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Water level fluctuations in a tropical reservoir: the impact
of sediment drying, aquatic macrophyte dieback, and oxygen
availability on phosphorus mobilization
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Abstract Reservoirs in semi-arid areas are subject to water
level fluctuations (WLF) that alter biogeochemical processes
in the sediment. We hypothesized that wet–dry cycles may
cause internal eutrophication in such systems when they affect
densely vegetated shallow areas. To assess the impact ofWLF
on phosphorus (P) mobilization and benthic P cycling of iron-
rich sediments, we tested the effects of (i) sediment drying and
rewetting, (ii) the impact of organic matter availability in the
form of dried Brazilian Waterweed (Egeria densa), and (iii)
alternating redox conditions in the surface water. In principle,
drying led to increased P release after rewetting both in plant-
free and in plant-amended sediments. Highest P mobilization
was recorded in plant amendments under oxygen-free condi-
tions. After re-establishment of aerobic conditions, P concen-
trations in surface water decreased substantially owing to P
retention by sediments. In desiccated and re-inundated sedi-
ments, P retention decreased by up to 30 % compared to
constantly inundated sediments. We showed that WLF may
trigger biochemical interactions conducive to anaerobic P re-
lease. Thereby, E. densa showed high P release and even P
uptake that was redox-controlled and superimposed sedimen-
tary P cycling. Macrophytes play an important role in the
uptake of P from the water but may be also a significant source
of P in wet–dry cycles. We estimated a potential for the abrupt
release of soluble reactive phosphorus (SRP) by E. densa of
0.09–0.13 g SRP per m2 after each wet–dry cycle. Released
SRPmay exceed critical P limits for eutrophication, provoking

usage restrictions. Our results have implications for manage-
ment of reservoirs in semi-arid regions affected by WLF.
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Introduction

Man-made aquatic systems, such as reservoirs in particular,
often undergo frequent changes in water level due to opera-
tional water level manipulations or seasonal water availability
(Nilsson 2009). Drying and rewetting of littoral sediments due
to water level fluctuations (WLF) strongly influence sediment
diagenesis and the function of littoral zones (Uhlmann et al.
2011, Krolová et al. 2013) including P cycling (Baldwin and
Mitchell 2000, de Vicente et al. 2010) and therefore phyto-
plankton development (Rangel et al. 2012). Worldwide, most
reservoirs fulfill multiple purposes (e.g., hydroelectric power
generation, irrigation, flood control, domestic and industrial
water use, aquaculture), but particularly those in areas of water
scarcity are crucial to provide a reliable distribution of quality
fresh water. Eutrophication appears as a major threat to water
quality for these systems (Bergkamp et al. 2000; Smith 2003;
Cooke 2005; Gunkel and Sobral 2013). The significance of
WLF for lake management has been recognized for over a
decade (Coops et al. 2003; Wantzen et al. 2008; Zohary and
Ostrovsky 2011). However, management plans often still lack
a comprehensive understanding of the linkage between hydro-
logical and biochemical cycles to address Bwater-human-eco-
system interactions^ (Wagener et al. 2010) to provide fresh-
water services and water quality.

Systems with shallow margins are especially sensitive to
WLF, and their role in these ecosystems is not yet fully
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understood (Coops et al. 2003; Wantzen et al. 2008). The
extent and timing of P release from littoral sediments can be
crucial for primary production and water quality (e.g.,
Søndergaard et al. 2003). Several studies have shown in-
creased P release from sediments following wet–dry cycles
owing to the alteration of physical, microbial, and chemical
processes within lake and reservoir sediments or at their sed-
iment–water interface (Qiu and McComb 1994; Baldwin
1996; Mitchell and Baldwin 1998; Baldwin and Mitchell
2000, Watts 2000a; Batzer and Sharitz 2006). Finally, WLF
cause exposure and desiccation of submerged macrophytes
that can strongly influence the recycling of nutrients and the
energy flow in aquatic ecosystems in their succession and at
senescence (Granéli and Solander 1988; Marion and
Paillisson 2003; Shilla et al. 2006; Kleeberg 2013). The high
complexity of interacting processes of the internal P cycle
complicates general predictions of response across different
systems (see Baldwin andMitchell 2000 for review), andmost
studies focused on the short-term implications of a single fac-
tor. Exposed sediments often undergo physical changes in
their matrix, and particularly clay-rich sediments develop
cracks and fissures. While sediment drying can promote
the formation of amorphous iron (Fe)-oxides and thus P
binding, mineral aging and particle size shifts may trigger
the opposite by decreasing the P adsorption capacity (De
Groot and Van Wijck 1993; Mitchell and Baldwin 1998;
Qiu and McComb 2002; Gilbert et al. 2014). Furthermore,
the organic matter content of sediments can become cru-
cial for nutrient cycling when reflooding of desiccated
sediments generates a nutrient pulse into the surface water
(Watts 2000b; Smith and Jacinthe 2013). Recently, it was
concluded that WLF have the capability to promote sedi-
ments to act as P sinks and in short term also as P sources,
depending mainly on the variety of environmental condi-
tions (Tang et al. 2014; Dieter et al. 2015). While there
has been evidence that hydrological changes have impacts
on the internal loading of P from different sediment types
with different drying histories in wetlands (Aldous et al.
2005; Zak and Gelbrecht 2007; Gilbert et al. 2014), river
floodplains (Kerr et al. 2010; Schönbrunner et al. 2012),
and also in reservoirs (Watts 2000a, b; Wilson and
Baldwin 2008 and literature mentioned above), the com-
plex coupling of effects caused by WLF in densely vege-
tated reservoir sediments are not well known. In this
study, we used the sediments of a shallow bay in the
Itaparica Reservoir, NE Brazil, to run a mesocosm exper-
iment to analyze the impact of wet–dry cycles and the
effects of (i) sediment drying and rewetting, (ii) the
amendment of organic matter in the form of dried
Egeria densa substrate, and (iii) the presence and absence
of oxygen in the water on P cycling.

We hypothesize that WLF significantly alter the way in
which E. densa interferes with supposedly Fe-controlled

benthic P cycling in Icó-Mandantes Bay, Itaparica Reservoir.
Thereby, phytoplankton development might be accelerated
and cause water quality degradation.

Material and methods

Study site

The study was conducted in Icó-Mandantes Bay (8° 49′
16.17^ S, 38° 25′ 30.86^ W), one of the major bays in the
Itaparica Reservoir in the São Francisco river, NE Brazil
(Fig. 1). The Itaparica Reservoir has a regulated inflow of
2060 m3 s−1, a length of 149 km, and a surface area of
828 km2 (CHESF 2011). The maximum depth is 101 m, and
the mean depth is 13 m. The rainy season extends from
January to April with average annual precipitation of
420 mm. Average annual temperature is 26 °C. The Itaparica
Reservoir has a particular significance in its semi-arid catch-
ment area for drinking water abstraction, irrigation, hydro-
power generation, and other water exploitation purposes. In
the past, the reservoir showed water quality issues with phy-
toplankton mass development and cyanobacteria
(Cylindrospermopsis raciborskii) occurrence when minor P
concentration elevations changed water quality significantly
(Gunkel and Sobral 2013).

Periodic WLF of up to 5 m result from the imbalance of
water availability and hydropower production due to seasonal
variation of rainfall, high evaporation, and the almost constant
generation of hydropower throughout the year (Gunkel et al.
2015). WLF in the reservoir can be significant and result in
exposure and or desiccation of large sediment areas of several
hundred square kilometers. Icó-Mandantes Bay has an area of
25 km2, and almost half of the inundated area (~12 km2) can
become dry under maximum WLF (aerial photograph analy-
sis). We observed fluctuations exceeding 3.5 m during field
campaigns in 2012–2013. The Brazilian Waterweed E. densa
(henceforth termed Egeria) is the dominant submersed mac-
rophyte species in the reservoir and occurs in large stands of
high biomass (380–510 g per m2) in areas above 6–7 m water
depth. These areas are affected by WLF and subjected to dry-
ing. Morphometric and chemical characteristics of the study
site are given in Tables 1 and 2.

Field sampling

Sediment samples that were not yet affected by wet–dry cy-
cles were collected from 7 m depth in October 2013 using an
Ekman grab (Fig. 1; Table 2). We used unaffected sediment to
capture the initial effect of WLF on sedimentary P cycling.
Sediment samples were sieved (2 mm mesh size) to remove
organic debris and snail shells and thoroughly mixed prior to
experimentation. Macrophytes (Egeria) were harvested using
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a sampling rake and assorted for undamaged specimens.
Egeria specimens were washed with reservoir water, the water
was carefully shaken off, and plants were chopped and air
dried until fully dehydrated.

Mesocosm experiment

A mesocosm experiment was conducted to study the effect of
wet–dry cycles and decomposing Egeria on the mobilization
of soluble reactive P (SRP), dissolved organic carbon (DOC),
and the pore water concentrations of SRP and dissolved iron
(DFe). Aliquots of the sediment slurry were used to fill 12
acrylic tubes (h=300 mm; d=30 mm), and water of the ionic
strength corresponding to the reservoir (80 μS cm−1 sodium
chloride solution) was used to fill up the mesocosms. The
water–sediment volume ratio was 3 to 1. Sediments were in-
cubated at a temperature similar to the average reservoir water
temperature (2012–2014: 27± 1 °C). All mesocosms were

closed and set aside for 2 weeks to compensate for possible
disturbances before the start of experimentation. We used ny-
lon litterbags (6×4 cm) with mesh openings of approximately
250μm containing ~1 g of dried Egeria. Egeria litterbags were
put on the sediment surface. The amount of added Egeria
corresponded to the lowest biomass ranging of 380 g dry
weight (dw) per m2 determined for the vegetated sites of
Icó-Mandantes Bay in 2013 (maximum observed biomass
was 510 g dw m−2 after additional field surveys in 2014;
Lima pers. comm.).

We used two sediment groups in our experiment: constant-
ly wet sediment (Bwet^) and sediment that had been dried and
rewetted (Bdry^). The latter was dried for 14 days until we
recorded 25% of gravimetric moisture loss and then rewetted.
From the wet group, three replicates were amended with
Egeria and named Bwet-plant^ while three un-amended repli-
cates served as controls. In the same manner, three replicates
from the dry group were amended with Egeria and named
Bdry-plant^ while three replicates served as controls. In total,
we used 12 mesocosms containing sediment. Another three
replicates were set up with experimental water and Egeria but

Fig. 1 Itaparica Reservoir and
Icó-Mandantes Bay (rectangle in
the right figure) in the São
Francisco River, Brazil

Table 1 Basin morphometry and chemical characteristics of the surface
water in Icó-Mandantes Bay in 2012 and 2013

Parameter Unit

Water level m a.s.l. 299–304.5

Desiccation area km2 10–12

Volume 106 m3 140

Water residence timea Day 183 (68 in mainstream)

Soluble reactive phosphorus (SRP) μg L−1 3–6

Total phosphorus (TP) μg L−1 9–21

Total nitrogen (TN)a mg L−1 0.2–0.9

pHa – 7.2–9.6

Conductivitya μS m−1 66–87

Water parameters were determined by standard analyses as described in
Zwirnmann et al. (1999)
a Data from Selge et al.(2015)

Table 2 Composition of sediment and Egeria (Egeria densa) from Icó-
Mandantes Bay

Parameter Unit Sediment Egeria densa

Organic matter (LOI) % dw 8.5 86.0

Total carbon % dw 2.8 35.7

Total nitrogen % dw 0.3 2.0

Total phosphorus mg g−1 dw 0.75 12.8

Iron (Fe) mg g−1 dw 59.4 26.2

Fe/P Molar 41.2 1.1

Sediment and plant parameters were determined by standard analyses as
described in Zwirnmann et al. (1999)

dw dry weight, LOI loss on ignition
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no sediment (Bonly-plant^) to quantify P mobilization from
Egeria without any influence of the sediment matrix.
Accordingly, all treatments were done in triplicates; 15
mesocosms in five parallel treatments were set up for the
whole experiment. By comparing Bonly-plant^ to Bwet-plant^
and Bdry-plant,^ we could determine whether the sediment
influences SRP mobilization (e.g., by P retention) and further-
more if that influence changes with drying.

The study site is characterized by atelomixis, i.e., day-night
stratification changes (Gunkel et al. 2015). Calm or windless
periods can prolong the stratification time and cause rapid
oxygen depletion in the water column of Icó-Mandantes Bay
(Keitel, unpublished data) and shallow tropical lakes in gen-
eral (Townsend 1999). To adjust anoxic conditions, sediment
mesocosms were sealed and oxygen concentrations in the
mesocosms decreased quickly. We defined oxygen concentra-
tions between 0.01 and 1.0 mg L−1 as anaerobic conditions.
Aerobic conditions were maintained by justifying oxygen
concentrations between 6.0 and 8.0 mg L−1 by aeration of
the water column using aeration stones. In this way, we were
able to alter redox conditions and realize water column
mixing. To suppress the formation of thermal and chemical
gradients in the water column, we used a magnetic float ball (a
metal pin in a closed polypropylene container) to carefully stir
the water from outside the closed mesocosms. Successively,
five alternating redox phases were assessed over the course of
the experimentation: phase 0 (start) = aerobic, phase 1= anaer-
obic, phase 2=aerobic, phase 3=anaerobic, and phase 4=aer-
obic. Oxygen measurements in the water were done by
needle-type optical oxygen microsensors (Presens,
Regensburg, Germany) injected through injection ports,
allowing measurements in closed mesocosms.

All mesocosms containing sediment were equipped with a
Rhizone pore water sampler (Rhizosphere Research Products,
Wageningen, Netherlands) at 1 cm below the sediment–water
interface, and pore water was collected via injection ports with
a syringe. After reflooding of the mesocosms, samples were
taken in intervals over a 70-day course.

Sample analyses

Surface water samples were analyzed for SRP and DOC con-
centrations. SRP was determined photometrically based on
the molybdenum blue method (Murphy and Riley 1962) using
a segmented flow analyzer (SFA, Skalar Sanplus, Skalar
Analytical B.V., De Breda). DOC concentrations were ana-
lyzed with a TOC/TN analyzer (multi N/C 3100, Jena
Analytics, Jena, Germany). Because of the small sample vol-
ume (<2 mL), pore water was photometrically analyzed for
SRP and DFe using a miniaturized procedure (Laskov et al.
2007). After sampling the overlying water, the volume re-
moved was replaced with experimental water and dilution
was considered in concentration calculations.

Aliquots of fresh sediments were used to determine dw
(105 °C, 8 h) and organic matter content by loss on ignition
(450 °C, 3 h) of dried sediments. Sediments were analyzed for
TP after digestion of 5–10 mg dry sediment in 2 ml 5 mol l−1

H2SO4, 2 ml 30 % H2O2, and 20 ml distilled water at 150 °C
for 16 h (Zwirnmann et al. 1999). Sediment concentrations of
Fe were determined by atomic emission spectrometry (iCAB
7000 Series, Thermo Scientific) after wet digestion (HCl
37 %, HNO3 65 %, volumetric ratio 1:3) in a high pressure
microwave oven (Gigatherm). C-N analyses were performed
using dry sediment in a vario EL system (Elementar
Analysensysteme GmbH, Hanau, Germany). All further
Egeria analyses were done in accordance with sediment anal-
yses. The P binding forms were determined by the sequential
chemical extraction scheme of Psenner et al. (1984) with
slight modifications (Hupfer et al. 1995). Briefly, six P species
were separated in a sequential extraction manner: (1) pore
water P and P loosely sorbed to surfaces (BNH4Cl-P^); (2)
reductant-soluble P, mainly Fe-hydroxide bound P (BBD-
TP^); (3) P bound to Al- and Fe- oxides (BNaOH-SRP^); (4)
P that has its origin in organic compounds (poly-P, P in humic
substances) (Borganically bound P;^ BNaOH-NRP^); (5) acid-
soluble P, mainly carbonate-P and apatite-P (BHCl-P^); and
(6) residual P, determined after wet digestion of remaining
sediment with sodium persulfate (Na2S2O8) (BRes.-P^).
Chemical analyses were always done as duplicates, and the
average was used for data analyses.

Microbial biomass P was estimated by the fumigation–ex-
traction method using ethanol-free chloroform to fumigate
sediment samples, largely as described by Brookes et al.
(1982). After fumigation with ethanol-free chloroform, P
was extracted with NaHCO3 solution. P from non-microbial
organic matter is not released by chloroform fumigation
(Brookes et al. 1982). Microbial P was determined by the
difference of P from fumigated and non-fumigated sediment.
We used 3–4 g fresh sediment (~1 g dw) rather than 10 g dw
equivalent as suggested by the authors.

Statistical analyses

All statistical analyses were performed using R 3.0.2 (R Core
Team 2013). We used linear mixed effects models from the
Blme4^ package (Bates et al. 2014) and two-way ANOVA. We
tested the relationship between SRP and DOC mobilization in
the surface water, and SRP and DFe mobilization in the pore
water and three explanatory variables. The fixed variables were
the following: (1) Treatment (two levels: Egeria and no
Egeria), (2) Scenario (two levels: dry and wet), and (3) Redox
(two levels: aerobic and anaerobic). After visual inspection of
residual plots, response variables were log10 transformed to
reduce the spread of the data and to achieve assumption of
normality (Crawley 2007). To account for the natural interac-
tion between the variables, interaction terms were included for
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all explanatory variables. Finally, we included random effects
of time and mesocosm (i.e., experimental unit) as well as by-
time and by-mesocosm random slopes for the response effect to
account for any heterogeneity and temporal or spatial auto-
correlation of replicate data collected from the same
mesocosms (Zuur et al. 2009). To select significant explana-
tory variables, model selection was performed by stepwise
backward model selection for each response variable
discarding all variables with P>0.05 from the final model
(Crawley 2007). Comparisons between P extraction of fumi-
gated and non-fumigated sediment of different sediment treat-
ments were done with two-way ANOVA.

Results

Effect of sediment drying and rewetting, plant
amendment, and oxygen availability on SRP mobilization

SRP release to the surface water increased significantly after
sediment drying and rewetting, when Egeria was added and
when redox conditions were anaerobic (full model including
main and interaction effects of all three fixed variables: χ2

1

df= 4.6, P<0.03166, Fig. 2a). Each single effect (“Treatment,”
“Scenario,” and “Redox”) affected SRP release significantly;
the model comparison supported the full model as the best
model and revealed the importance of interactions of the ef-
fects. Referring to our study system, this means that the inter-
action or the concurrent appearance of (i) dry sediments, (ii)
Egeria material, and (iii) reducing conditions in the water pro-
mote a scenario that is most conducive for the release of SRP to
the surface water (Fig. 2a). Redox conditions changed from
aerobic to anaerobic within 1 day in the mesocosms. Both
sediment-Egeria treatments showed strong reactions when re-
dox conditions changed: surface water SRP concentrations
increased significantly under anaerobic conditions and de-
clined significantly when aerobic conditions were
reestablished (Fig. 3). The uptake or release of SRP can be
derived from Figs. 2a and 3; high SRP concentrations were
mostly found under anaerobic conditions, indicating SRP mo-
bilization from Egeria/sediment to the water and vice versa
under aerobic conditions. The maximum SRP release was
observed in the second anaerobic phase (phase 3) and was on
average around 10 times higher than anaerobic phase 1.
Alternating oxygen concentrations had a strong effect on SRP
mobility (Fig. 3). However, the effect was only clearly recog-
nizable in the Egeria treatments where additional plant P was
present. Among all incubations, SRP concentrations were
highest in Bonly-plant^ mesocosms (Fig. 3). SRP mobility
in Bonly-plant^ mesocosms showed the same sensitivity
towards water oxygen concentrations over the sequence
of redox phases as observed in the treatments containing
Egeria and sediment.

Effect of sediment drying and rewetting, plant
amendment, and oxygen availability on DOCmobilization

Drying of sediments did not result in altered sedimentary
DOC release compared with constantly wet sediments, irre-
spective of whether Egeria was added or not (Fig. 2b).

DOC release was high in all treatments containing Egeria;
the addition of Egeria material affected the release of DOC
significantly when compared with the controls without Egeria
(χ2

1 df =22.9, P<0.001; Fig. 2b). Furthermore, anoxic condi-
tions caused an increase in DOC release to the surface water
(χ2

1 df= 31.2, P<0.001, Fig. 2b) and the release of DOC was
up to 10 times higher. DOC release in treatments without
Egeria responded less strongly to changing oxygen
concentrations.

Effect of sediment drying and rewetting, plant
amendment, and oxygen availability on pore water SRP
and DFe

SRP and DFe concentrations were significantly affected by
Egeria treatment (SRP: χ2

1 df = 20.6, P< 0.001; DFe: χ2
1

df= 15.1, P<0.001, Fig. 4a, b). In all Egeria treatments, SRP
and DFe pore water concentrations increased rapidly, while
concentrations of the controls (Bwet^ and Bdry^ sediment
without Egeria) remained constant. Highest SRP concentra-
tions were between 1.0 and 1.3 mg L−1 in Bwet-plant^ repli-
cates and 0.4 to 1.0 mg L−1 in Bdry-plant^ replicates. For
Bwet-plant,^ DFe concentration reached its highest values
from 23.2 to 47.9 mg L−1 while values ranged between 13.2
and 157 mg L−1 for Bdry-plant^ treatments. At the same time,
the pore water SRP of Egeria-free controls remained relatively
constant between 0.05 and 0.25 mg L−1 (Bwet^) and between
0.3 and 0.7 mg L−1 (Bdry^). DFe controls varied from 0.1 to
2.1 mg L−1 (Bwet^) and from 1.3 to 1.9 mg L−1 (Bdry^). Pore
water SRP and DFe concentrations showed no clear correla-
tion and were not significantly affected by the presence or
absence of oxygen in the overlying water (Fig. 4a, b).

Phosphorus fractions and microbial P uptake

Sediment drying led to changes in Fe-associated P fractions
(BD-P and NaOH-SRP), P that is bound to organic and bac-
terial biomass (NaOH-NRP), and also to mainly carbonate-
associated HCl-P (Fig. 5). Fe-associated P fractions were
dominant and varied between 42 and 46 % of total extractable
P (PTe) in the constantly wet groups and increased after drying
to between 57 and 62 % of PTe in the rewetted groups, regard-
less whether Egeria was added or not. Organically bound P,
and P associated with bacterial biomass (NaOH-NRP),
changed noticeably after drying and varied between 27 and
33 % in Bwet^ and 15 and 18 % (Bdry^) relative to PTe. Dried
and rewetted sediments showed the tendency to consist of
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more redox-sensitive P but of less organically bound P com-
pared with constantly wet sediments.

Potentially mobile P (Pmob) was defined as the sum of
loosely adsorbed P (NH4Cl-P), redox-sensitive P (BD-TP),
and organically bound P (NaOH-NRP). HCl-extractable P
clearly decreased in Bdry^ groups (9–11 %) compared with
Bwet^ groups (15–17 %). Residual P ranged between 9 and
10 % (Bwet^ groups) and 13 and 15 % (Bdry^ groups).
However, drying effected P extraction and P recovery was
low (~70 %).

The addition of Egeria did not seem to affect the amount
and composition of P binding forms in both Bwet^ and Bdry^
sediments (Fig. 5).

P extraction was significantly higher after chloroform fumi-
gation compared to unfumigated sediment (F (1, 16)=15.53,

P=0.0012) (Fig. 6). Both plant-amended treatments showed
significantly increased extractable P when compared to wet
sediment without Egeria addition (F (3, 16) = 8.489,
P=0.0013).

Discussion

Water reservoirs are often affected by severe water level
changes, which can influence different processes decisive
for internal P mobilization. By simulating WLF to study
the interaction of such processes, we tried to prove the
hypothesis that WLF possess the ability to contribute to
internal eutrophication.

Fig. 2 Boxplots showing the
effects of sediment drying, Egeria
addition, and oxygen
concentration on a soluble
reactive phosphorus (SRP) release
and b dissolved organic carbon
(DOC) release into the surface
water. The line in the middle of
the box represents the median, the
lower and upper ends of the box
are the 25 and 75 % quartiles,
respectively. Light grey boxes
denote anaerobic conditions in the
surface water, dark grey boxes
denote aerobic conditions. dry dry
sediment, wet wet sediment,
Egeria Egeria addition, no Egeria
no Egeria addition
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WLF can cause drying and rewetting of sediments and
thereby promote the spontaneous release of P to the water
column that can be more pronounced in comparison to con-
stantly wet sediments (De Groot and VanWijck 1993; Qiu and
McComb 1995; Watts 2000a; Gilbert et al. 2014; Tang et al.
2014). Our results agreed with those previous findings in
showing an increased SRP release from rewetted sediments,
likely generated by bacterial P release after cell lysis of bac-
teria (Gordon et al. 2008) or after aerobic mineralization of
organic matter and the resulting release of P (Watts 2000b,
Smith and Jacinthe 2013). The reduced yield of HCl-
extractable P in Bdry^ groups comparedwith the Bwet^ groups
indicated an increased dissolution and loss of Ca~P bindings
after drying of sediments. Smith and Jacinthe (2013) observed
a shift towards more soluble calcium-phosphate minerals due
to drying. In our work, drying caused compaction of the

Fig. 4 Boxplots showing the
effects of sediment drying, Egeria
addition, and oxygen
concentration on concentrations
of a SRP and b dissolved iron
(DFe) in the pore water. The line
in the middle of the box represents
the median, the lower and upper
ends of the box are the 25 and
75 % quartiles, respectively. Light
grey boxes denote anaerobic
conditions in the surface water;
dark grey boxes denote aerobic
conditions. dry dry sediment, wet
wet sediment, Egeria Egeria
addition, no Egeria no Egeria
addition

Fig. 3 Variation of soluble reactive phosphorus (SRP) in plant-amended
sediment and plants without sediment under four alternating redox phases
(indicated by the dotted lines 1–4). The experiment started aerobic and
turned anaerobic during 1 day of reflooding. Wet-plant constantly wet
sediment with Egeria, dry-plant rewetted sediment with Egeria, only-
plant Egeria in water without sediment. Symbols represent averages
with error bars showing one standard deviation
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sediment that might be one reason for the lowered P recovery
by extraction compared with non-dried sediments. The sum of
P fractions was notably less than the direct P measurement in
the Bdry^ group; i.e., the P recovery was low (~70 %).
Accordingly, the interpretation of fractionation results for
dried sediments should be handled with caution. Therefore,
it is not clear if plant amendment and subsequent redox chang-
es significantly affected the P-binding forms of the sediment
substantially. The studied sediment is characterized by a high
Fe/P ratio (>40; molar) indicating a high binding capacity at
the surface of Fe-hydroxides. Despite the strong redox depen-
dency of P bound to Fe-hydroxides (Jensen et al. 1992), the
high Fe inventory may constitute P uptake, even under anaer-
obic conditions, as long as not all Fe is in its reduced form or
the sediments are not yet P saturated.

Pore water SRP and DFe concentrations increased after
plant amendment but showed unambiguous reactions to
changes in oxygen concentration in the overlying water.
Although the redox conditions did not affect the mobility of
DFe according to our statistical analysis, we observed a time
shift between fluctuating DFe concentrations and alternating
oxygen concentration; that is, the highest DFe concentrations
occurred shortly after oxygen concentrations reached the

minimum (data not shown). Diffusive oxygen transport in
sediments is time-dependent and can cause a delayed reaction
to oxygen concentrations in the overlying water (Precht and
Huettel 2004). Pore water DFe was either enriched by Egeria-
derived Fe or the addition of Egeria caused an increased dis-
solution of sediment Fe. However, increased concentrations of
pore water SRP and DFe did not concur with an increase of
those concentrations in the surface water (surface water DFe
data not shown). Neither the composition of P fractions nor
pore water analyses proved a clearly Fe-controlled benthic P
cycling in the reservoir.

There is some evidence that the macrophyte substrate was
mainly controlling the release/uptake of P. The P-dynamic we
observed in Bonly-plant^ treatments showed a strong redox-
sensitive P mobility and therefore support the assumption of
an Egeria-dominated P cycle under given conditions.
Compared to the sediment, the added Egeria material was very
rich in P (Table 2) and varying amounts of that added P were
recovered in the different treatments as SRP to the overlying
water. Within the different treatments, observed water SRP
concentrations were in rank order Bonly-plant^> Bdry-
plant^> Bwet-plant.^ The order corresponded to a recovery
of added plant P of 10>6>4 % in the overlying water. This
means the presence of Bwet^ and Bdry^ sediment was able to
retain ~40 % (in Bdry-plant^) and ~60 % (in Bwet-plant^) of
the mobilized plant P, respectively, even under anaerobic con-
ditions (see oxygen-dependent SRP availability in Fig. 4).
This finding indicates that the sediment lost more than 30 %
of its capacity to retain P after drying. But, more importantly, it
showed that the release and uptake of P is mainly controlled
by Egeria as the main driver of P mobilization and that the
sediment plays a less important role. However, it should be
noted that Egeria amendment may lower the redox conditions
in the sediment so that P bound to redox-sensitive compounds
might be released or the P binding capacity and affinity of
sediments might be lowered, respectively.

Surprisingly, we found the same oxygen-controlled P mo-
bilization pattern in all Egeria treatments regardless of wheth-
er sediment was present or not. Egeria from Itaparica is char-
acterized by a high Fe content (Table 2) that might interfere
with a redox-sensitive Fe–P coupling at the water–plant inter-
face, but the analyses of mesocosm surface water did not
reveal a correlation of SRP and DFe (data not shown). On
the other hand, microbes are known to induce P release via
hydrolyses of poly-P under anoxic conditions (see Hupfer
et al. 2007 for review). The fact that bacteria can store excess
P as poly-P during aerobic conditions and hydrolyze poly-P
during subsequent anaerobic conditions may further explain
the redox-driven release and uptake of P in our Egeria treat-
ments. It was found recently that plant litter can indeed accu-
mulate P and that microbial activity is likely to trigger the
process (Cheesman et al. 2010). In our work, microbial bio-
mass P indicated that Egeria addition stimulated microbial P

Fig. 6 Sediment extractable phosphorus (P) in unfumigated (control)
and fumigated samples. wet constantly wet sediment, dry rewetted
sediment, wet-plant constantly wet sediment with Egeria, dry-plant
rewetted sediment with Egeria

Fig. 5 Composition of phosphorus (P) fractions determined by
sequential extraction of sediment that was constantly wet (wet), dried
and rewetted (dry), and additionally amended with Egeria (wet-plant,
dry-plant). Loosely adsorbed P (NH4-Cl fraction) accounted for less
than 1 % and is not shown. Data are means of laboratory duplicates of
surface sediment (0–1 cm)
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turnover. Egeria substrate certainly carried microbes that were
then introduced to the mesocosms while at the same time
Egeria was an extra C-source that could further fuel microbial
activity in the sediment. Therefore, the role of microbial bio-
mass in P cycling can become more significant when the mi-
crobial biomass P pool is enriched by organic matter.

Conceptual model of macrophyte-mediated phosphorus
cycle

It should be emphasized that macrophyte biomass can gener-
ate a very high second P pool in addition to that of the sedi-
ment (Marion and Paillisson 2003). Upon reflooding, plant P
release was intensified under anaerobic conditions and higher
when dried sediments showed reduced P retention (or released
more P themselves). Based on our findings, we schematically
described P cycling in the Itaparica Reservoir influenced by
intense wet–dry cycles and associated macrophyte dieback
(Fig. 7). Heavy rainfall in the upper reaches of the São
Francisco River is the major source of P for the reservoir
and is characteristic of the end of the rainy season. The dom-
inating macrophyte, Egeria, is capable of a C4-like metabo-
lism (Casati et al. 2000) and grows very quickly. The high P
uptake rates and P use efficiency of Egeria results in the rapid
translocation of imported P into Egeria biomass. In the
Itaparica Reservoir, where the growing season is all along
the year, Egeria is an effective P sink and can hold 10 times
more P than the surface sediment. The risk of sediment resus-
pension in newly exposed littoral areas increases when water
levels decline. Therefore, when the water level is low and lake
volume is reduced, the surface water can show elevated P
concentrations. The lowered water level induces water stress
for submersed macrophytes and can result in senescence in the
shallower littoral areas. The translocation of P from water and

sediment into macrophyte biomass declines as a result of re-
duced growth. Furthermore, the first release of plant P may be
the result of leaching and mineralization of plant litter. Large
littoral areas are exposed during the prolonged desiccation
period. Dry and mineralized surface sediments are vulnerable
to wind erosion. Both processes can result in increased P input
into the water. The affinity and capacity of the sediment to
take up P is altered by prolonged desiccation, both by the
oxidation of sediments (due to cracks and fissures also found
in deeper layers) promoting the availability of Fe-oxides as P
binding sites, and also by mineral aging and sediment com-
paction, which can result in a lowered surface area and a
reduction in P binding sites. An increased risk of macrophyte
dieback is the result of extended water stress during exposure.
When the water supply increases, the reflooding of desicca-
tion areas results in the quick release of P from mineralized
sediments and macrophyte litter, and a pulse of readily bio-
available P to the water is the consequence. The decomposi-
tion of plant litter can promote the release of redox-sensitive P
from sediments or impair Fe-coupled sediment P retention.
The desiccation-induced reduction of Egeria biomass results
in a lowered P uptake rate by the macrophytes. The reduced
growth inhibits the accumulation of the released P and leaves
the mobilized P available for algal bloom development and
toxin-producing cyanobacteria formation. After reflooding
and during the subsequent succession, Egeria populations re-
occupy the sites affected by drying and incorporate P in their
biomass. Egeria turns back into a P sink; the regime can shift
from a potentially phytoplankton-dominated regime to a state
of macrophyte domination and increased water transparency.
Thereby, Egeria represents an important pathway for P cycling
andWLF can determine the source–sink relation of Egeria and
sediments in the system. Especially shallow reservoir
branches with a high water residence time such as Icó-

Fig. 7 Proposed effect of water
level fluctuations on macrophyte
growth and sediment drying in
shallow areas and influence on
benthic phosphorus (P) cycling.
Bold text within boxes and bold
connections between boxes
indicate dominating processes.
Plus sign indicates P that is
mobilized and released to the
surface water, and minus sign
indicates P removal from the
water or reduced mobilization
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Mandantes Bay are therefore subjected to an accumulation of
nutrients and can turn into eutrophication hotspots.

Impact of water level fluctuations on phosphorus load

To estimate the potential impact on P mobilization, we scaled
up the P release based on the mesocosm experiments to the
level Icó-Mandantes Bay in the Itaparica Reservoir. The area
which is a potential habitat for Egeria and is affected by WLF
and consequently can become completely dry constitutes up
to12 km2. With 380–510 g Egeria biomass (dw) per m2, the P
content of the plants adds up to 59–79 t or 4.9–6.5 g P per m2

of vegetated desiccation area. For the whole bay (including
unvegetated sites), the P load that can enter the surface water
after reflooding accounts for 2.3–3.1 g per m2. In our experi-
ment, we found that (1) maximal 10 % of plant-TP was re-
leased to the surface water as SRP, and (2) that the high sed-
iment affinity for P uptake, although reduced after drying/
rewetting, further reduced the release of plant-TP to the water
to 4 %. Accordingly, the potential SRP load that is generated
by Egeria corresponds to 0.09–0.13 g SRP per m2 when cal-
culated for the whole bay. The critical TP concentration for
considerable phytoplankton development and a potential shift
in water quality to eutrophic conditions according to the
Organisation for European Co-operation and Development
(OECD) standards) was estimated at 25 μg TP L−1 for the
Itaparica Reservoir (Selge et al. 2015). This shows that the
reservoir reacts in a very sensitive manner towards increased
P loads. Although our data describe a single, short-term pol-
lution event and eutrophication thresholds are normally based
on annual averages, readily available Egeria-P, which enters
the surface water after reflooding, can be of significance.
Therefore, the short time in which WLF affect P release and
lead to elevated concentrations in the water is crucial.
Frequent WLF may change the quality of littoral sediments
over time. Sediments which have a history of drying and
rewetting may react differently and lead to diverse results.
Our results are therefore true for sediments that did not face
wet–dry cycles before and can be used to describe initial bio-
geochemical alterations by WLF. Furthermore, our P load
calculation is based on values derived in the laboratory and
does not consider all parameters that affect P cycling in the
reservoir (e.g., residence time, changes in sediment quality).
However, the calculation demonstrates the important role of
Egeria and WLF for P cycling. Our observations that WLF
can release quick pulses of bioavailable P and affect produc-
tivity are in agreement with Kolding and van Zwieten (2012).
The authors found that reservoirs which are subject to WLF
are more productive than stable systems. Accordingly, unsta-
ble hydrodynamic conditions and the modification of
water residence time can alter the nutrient availability
(Rangel et al. 2012) and lead to a bottom-up driven
increase in biological productivity.

Conclusion

Our results show the potential impact of WLF for water qual-
ity with reference to Icó-Mandantes Bay and the Itaparica
Reservoir and provide new findings for water service manage-
ment and dam operation. From an ecological short-term point
of view, we suggest to minimize the (operational) amplitude of
WLF whenever possible. Long sediment/macrophyte expo-
sure and a long water residence time, in particular, can lead
to significant nutrient accumulations upon rewetting, especial-
ly in isolated branches. A modification of reservoir volume
towards minimal WLF may appear challenging and also
depends on the natural water supply. Nevertheless, the
prevention of strong WLF might repress the quick re-
lease of P into the water that is particularly observed
after rapid refilling of reservoirs (Watts 2000a). In the
Itaparica Reservoir, a stricter coupling of hydropower
production to the natural water supply could reduce
such impacts. Egeria is a significant sink for external
P, and WLF can affect growth and thus P accumulation
in the biomass. Besides quick P release from Egeria
during wet–dry cycles, reduced Egeria growth and un-
changed or increased external P input might therefore
lead to slowly increasing P concentrations in the surface
water. In this study, we found high Egeria standing
stocks irrespective of season. The removal of desiccated
macrophytes in times of sediment exposure is a proven
method to withdraw nutrients from the system (Asaeda
et al. 2000; Hilt et al. 2006, Zak et al. 2014) and can
help to control P inputs and reduce water quality impairment
when water levels increase (Watts 2000a). Effort, costs, and
benefits, however, must be harmonized and the procedure
must be repeated regularly when water levels are low because
of the relatively aggressive vegetative growth and spread of
E. densa (Wells and Clayton 1991, de Winton et al. 2009;
Ribaudo et al. 2014). A further investigation of the usage of
harvested Egeria (e.g., as fodder or for agricultural soil ame-
lioration) might support the acceptance and implementation of
such management measures among local stakeholders.

Acknowledgments The authors would like to thank S. Calado for her
support during several sampling campaigns in Brazil.We are grateful to F.
Selge, D. Lima, and M. Rodriguez for their help with field work. Our
colleagues H.-J. Exner, C. Herzog, A. Lüder, S. Jordan, and M. Uber
helped with technical support. We also thank H. Nottebrock, G. Gunkel,
and two anonymous reviewers for critical comments and for improving
the manuscript. This study was funded by the Federal Ministry of Edu-
cation and Research (BMBF) within the project BINNOVATE^
(01LL0904C).

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.

Environ Sci Pollut Res



References

Aldous A, McCormick P, Ferguson C, Graham S, Craft C (2005)
Hydrologic regime controls soil phosphorus fluxes in restoration
and undisturbed wetlands. Restor Ecol 13:341–347. doi:10.1111/j.
1526-100X.2005.00043.x

Asaeda T, Trung VK, Manatunge J (2000) Modeling the effects of mac-
rophyte growth and decomposition on the nutrient budget in
shallow lakes. Aquat Bot 68:217–237. doi:10.1016/S0304-
3770(00)00123-6

Baldwin DS (1996) Effects of exposure to air and subsequent drying on
the phosphate sorption characteristics of sediments from a eutrophic
reservoir. Limnol Oceanogr 41:1725–1732. doi:10.4319/lo.1996.
41.8.1725

Baldwin DS,Mitchell AM (2000) The effects of drying and reflooding on
the sediment and soil nutrient dynamics of lowland river–floodplain
systems: a synthesis. Regul River 16:457–467. doi:10.1002/1099-
1646(200009/10)16:5<457::AID-RRR597>3.0.CO;2-B

Bates D, Mächler M, Bolker B, Walker S (2014) lme4: Linear mixed-
effects models using Eigen and S4. R Package Version 1.1-7. http://
CRAN.R-project.org/package=lme4

Batzer DP, Sharitz RR (2006) Ecology of freshwater and estuarine wet-
lands. University of California Press, London. doi:10.2193/2007-
148

Bergkamp G, McCartney M, Dugan P, McNeely J, Acreman M (2000)
Dams, ecosystem functions and environmental restoration. Prepared
for the World Commission on Dams. Thematic review,
Environmental Issue II., p 1

Brookes PC, Powlson DS, Jenkinson DS (1982) Measurement of micro-
bial biomass phosphorus in soil. Soil Biol Biochem 14:319–329.
doi:10.1016/0038-0717(82)90001-3

Casati P, Lara MV, Andreo CS (2000) Induction of a C-4 like mechanism
of CO2 fixation in Egeria densa, a submersed aquatic species. Plant
Physiol 123:1611–1622

Cheesman AW, Turner BL, Inglett PW, Reddy KR (2010) Phosphorus
transformations during decomposition of wetland macrophytes. Sci
Total Environ 44:9265–9271. doi:10.1021/es102460h

CHESF 2011. Descrição do Aproveitamento de Luíz Gonzaga. http://
www.chesf.gov.br/portal/page/portal/chesf_portal/paginas/sistema_
chesf/sistema_chesf_geracao/conteiner_geracao?p_name=
8A2EEABD3BE1D002E0430A803301D002. Accessed 23
September 2013

Cooke DG (2005) Restoration and management of lakes and reservoirs,
Third Edition. CRC Press. DOI:1566706254

Coops H, Beklioglu M, Crisman TL (2003) The role of water-level fluc-
tuations in shallow lake ecosystems—workshop conclusions.
Hydrobiologia 506–50:23–27. doi:10.1023/B:HYDR.0000008595.
14393.77

R Core Team (2013). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
URL http://www.R-project.org/.

Crawley MJ (2007) The R book. John Wiley and Sons, Ltd.
De Groot C-J, Van Wijck C (1993) The impact of desiccation of a fresh-

water marsh (Garcines Nord, Camargue, France) on sediment-
water-vegetation interactions. Hydrobiologia 252:83–94. doi:10.
1007/BF00000130

De Vicente I, Andersen FØ, Hansen HCB, Cruz-Pizarro L, Jensen HS
(2010) Water level fluctuations may decrease phosphate adsorption
capacity of the sediment in oligotrophic high mountain lakes.
Hydrobiologia 651:253–264. doi:10.1007/s10750-010-0304-x

De Winton MD, Champion PD, Clayton JS, Wells RDS (2009) Spread
and status of seven submerged pest plants in New Zealand lakes. N
Z J Mar Fresh 43:547–561. doi:10.1080/00288330909510021

Dieter D, Herzog H, Hupfer M (2015) Effects of drying on phosphorus
uptake of re-flooded lake sediments. Environ Sci Pollut Res 22:
17065–17081. doi:10.1007/s11356-015-4904-x

Gilbert JD, Guerrero F, de Vicente I (2014) Sediment desiccation as a
driver of phosphate availability in the water column of
Mediterranean wetlands. Sci Total Environ 466–467:965–975. doi:
10.1016/j.scitotenv.2013.07.123

Gordon H, Haygarth PM, Bardgett RD (2008) Drying and rewetting
effects on soil microbial community composition and nutrient
leaching. Soil Biol Biochem 40:302–311. doi:10.1016/j.soilbio.
2007.08.008

Granéli W, Solander D (1988) Influence of aquatic macrophytes on phos-
phorus cycling in lakes. Hydrobiologia 170:245–266. doi:10.1007/
BF00024908

Gunkel G, Sobral M (2013) Re-oligotrophication as a challenge for trop-
ical reservoir management with reference to Itaparica Reservoir, São
Francisco, Brazil. Water Sci Technol 67:708–714. doi:10.2166/wst.
2012.583

Gunkel G, Lima D, Selge F, Sobral M, Calado S (2015) Aquatic ecosys-
tem services of reservoirs in semiarid areas: sustainability and res-
ervoir management. WIT Trans Ecol Environ 197:187–200

Hilt S, Gross EM, Hupfer M,Morscheid H,Mählmann J, Melzer A, Poltz
J, Sandrock S, Scharf E-M, Schneider S, van de Weyer K (2006)
Restoration of submerged vegetation in shallow eutrophic lakes—a
guideline and state of the art in Germany. Limnologica - Ecology
and Management of Inland Waters 36:155–171. doi:10.1016/j.
limno.2006.06.001

Hupfer M, Gächter R, Giovanoli R (1995) Transformation of phosphorus
species in settling seston and during early sediment diagenesis.
Aquat Sci 57:305–324. doi:10.1007/BF00878395

Hupfer M, Gloess S, Grossart H-P (2007) Polyphosphate-accumulating
microorganisms in aquatic sediments. Aquat Microb Ecol 47:299–
311. doi:10.3354/ame047299

Jensen HS, Kristensen P, Jeppesen E, Skytthe A (1992) Iron:phosphorus
ratio in surface sediment as an indicator phosphate release from
aerobic sediments in shallow lakes. Hydrobiologia 235(236):731–
743. doi:10.1007/BF00026261

Kerr JG, Burford M, Olley J, Udy J (2010) The effects of drying
on phosphorus sorption and speciation in subtropical river
sediments. Mar Freshwater Res 61:928–935. doi:10.1071/
MF09124

Kleeberg A (2013) Impact of aquatic macrophyte decomposition on sed-
imentary nutrient and metal mobilization in the initial stages of eco-
system development. Aquat Bot 105:41–49. doi:10.1016/j.aquabot.
2012.12.003

Kolding J, van Zwieten PAM (2012) Relative lake level fluctuations and
their influence on productivity and resilience in tropical lakes and
reservoirs. Fish Res 115–116:99–109. doi:10.1016/j.fishres.2011.
11.008

Krolová M, Čížková H, Hejzlar J, Poláková S (2013) Response of littoral
macrophytes to water level fluctuations in a storage reservoir. Knowl
Manag Aquat Ecosys 408:1–21. doi:10.1051/kmae/2013042

Laskov C, Herzog C, Lewandowski J, Hupfer M (2007) Miniaturized
photometrical methods for the rapid analysis of phosphate, ammo-
nium, ferrous iron, and sulfate in pore water of freshwater sediments.
Limnol Oceanogr-Meth 5:63–71. doi:10.4319/lom.2007.5.63

Marion L, Paillisson J-M (2003) A mass balance assessment of the con-
tribution of floating-leaved macrophytes in nutrient stocks in an
eutrophic macrophyte dominated lake. Aquat Bot 75:249–260.
doi:10.1016/S0304-3770(02)00177-8

Mitchell A, Baldwin DS (1998) Effects of desiccation/oxidation on the
potential for bacterially mediated P release from sediments. Limnol
Oceanogr 43:481–487. doi:10.4319/lo.1998.43.3.0481

Murphy J, Riley JP (1962) A modified single solution method for the
determination of phosphate in natural waters. Anal Chim Acta 27:
31–36. doi:10.1016/S0003-2670(00)88444-5

Environ Sci Pollut Res

http://dx.doi.org/10.1111/j.1526-100X.2005.00043.x
http://dx.doi.org/10.1111/j.1526-100X.2005.00043.x
http://dx.doi.org/10.1016/S0304-3770(00)00123-6
http://dx.doi.org/10.1016/S0304-3770(00)00123-6
http://dx.doi.org/10.4319/lo.1996.41.8.1725
http://dx.doi.org/10.4319/lo.1996.41.8.1725
http://dx.doi.org/10.1002/1099-1646(200009/10)16:5%3C457::AID-RRR597%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1099-1646(200009/10)16:5%3C457::AID-RRR597%3E3.0.CO;2-B
http://cran.r-project.org/package=lme4
http://cran.r-project.org/package=lme4
http://dx.doi.org/10.2193/2007-148
http://dx.doi.org/10.2193/2007-148
http://dx.doi.org/10.1016/0038-0717(82)90001-3
http://dx.doi.org/10.1021/es102460h
http://www.chesf.gov.br/portal/page/portal/chesf_portal/paginas/sistema_chesf/sistema_chesf_geracao/conteiner_geracao?p_name=8A2EEABD3BE1D002E0430A803301D002
http://www.chesf.gov.br/portal/page/portal/chesf_portal/paginas/sistema_chesf/sistema_chesf_geracao/conteiner_geracao?p_name=8A2EEABD3BE1D002E0430A803301D002
http://www.chesf.gov.br/portal/page/portal/chesf_portal/paginas/sistema_chesf/sistema_chesf_geracao/conteiner_geracao?p_name=8A2EEABD3BE1D002E0430A803301D002
http://www.chesf.gov.br/portal/page/portal/chesf_portal/paginas/sistema_chesf/sistema_chesf_geracao/conteiner_geracao?p_name=8A2EEABD3BE1D002E0430A803301D002
http://dx.doi.org/10.1023/B:HYDR.0000008595.14393.77
http://dx.doi.org/10.1023/B:HYDR.0000008595.14393.77
http://dx.doi.org/10.1007/BF00000130
http://dx.doi.org/10.1007/BF00000130
http://dx.doi.org/10.1007/s10750-010-0304-x
http://dx.doi.org/10.1080/00288330909510021
http://dx.doi.org/10.1007/s11356-015-4904-x
http://dx.doi.org/10.1016/j.scitotenv.2013.07.123
http://dx.doi.org/10.1016/j.soilbio.2007.08.008
http://dx.doi.org/10.1016/j.soilbio.2007.08.008
http://dx.doi.org/10.1007/BF00024908
http://dx.doi.org/10.1007/BF00024908
http://dx.doi.org/10.2166/wst.2012.583
http://dx.doi.org/10.2166/wst.2012.583
http://dx.doi.org/10.1016/j.limno.2006.06.001
http://dx.doi.org/10.1016/j.limno.2006.06.001
http://dx.doi.org/10.1007/BF00878395
http://dx.doi.org/10.3354/ame047299
http://dx.doi.org/10.1007/BF00026261
http://dx.doi.org/10.1071/MF09124
http://dx.doi.org/10.1071/MF09124
http://dx.doi.org/10.1016/j.aquabot.2012.12.003
http://dx.doi.org/10.1016/j.aquabot.2012.12.003
http://dx.doi.org/10.1016/j.fishres.2011.11.008
http://dx.doi.org/10.1016/j.fishres.2011.11.008
http://dx.doi.org/10.1051/kmae/2013042
http://dx.doi.org/10.4319/lom.2007.5.63
http://dx.doi.org/10.1016/S0304-3770(02)00177-8
http://dx.doi.org/10.4319/lo.1998.43.3.0481
http://dx.doi.org/10.1016/S0003-2670(00)88444-5


Nilsson C (2009) Reservoirs. In: Likens GE (ed) Encyclopedia of inland
waters. Elsevier, Academic Press, Oxford, pp 625–633

Precht E, Huettel M (2004) Rapid wave-driven advective pore water
exchange in a permeable coastal sediment. J Sea Res 51:93–107.
doi:10.1016/j.seares.2003.07.003

Psenner R, Pucsko R, Sager M (1984) Die Fraktionierung organischer
und anorganischer Phosphorverbindungen von Sedimenten –
Versuch einer Definition ökologisch wichtiger Fraktionen. Archiv
für Hydrobiologie, Supplement 70:111–155

Qiu S, McComb A (1994) Effects of oxygen concentration on phospho-
rus release from reflooded air-dried wetland sediments. Mar
Freshwater Res 45:1319–1328. doi:10.1071/MF9941319

Qiu S, McComb A (1995) Planktonic and microbial contributions to
phosphorus release from fresh and air-dried sediments. Mar
Freshwater Res 46:1039–1045. doi:10.1071/MF9951039

Qiu S, McComb A (2002) Interrelations between iron extractability and
phosphate sorption in reflooded air-dried sediments. Hydrobiologia
472:39–44

Rangel LM, Silva LHS, Rosa P, Roland F, Huszar VLM (2012)
Phytoplankton biomass is mainly controlled by hydrology and phos-
phorus concentrations in tropical hydroelectric reservoirs.
Hydrobiologia 693:13–28. doi:10.1007/s10750-012-1083-3

Ribaudo C, Bertrin V, Dutartre A (2014) Dissolved gas and nutrient
dynamics within an Egeria densa Planch. bed. Acta Bot Gallica
161:233–241. doi:10.1080/12538078.2014.932703

Schönbrunner IM, Preiner S, Hein T (2012) Impact of drying and
reflooding of sediment on phosphorus dynamics of river-
floodplain systems. Sci Total Environ 432:329–337. doi:10.1016/j.
scitotenv.2012.06.025

Selge F, Matta E, Hinkelmann R, Gunkel G (2015) Nutrient load concept-
reservoir vs. bay impacts: a case study from a semi-arid watershed.
Conference paper at 17th IWA International Conference on Diffuse
Pollution and Eutrophication, Berlin, Germany

Shilla D, Asaeda T, Fujino T, Sanderson B (2006) Decomposition of
dominant submerged macrophytes: implications for nutrient release
in Myall Lake, NSW, Australia. Wet Ecol Manag 14:427–433. doi:
10.1007/s11273-006-6294-9

Smith VH (2003) Eutrophication of freshwater and coastal marine eco-
systems: a global problem. Environ Sci Pollut Res 10:126–139. doi:
10.1065/espr2002.12.142

Smith AS, Jacinthe P-A (2013) A mesocosm study of the effects of wet–
dry cycles on nutrient release from constructed wetlands in agricul-
tural landscapes. Environ Sci 16:106–115. doi:10.1039/
C3EM00465A

Søndergaard M, Jensen JP, Jeppesen E (2003) Role of sediment and
internal loading of phosphorus in shallow lakes. Hydrobiologia
506:135–145. doi:10.1023/B:HYDR.0000008611.12704.dd

Tang X, Wu M, Li Q, Lin L, Zhao W (2014) Impacts of water level
regulation on sediment physic-chemical properties and phosphorus

adsorption–desorption behaviors. Ecol Eng 70:450–458. doi:10.
1016/j.ecoleng.2014.06.022

Townsend SA (1999) The seasonal pattern of dissolved oxygen, and
hypolimnetic deoxygenation, in two tropical Australian reservoirs.
Lakes Reserv ResManage 4:41–53. doi:10.1046/j.1440-1770.1999.
00077.x

UhlmannD, Paul L, HupferM, Fischer R (2011) Lakes and reservoirs. In:
Wilderer P (ed) Treatise on water sciences, vol 2., pp 157–213

Wagener T, Sivapalan M, Troch PA, McGlynn BL, Harman CJ, Gupta
HV, Kumar P, Rao PSC, Basu NB, Wilson JS (2010) The future of
hydrology: an evolving science for a changing world. Water Resour
Res 46:W05301. doi:10.1029/2009WR008906

Wantzen KM, Rothhaupt K-O, Mörtl M, Cantonati M, Tóth LG, Fischer
P (2008) Ecological effects of water-level fluctuations in lakes: an
urgent issue. Hydrobiologia 613:1–4. doi:10.1007/978-1-4020-
9192-6

Watts CJ (2000a) Seasonal phosphorus release from exposed, re-
inundated littoral sediments of two Australian reservoirs.
Hydrobiologia 431:27–39. doi:10.1023/A:1004098120517

Watts CJ (2000b) The effect of organic matter on sedimentary phosphorus
release in an Australian reservoir. Hydrobiologia 431:13–25. doi:10.
1023/A:1004046103679

Wells RDS, Clayton JS (1991) Submerged vegetation and spread of
Egeria densa Planchon in Lake Rotorua, central North Island, New
Zealand. N Z J Mar Fresh 25:63–70. doi:10.1080/00288330.1991.
9516454

Wilson J, Baldwin D (2008) Exploring the BBirch effect^ in reservoir
sediments: influence of inundation history on aerobic nutrient re-
lease. Chem Ecol 24:379–386. doi:10.1080/02757540802497582

Zak D, Gelbrecht J (2007) The mobilisation of phosphorus, organic car-
bon and ammonium in the initial stage of fen rewetting (a case study
from NE Germany). Biogeochemistry 85:141–151. doi:10.1007/
s10533-007-9122-2

Zak D, Gelbrecht J, Zerbe S, Shatwell T, Barth M, Cabezas A,
Steffenhagen P (2014) How helophytes influence the phosphorus
cycle in degraded inundated peat soils—implications for fen resto-
ration. Ecol Eng, Wetland Restoration– Challenges and
Opportunities 66:82–90. doi:10.1016/j.ecoleng.2013.10.003

Zohary T, Ostrovsky I (2011) Ecological impacts of excessive water level
fluctuations in stratified freshwater lakes. Inland Waters 1:47–59.
doi:10.5268/iw-1.1.406

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (2009) Mixed
effects models and extensions in ecology with R. Springer, New
York. doi:10.1007/978-0-387-87458-6

Zwirnmann E, Krüger A, Gelbrecht J (1999) Analytik im Zentralen
Chemielabor. Jahresbericht des IGB (Leibniz-Institut für
Gewässerökologie und Binnenfischerei) 9:3–24

Environ Sci Pollut Res

http://dx.doi.org/10.1016/j.seares.2003.07.003
http://dx.doi.org/10.1071/MF9941319
http://dx.doi.org/10.1071/MF9951039
http://dx.doi.org/10.1007/s10750-012-1083-3
http://dx.doi.org/10.1080/12538078.2014.932703
http://dx.doi.org/10.1016/j.scitotenv.2012.06.025
http://dx.doi.org/10.1016/j.scitotenv.2012.06.025
http://dx.doi.org/10.1007/s11273-006-6294-9
http://dx.doi.org/10.1065/espr2002.12.142
http://dx.doi.org/10.1039/C3EM00465A
http://dx.doi.org/10.1039/C3EM00465A
http://dx.doi.org/10.1023/B:HYDR.0000008611.12704.dd
http://dx.doi.org/10.1016/j.ecoleng.2014.06.022
http://dx.doi.org/10.1016/j.ecoleng.2014.06.022
http://dx.doi.org/10.1046/j.1440-1770.1999.00077.x
http://dx.doi.org/10.1046/j.1440-1770.1999.00077.x
http://dx.doi.org/10.1029/2009WR008906
http://dx.doi.org/10.1007/978-1-4020-9192-6
http://dx.doi.org/10.1007/978-1-4020-9192-6
http://dx.doi.org/10.1023/A:1004098120517
http://dx.doi.org/10.1023/A:1004046103679
http://dx.doi.org/10.1023/A:1004046103679
http://dx.doi.org/10.1080/00288330.1991.9516454
http://dx.doi.org/10.1080/00288330.1991.9516454
http://dx.doi.org/10.1080/02757540802497582
http://dx.doi.org/10.1007/s10533-007-9122-2
http://dx.doi.org/10.1007/s10533-007-9122-2
http://dx.doi.org/10.1016/j.ecoleng.2013.10.003
http://dx.doi.org/10.5268/iw-1.1.406
http://dx.doi.org/10.1007/978-0-387-87458-6

	Water...
	Abstract
	Introduction
	Material and methods
	Study site
	Field sampling
	Mesocosm experiment
	Sample analyses
	Statistical analyses

	Results
	Effect of sediment drying and rewetting, plant amendment, and oxygen availability on SRP mobilization
	Effect of sediment drying and rewetting, plant amendment, and oxygen availability on DOC mobilization
	Effect of sediment drying and rewetting, plant amendment, and oxygen availability on pore water SRP and DFe
	Phosphorus fractions and microbial P uptake

	Discussion
	Conceptual model of macrophyte-mediated phosphorus cycle
	Impact of water level fluctuations on phosphorus load

	Conclusion
	References


