch, W.J. & J.G. Gosselink, 2000. Wetland ecosystem development. In: Mitch, W.J. & J.G. Gosselink
(eds.), Wetlands, 3rd ed. John Wiley & Sons Inc, New York, pp. 231-260.

Pazolt, J., 2007. Der Makrophyten-Index Brandenburg — Ein Index zur Bewertung von Seen mit
Makrophyten. Naturschutz und Landschaftspflege in Brandenburg, 16: 116-121.

Paterson, D.M. & K.S. Black, 1999. Water flow, sediment dynamics and benthic ecology. Advances in
Ecological Research, 29: 155-193.

Pelton, D.K., S.N. Levine & M. Braner, 1998. Measurements of phosphorus uptake by macrophytes from
the LaPlatte River (VT) using 32P in stream microcosms. Freshwater Biology, 39: 285-299.

Pieczynska, E., 1993. Detritus and nutrient dynamics in the shore zone of lakes: a review. Hydrobiologia,
251: 49-58.

Pringle, C.M., R.J. Naiman, G. Bretschko, J.R. Karr, M.W. Oswood, J.R. Webster, R.L. Welcomme &
M.J. Winterbourn, 1988. Patch dynamics in lotic systems: the stream as a mosaic. Journal of
North American Benthological Society, 7: 503-524.

Reddy, K.R., R.H. Kadlec, E. Flaig &P.M. Gale, 1999. Phosphorus retention in streams and wetlands.
Critical Reviews Environmental Science Technology, 29: 83-146.

Roden, E.E. & J.W. Edmonds, 1997. Phosphate mobilization in iron-rich anaerobic sediments: microbial
Fe(lll)oxide reduction versus iron-sulfide formation. Archiv fir Hydrobiologie, 139: 347-378.

Sand-Jensen, K., 1998. Influence of submerged macrophytes on sediment composition and near-bed
flow in lowland steams. Freshwater Biology, 39: 663-679.

Sand-Jensen, K. & O. Pedersen, 1999. Velocity gradients and turbulence around macrophyte stands in
streams. Freshwater Biology, 42: 315-328.

Sand-Jensen, K., E. Jeppesen, K. Nielsen, L. Vanderbijl, L. Hjermind, L. W. Nielsen & T.M. lversen,
1989. Growth of macrophytes and ecosystem consequences in a lowland Danish stream.
Freshwater Biology, 22: 15-32.

Schaumburg, J., U. Schmedje, C. Schranz, B. Kopf, S. Schneider, D. Stelzer & G. Hofmann, 2006.
Handlungsanweisung fur die o6kologische Bewertung von Seen zur Umsetzung der EU-
Wasserrahmenrichtlinie: Makrophyten und Phytobenthos. Bayerisches Landesamt flr
Wasserwirtschaft.

Scheffer, M., 1998. Ecology of shallow lakes. Springer, Dordrecht, 348 pp.

Scheffer, M., S.H. Hosper, M.-L. Meijer, B. Moss & E. Jeppesen, 1993. Alternative equilibria in shallow
lakes. Trends in Evolution and Ecology, 8: 275-279.

Scheffer, M., S. Carpenter, J.A. Foley & B. Walker, 2001. Catastrophic shifts in ecosystems. Nature,
413: 591-596.

70


https://risweb.st-andrews.ac.uk/portal/en/researchoutput/water-flow-sediment-dynamics-and-benthic-ecology(217ae6e7-9e94-4826-a9cf-10197f5708f2).html

Schulz, M., H.-P. Kozerski, T. Pluntke & K. Rinke, 2003. The influence of macrophytes on sedimentation
and nutrient retention in the lower River Spree (Germany). Water Research, 37: 569-578.

Scoffin, T.P., 1970. The trapping and binding of subtidal carbonate sediments by marine vegetation in
Bimini Lagoon, Bahamas. Journal of Sedimentary Petrology, 40: 249-273.

Sharpley, A.N., T. Krogstad, R. McDowell & P. Kleinman, 1999. Global issues of phosphorus in
terrestrial ecosystems. In: Reddy, K.R., G.A. O’'Connor & C.L. Schelske (eds.), Phosphorus
biogeochemistry of subtropical ecosystems. CRN Press, Boca Raton, Florida, 2003: Phosphorus
transport in riverine systems. Encyclopedia of Water Science, Marcel Dekker Inc. New York.

Shilla, D., A. Takashi, F. Takeshi & B. Sanderson, 2006. Decomposition of dominant submerges
macrophytes: implications for nutrient release in Myall Lake, NSW, Australia. Wetland Ecology
Management, 14: 427-433.

Shinohara, R. & M. Isobe, 2010. Daily change in wind-induced sediment Resuspension and phosphorus
forms in a shallow eutrophic lake. Fundamental and Applied Limnology, 176: 161-171.

Smith, C. & M.S. Adams, 1986. Phosphorus transfer from sediments by Myriophyllum spicatum.
Limnology and Oceanography, 31: 1312-1321.

Sorrell, B.K.,, M.T. Downes & C.L. Stanger, 2002. Methanotrophic bacteria and their activity on
submerged aquatic macrophytes. Aquatic Botany, 72: 107-119.

Steinman, A.D., M. Ogdahl & M. Luttenton, 2008. An analysis of internal phosphorus loading in White
Lake, Michigan: 311-325. In: Miranda, F.R. & L.M. Bernard (eds.), Lake Pollution Research
Progress. Nova Science Publishers, N.Y.

Tengberg, A., H. Stahl, G. Gust, V. Miiller, U. Arning, H. Andersson & P.O.J. Hall, 2004. Intercalibration
of benthic flux chambers |. Accuracy of flux measurements and influence of chamber
hydrodynamics. Progress in Oceanography, 60: 1-28.

Thomsen, D.R., K.B. Nielsen & F.O. Andersen, 2005. Is exudation of organic acids by Littorella uniflora
a mechanism for sediment phosphate dissolution? In: Serrano, L. & H.L. Golterman (eds.),
Phosphates in Sediments, Proceedings of the 4" International Symposium, Blackhuys
Publishers, The Netherlands.

Turner, B.L., E. Frossart & D.S. Baldwin, 2005. Organic phosphorus in the environment. CABI
Publishing, 399 pp.

van Donk, E. & W.J. van de Bund, 2002. Impact of submerged macrophytes including charophytes on
phyto- and zooplankton communities: allelopathy versus other mechanisms. Aquatic Botany, 72:
261-274.

Wainright, S.C., 1990. Sediment-to-water fluxes of particulate material and microbes by resuspension
and their contribution to the planktonic food web. Marine Ecology Progress Series, 62: 271-281.

Wigand, C., J.C. Stevenson & J.C. Cornwell, 1997. Effects of different submerged macrophytes on
sediment biogeochemistry. Aquatic Botany, 56: 233-244.

Witt, O. & B. Westrich, 2003. Quantification of erosion rates for undisturbed contaminated cohesive
sediment cores by image analysis. Hydrobiologia, 494: 271-276.

Xie, Y., D. Yu & B. Ren, 2004. Effects of nitrogen and phosphorus availability on the decomposition of
aquatic plants. Aquatic Botany, 80: 29-37.

71



