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Chapter 1: General Introduction
Introduction
Since the 19th century, anthropogenic stress superimposed on
natural climate variability caused the climate to change. Global
temperature predictions for the 21st century, for instance, range from
an increase of 1.1°C to 6.4°C (IPCC 2007). Apart from temperature
changes, also altered precipitation regimes and more extreme events
are expected to occur. In temperate regions more mild and wet
winters are predicted to occur (IPCC 2007).
Climate change has several effects on ecosystems worldwide. There
is ample evidence showing the effects of climate change on
phenology, community structure and species range in various
ecosystems (Hughes 2000; Stenseth et al. 2002; Walther et al. 2002).
Usually these changes will cause a gradual change in the ecosystem,
but the awareness is growing that shifts can be rapid and abrupt
(summarized in Folke et al. 2004).
Freshwater ecosystems such as shallow lakes, ponds and ditches are
also affected by climate change. As they are shallow these
ecosystems follow closely the prevailing air temperature (Gerten &
Adrian 2001). Many processes are directly affected by temperature,
for instance primary production will increase with warming if
photosynthesis is limited by temperature (Carpenter et al. 1992).
Next to these direct effects of climate change, also indirect effects
occur, e.g. via eutrophication. Warming may lead to a higher nutrient
availability as it enhances mineralization (internal nutrient loading)
and decreases oxygen saturation of the water (Mulholland et al.
1997). Increase in precipitation (IPCC 2007) may lead to increased
external nutrient loading through run-off (Jeppesen et al. 2009).
Eutrophication stimulates excessive growth of phytoplankton as well
as some species of aquatic macrophytes, particularly free-floating
macrophytes (e.g. Thomas & Daldorph 1994). This will affect the
species interactions (Schindler 2006) and can result in a catastrophic
loss of submerged macrophytes (Balls et al. 1989).
9
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As in other ecosystems, also in freshwater systems successful
invasions of new habitats by lower latitudinal species will be
facilitated by climatic warming (Parmesan 1996) while other, more
endemic species go extinct (Easterling et al. 2000). Moreover,
increased human migration and commerce has increased strongly the
number of invasions of aquatic species (Van der Weijden et al. 2007).
(Sub-)tropical macrophytes, such as Eichhornia crassipes, Salvinia
molesta and Salvinia natans, have already set foot in Europe
(Feirreira et al. 1998; Wallentinus 2002) but present climate
conditions still limit their success. Predicted warmer winters may
cause an expansion of (sub)tropical species in temperate regions
(Meerhoff 2006).
Among the invasive species, free-floating macrophytes are especially
notorious, as they have prolific rates of (vegetative) reproduction,
disperse rapidly, have a growth morphology with a high leaf to stem
area ratio and have a wide ecological range. Large free-floating
macrophytes generally occur in tropical and subtropical regions
where smaller-sized free-floating macrophytes generally occur in
temperate regions. They occur in standing and running waters, in
shallow and deep waters, and large and small waters, including
ponds, lakes, reservoirs, ditches, rivers and canals (Ashton & Mitchell
1989). In all exotic and some native ranges, free-floating
macrophytes are considered the main aquatic weed (summarized in
Meerhoff 2006).
Free-floating macrophytes form mats at the water surface that act as
a barrier for solar radiation. Below such a mat it is darker and cooler
than in a water column without a mat. Shading and lower
temperatures result in decreased photosynthesis and thus decreased
oxygen production. As the transfer of oxygen from the air to the
water is also hampered and as oxygen consumption (sediment and
biological) continues, the water column below a dense mat of
floating macrophyte may sometimes become anoxic (Villamagna &
Murphy 2010). Additionally, biochemical processes are altered
possibly resulting in higher nutrient levels (Meerhoff et al. 2003). All
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these changes strongly affect the structure and functioning of the
ecosystem.
Invasion of free-floating macrophytes may also cause socio-economic
problems in a region because of their interference with water use for
transportation, hydroelectric power production, domestic,
agricultural and industrial water supply, fisheries and recreation
(Holm et al. 1969; Gopal 1987; Joffe & Cooke 1997). And finally, mats
also provide a habitat for vector species of human diseases such as
malaria or dengue (Savage et al. 1990; Rumi et al. 2002).
Scheffer et al. (2003) suggested that free-floating and submerged
macrophytes can be two alternative stable states. This is supposed to
be due to asymmetric competition where free-floating macrophytes
have a primacy for light, and submerged macrophytes can grow at
lower nutrient concentrations in the water column. Both macrophyte
groups favor their own dominance by depleting the limiting resource
(either light or nutrients) of the competitor (Figure 1.1).

Figure 1.1 Asymmetric competition between free-floating and submerged
macrophytes

Due to their negative effects, as mentioned above, the dominance of
free-floating macrophytes is considered an undesired ecosystem
11
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state and a diverse submerged macrophyte community is preferred.
A shift to the undesired state should be prevented or be undone.
Resilience of a system promotes resistance to a state shift (Holling
1973). Gradually changing environmental conditions, such as through
climate change or other human-induced processes (e.g.
eutrophication, fishing, overgrazing) alter the resilience of the
current state. A reduction of resilience makes ecosystems more
vulnerable to changes where stochastic events (natural or human)
usually trigger the state shift (Scheffer et al. 2001). This theory works
in both directions (from and to a desired state) which has
implications for the management of these systems.

Research objective
The objective of this research is to investigate the competition
between free-floating macrophytes and submerged macrophytes
under climate change. I have focused on shallow freshwater bodies,
such as shallow lakes, ponds and ditches, in temperate regions. The
objective is translated in the following research question:
“Will climate change promote a shift in dominance from submerged
macrophytes to free-floating macrophytes?”
To answer this question I have studied the role of temperature and
eutrophication on the competition, the influence of free-floating
macrophytes on the water column and the implications of freefloating macrophyte invasion for water management. The research
approach is a combination of outdoor mesocosm experiments, a
laboratory experiment, a database analysis and a literature review.

Thesis outline
The first four chapters of this thesis describe experiments and data
analyses done to study the competition between free-floating and
submerged macrophytes under climate change. Chapter 2 presents
two papers about mesocosm experiments conducted at “De
Sinderhoeve”, an outdoor research facility in Renkum, The
Netherlands. The first paper is about the possibility of using
12
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inexpensive open-top chambers (OTCs) as passive artificial warming
devices in experimental aquatic studies to mimic climatic warming in
small water bodies. These passive warming devices are used in the
experiment described in the second paper were the combined effects
of nutrient loading and increased temperature on the competition
between the potentially invasive exotic free-floating Salvinia natans
and the naturalized submerged Elodea nuttallii are studied. Climate
change increases the sensitivity of aquatic ecosystems to
eutrophication and higher concentrations of possibly toxic reduced
nitrogen (NH3) in the water layer may be expected. Chapter 3 reports
the results of a laboratory experiment that examined the interactive
effects of reduced nitrogen, temperature, pH and light on Elodea
canadensis. In Chapter 4 the impact of climate change on
macrophyte cover in Dutch drainage ditches is investigated. An
extensive database analysis is conducted on the Limnodata
neerlandica, a Dutch long-term biological monitoring database.
The final chapters place the experimental findings in a broader
context. Chapter 5 argues that adequate ecosystem management
must be based on a dynamic balance of scientific knowledge
development, societal acceptance and practical implementation. This
approach is demonstrated on the illustrative example of problems
caused by free-floating macrophytes. Chapter 6 presents a synthesis
of the previous chapters.

13
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SEFS-5, Palermo, Italy, 2007
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Chapter 2a: Use of open-top chambers to study the
effect of climate change in aquatic ecosystems
This chapter has been published in Limnology and OceanographyMethods (2008) 6, 223-229.
Jordie J.C. Netten, Egbert H. van Nes, Marten Scheffer
and Rudi M.M. Roijackers

Abstract
Aim of this research was to explore the possibility to use inexpensive
open-top chambers (OTCs) as passive artificial warming devices in
experimental aquatic studies. Our results show that OTCs give a
significant temperature increase compared to the control. The
measured increase (up to an average of 2.3 °C) corresponds with
predicted climatic warming. Due to their open top, the light quantity
and quality is only minimally reduced. We found that OTCs are
especially suited for studying the effect of climate change in small
waters, as the vertical temperature gradients remain unchanged.
They can also easily be transported to remote environments. We
discuss other advantages and disadvantages of these devices for
aquatic studies and compare them with other warming devices.

Introduction
Due to climate change, temperature is currently increasing
worldwide. Most recent temperature predictions for the 21st century
range from an increase of 1.1°C (minimum low scenario) to 6.4°C
(maximum high scenario) (IPCC 2007). For the near future, a
temperature rise of 0.1°C per decade is predicted. Temperature
increase and other factors of climate change (e.g. precipitation,
atmospheric CO2 concentration) can change community structure
and functioning of ecosystems (see e.g. Walther et al. 2002). Shallow
freshwater ecosystems will closely follow prevailing air temperature
during climate change (Gerten & Adrian 2001; McKee et al. 2002a).
15
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As the effects of climate change on ecosystems are rather complex, it
is subject of many studies (e.g. Carpenter et al. 1992; Santamaria &
Van Vierssen 1997; Moss et al. 2003). Experimental mesocosm
studies are often used to understand the potential effect of climatic
warming on shallow freshwater bodies (e.g. McKee et al. 2000;
Baulch et al. 2003; Burnett et al. 2007). As Feuchtmayer et al. (2007)
posed, artificial outdoor open-air mesocosms are a good
intermediate between laboratory and natural conditions.
Experimental mesocosm studies generally use two different
experimental set-ups for artificial warming. One option is either to
place the treatment mesocosms in a warmed (active or passive),
closed greenhouse and untreated mesocosms outside the
greenhouse (Braley et al. 1992; Kankaala et al. 2000) or to place both
treatments in a greenhouse but under different air temperature
regimes (Beisner et al. 1997) or different ventilation regimes to cool
the system (Strecker et al. 2004; Christensen et al. 2006). Apart that
active warming is very expensive and susceptible to break down, the
greenhouse approach has the disadvantage that in these closedcanopy systems light, gas exchange, invertebrate access and
precipitation are hampered.
Another option is to place heating elements on top of the sediment.
Heating is performed either by electrical elements (Liboriussen et al.
2005; Burnett et al. 2007; Nouguier et al. 2007) or by running hot
water through elements (McKee et al. 2000; Baulch et al. 2003). To
prevent a vertical gradient, the water column can be mixed by
pumping (McKee et al. 2000) or by stirring with paddles (Liboriussen
et al. 2005). Drawbacks of this design are that the heating elements
result in locally higher temperatures, these systems are quite
expensive to set up and run and are susceptible to break down.
Water temperatures in untreated mesocosms and in small natural
waters (e.g. ponds, ditches) show a clear profile during most of the
year (Young 1975; Dale and Gillespie 1977; personal observation).
With the above-described warming devices the temperature profile
may be disturbed if there is side heating, mixing of the water column
or heating from the bottom. Not only the water temperature as such,
but also the fact that solar irradiation is coming from above is
16
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important for biological communities (e.g. Jõhnk et al. 2008). To
study these effects of climate change with minimal unwanted
ecological effects, we think it is important that the warming device
preserves the vertical temperature profile.
Molau & Mølgaard (1996) and Marion et al. (1997) designed opentop chambers (OTCs), cone-shaped transparent structures with an
open top, to study the effect of increased temperature in tundra
ecosystems. Because of their open top, OTCs allow direct solar
irradiation into the chamber. The inwardly inclined sides trap part of
incoming heat like a greenhouse. Molau & Mølgaard (1996) found
multiple advantages of OTCs over greenhouses: lower temperature
extremes, better light quantity, better light quality and invertebrate
access. Moreover, no significant differences are found in CO 2
concentrations (Marion et al. 1997) and H2O/CH4 fluxes (Kanerva et
al. 2005) inside and outside the OTC. They concluded that OTCs alter
the temperature significantly with little unwanted ecological effects.
Here, we explore whether open-top chambers can be used as
artificial warming devices of aquatic mesocosms. Specifically, we
study the effects of open-top chambers with different heights on the
daily water temperature course of outdoor mesocosms.

Materials & Procedures
Experimental site
The experiment was conducted in ten white-coloured polyethylene
cylindrical mesocosms (height: 67 cm, internal diameter: 45 cm)
located at an outdoor research facility near Renkum, the
Netherlands. From the bottom up, the mesocosms were filled with
respectively 7 cm clay, 2 cm sludge, 2 cm washed sand and 45 cm
rain water (on average 70 L). For insulation, mesocosms were
completely sunk in the ground to the water surface level. During this
experiment no macrophytes were present in the mesocosms.
Chamber design and experimental set up
The design of the open-top chamber (OTC) was similar to the cone
design described in Molau & Mølgaard (1996) and Marion et al.
(1997) (Figure 2a.1). The OTCs are made of 1 mm thick Sun-Lite HPTM
17
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fibreglass (Solar Components Corporation, Manchester, NH, USA).
Molau and Mølgaard (1996) show that this material is highly suitable
due to a low transmittance of infrared (<5%) and a high solar
transmittance for the visible wavelengths (87%). Spectral
transmittance of the canopy material is assessed with a fibre optic
spectrometer (AvaSpec-2048, Avantes BV, Eerbeek, The
Netherlands). PAR light at different water depths and locations is
assessed for the control and the tallest OTC with a Li-Cor sensor (LiCor, Lincoln, NB, USA).

Figure 2a.1 Design of cone-shaped open-top chamber

The effect on water temperature of different heights of open-top
chamber was evaluated. The different treatments were: no OTC and
OTCs with heights of 10, 15, 20 and 25 cm. Treatments were carried
out in duplicate, but due to failure of data logging equipment, some
treatments have less data. OTCs were randomly assigned to the
mesocosms, placed on top and connected with duct tape to the
mesocosms and left there for two days to let the water adapt to the
new situation. In advance of the experiment we measured wind
speeds just above the water layer on several occasions in mesocosms
with and without an open-top (all heights). No difference in wind
speed was found.
Measurements
To test the water temperature elevation in mesocosms covered with
OTCs of the different heights, two 48-hour measuring sessions were
18
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performed. The first session ran from May 3 13:27 to May 5 12:27,
2007, which were clear, sunny days (mean temperature: 14.90 °C ±
5.03; 1412.1 minutes of sun, no precipitation). The second session
ran from May 7 13:21 to May 9 12:21, 2007, which were overcast
days (mean temperature: 12.45 °C ± 1.46; 303.5 minutes of sun, 3 cm
precipitation (mainly drizzle)). The mean net solar irradiance of the
sunny days (108.7 W m-2) was almost double the solar irradiance of
the overcast days (56.2 W m-2).
Hourly water temperature measurements were recorded with data
loggers (Grant 1200, Grant Instruments, Cambridge, UK).
Thermocouples were placed in the centre of the mesocosm, 3 cm
under the water surface. Weather conditions and irradiance
(Solarimeter CM11, Kipp & Zonen, Delft, The Netherlands) were
described using data from a nearby meteorological station.
Additional measurements of vertical temperature profiles were
conducted in the same mesocosms in August 2007.
Statistical analysis
Hourly repeated measurements of water temperature of the
different treatments were analysed using a repeated-measures
Analyses of Variances (rm-ANOVA). When the repeated-measures
ANOVA resulted in a significant effect, multiple comparisons were
carried out with a Tukey post hoc test with Kramer’s (1956)
approximation for unbalanced data. Sampling time was handled as a
repeated measure within-subject factor and treatment was handled
as a between-subject factor (SAS 9.1.3, SAS Institute Inc., Cary, NC,
USA). Statistically significant difference was defined as P < 0.05.

Assessment
Spectral transmittance of the canopy material is assessed by
comparing the light spectrum of direct sunlight with sunlight coming
through the canopy material of the open-top chamber (Figure 2a.2).
We found on average a transmittance of 30%, 89% and 94% for
respectively UV, PAR and IR light, which is almost similar to the
findings of Molau and Mølgaard (1996). As the OTC has an open top,
light level in the device is much higher. Measurements of PAR light at
19
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different water depths showed a reduction of only 3% at the water
surface to no measurable reduction of PAR at 20 cm depth in the
mesocosm under the OTC.

Figure 2a.2 Light spectrum of direct sunlight (solid line) and sunlight coming
through the canopy material of the open-top chamber (dotted line).

Data of the sunny days show a clear diurnal pattern in water
temperature (Figure 2a.3a). Treatments differed most around noon,
as the between-subjects standard deviation (n=9) then is maximal
(Figure 2a.3c). In de overcast days water temperature also shows a
diurnal pattern, although less regular (Figure 2a.3b). The betweensubjects standard deviations (n=8) now show no diurnal pattern,
indicating that the differences between the treatments are more
constant over time (Figure 2a.3d).
Both measuring sessions show consistently that OTCs result in a
higher mean water temperature of the water (Table 2a.1). Moreover,
the effect clearly increases with the height of the OTCs. Temperature
20
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increase of the water and the within-subject standard deviation are
higher on sunny days than on overcast days.
Under sunny conditions all heights of OTCs show a significantly higher
water temperature than the control treatment (F=68.895, p<0.001
Table 2a.1: Tukey post hoc). Furthermore, a 25 cm high OTC gives a
significantly higher water temperature than the other treatments.
Under overcast conditions, only 20 and 25 cm high OTCs show a
significantly higher water temperature than the control treatment
(F=34.821, p=0.008). Here, the 25 cm high OTC gives also significantly
higher water temperature than all other treatments.

Figure 2a.3 Temperature data (a,b) and between-subject standard
deviations (c,d) during a period of 48 hours under sunny weather conditions
(left panels) and overcast weather conditions (right panels). Dashed line is
ambient air temperature. Solid black line: 25 cm high OTC, open circles: 20
cm high OTC, closed diamond: 15 cm high OTC, triangle: 10 cm high OTC,
solid grey line: control.

21

Open-top chambers for climate change research
Table 2a.1 Water temperature data of open-top chambers (OTCs) over a
period of 48 hours. Fraction Covered = 1 – (area open top / area mesocosm).
Post hoc results follow a Tukey-Kramer approximation of repeated
measures analysis of variance (rm-ANOVA).
Open-top chamber
Height (cm)
Fraction
Covered
0 (control)
0.00
10
0.45
15
0.62
20
0.76
25
0.87

Sun
Mean ± SD (n)

Post hoc

16.40 ± 2.20 (96)
+0.88 ± 2.45 (96)
+0.99 ± 2.33 (96)
+1.50 ± 2.51 (48)
+2.33 ± 2.84 (96)

a
b
b
b
c

Overcast
Mean ± SD (n)
Post hoc
13.26 ± 0.96 (96)
+0.16 ± 0.82 (96)
+0.28 ± 0.83 (48)
+0.34 ± 0.81 (96)
+0.76 ± 0.86 (48)

d
de
de
ef
f

The relationship between the temperature increase and the area
fraction that is covered by the OTC (fraction covered = 1 – (area open
top / area mesocosm)) can be described by the following power
functions (Sigmaplot 2000, SPSS Inc., Chicago, IL, USA) (see also
Figure 2a.4):
∆tSun = 2.84 c 1.90
∆tOvercast = 1.11 c 3.16

(1)
(2)

These results suggest that under both weather conditions the OTC of
25 cm height and corresponding covered fraction of 0.87 results in a
significant mean water temperature increase of 0.76 °C on overcast
days and 2.33 °C on sunny days. Cloud cover during overcast days
may explain a lower water temperature increase and irregular
pattern of between-subject standard deviation over time, due to
scattering and absorption processes that result in a more variable
surface irradiance (Orsini et al. 2002).
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Figure 2a.4 Relationship between the fraction covered by the OTC and
absolute water temperature increase under sunny (a) and overcast (b)
weather conditions can be described by a power function. In which ∆t is the
absolute water temperature increase compared to the control treatment
and c is the fraction covered of the OTC (c=0 is the control treatment
without OTC).

Additional temperature measurements at different depths show that
although the temperature increase of the water was rather small
because of the strong overcast weather conditions, the vertical
temperature profiles of the control treatment and the 25 cm high
OTC are very similar (Figure 2a.5).
23
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Figure 2a.5 Mean temperature profile of the water column on two different
dates. Solid line is the control treatment and the dashed line is the 25 cm
OTC treatment. Horizontal axis is the absolute temperature in the water
column and the vertical axis is the depth (0 – 40 cm).

Discussion
In this study we explored the potential use of open-top chambers
(OTCs) as artificial warming devices for aquatic mesocosms. To be
useful for climate change studies, it is obviously necessary that the
device yields consistently higher temperatures and that these are
comparable with the IPCC predictions for the coming decades (IPCC
2007). Secondly, the device should have minimal unwanted
24
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ecological effects, and maintain a natural vertical temperature
profile. Of course, practical considerations are important, like
feasibility, costs and stability. Below we discuss these points,
comparing OTCs with other devices (see also Table 2a.2).
Our results show that OTCs give a significant higher temperature
compared to the control. The measured increase (up to an average of
2.3 °C) corresponds with predicted global warming. If the
temperature change needs to be higher or more controlled, an active
heating system is more appropriate (e.g. McKee et al. 2000; Kankaala
et al. 2000; Liboriussen et al. 2005). Furthermore, there might be
some scale-dependent limitations of the size of the open-top
chamber on really large mesocosms in relation to the warming
capacity of the open-top chamber. So, if much larger ecosystems are
studied, first the warming effect of the OTC on this larger volume of
water has to be investigated and dependent on the outcome perhaps
another approach has to be followed.
Each possible device used to increase temperature will have some
unwanted effects, making the control treatment differ in more
aspects than temperature alone (Kennedy 1995; Marion et al. 1997).
It depends on the purpose of the study how severe these effects are.
Some unwanted effects of open-top chambers are shared with, but
less severe than closed-canopy greenhouses. These unwanted effects
are hampering of light, precipitation, (possible) invertebrate access
and wind in comparison to control mesocosms. The open-top still
gives free access to the inside of the chamber for e.g. direct light,
precipitation and invertebrates. The fraction covered (1 – (area open
top / area mesocosm)) by the OTC determines the trade-off between
the temperature increase and the degree of unwanted effects.
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Table 2a.2 Artificial warming devices for mesocosms
Design
Greenhouse

Heating
elements

Open-top
chambers

Specs
Active
warming

Advantages
Predefined temperatures
Higher temperature increase
Temperature profile

Disadvantages
Expensive (money, manpower)
Limits light
(Limits gas exchange)
Limits precipitation
Limits invertebrate access
Susceptible to breakdown

Users
Beisner et al.
1997
Kankaala et al.
2000

Passive
warming

Inexpensive
No supervision required
Easy to construct/transport
Temperature profile
Solid construction

Limits light
(Limits gas exchange)
Limits precipitation
Limits invertebrate access
Warming uncontrolled & limited

Electrical /
Hot water

Predefined temperature
Higher temperature increase
Invertebrate access
Normal precipitation

Expensive (money, manpower)
No temperature profile
Susceptible to break down
Locally higher temperatures

Inexpensive
No supervision required
Easy to construct/transport
Temperature profile
Invertebrate access
Solid construction

Warming uncontrolled & limited
Limits light slightly (3%)
Limits precipitation quantity

Yuschak and
Richards 1987
Braley et al. 1992
Strecker et al.
2004
Christensen et al.
2006
McKee et al.
2000, 2002a/b,
2003
Baulch et al. 2003
Liboriussen et al.
2005
Burnett et al.
2007
Present study

Regarding the reduction of light, the fibre glass material of the OTCs
reduced incoming PAR light at most by 11%. But because the OTCs
are partly open, the real light reduction inside the chamber is much
lower. We measured on a sunny day only 3% light reduction. This is
however dependent on the time of the day and the weather
conditions. Note also that for many processes the effect of light
reduction is will be opposite to the effect of temperature increase
(for instance on primary production). Therefore the small reduction
in light will in many cases only lead to a slightly conservative estimate
of the temperature effect. Only in environments with a strong
photoinhibition (e.g. high altitude tropical areas) the shading by OTCs
can have an unwanted positive effect on photosynthesis. In such
cases it will be necessary to shade the controls in a similar way or use
a different canopy material.
Precipitation is a natural disturbance of water bodies at water
surface level and can mix the water column. The open-top of the OTC
still allows the intensity of direct precipitation on the water surface
determining the mixing. During our experiment we did not encounter
26
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large quantities of precipitation. An overflow in our mesocosm
system ensured a maximal water level. In areas with heavy
precipitation over a longer period of time, OTCs might be less
effective because larger quantities of precipitation in the control over
a longer time might cool down and mix the mesocosm to a higher
degree as with an OTC. Possible evaporative losses, which we almost
did not encounter during our experiment, can be replaced gently
with e.g. rain water.
The species exchange of invertebrates between water bodies occur
mainly by air. Airborne animals seem to have no problem getting in
and out of the open-top chamber (personal observation). This might
be different in systems with an almost closed open-top when a
proper evaluation has to be done if the purpose of the study
demands this. Other invertebrates, such as gastropoda or crustacea
depend on other modes of transportation e.g. by waterfowl or
humans. We tried to avoid this other mode of transportation by e.g.
covering the mesocosms with chicken wire and cleaning the sensors
before measuring in the next mesocosm. We therefore think that
colonisation of invertebrates is likely to be comparable for the
control and the open-top chamber treatment.
OTCs obviously protect mesocosms from wind. In terrestrial systems
this can be an important disadvantage (Marion et al. 1997). In our
mesocosms, however, we could not measure differences in wind
speed just above the water surface between control and treatment.
Moreover, as in our experimental mesocosms the wind fetch is only
small, the wind effect will usually be very limited. In larger scale
experiments the wind effect of OTCs might be more problematic.
A possible advantage that OTCs have over most other devices is that
OTCs maintain the natural vertical temperature profile in the water
column. This is useful for studying ecological effect of climate change
in small water bodies, but it might be unwanted for studies on large
well-mixed systems. The use of heating elements result in locally
higher temperatures near the elements (e.g. Baulch et al. 2003),
which is not the case when using OTCs. Another approach would be
to use a greenhouse and sink the mesocosms in the ground. But, as
described before, the unwanted effects caused by the chamber effect
27
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are stronger with these closed-canopy greenhouses than with the
OTCs.
Finally practical considerations can be important. Active warming
devices, such as active greenhouses and heating elements, are more
expensive to construct and to maintain (energy and personnel) (e.g.
Liboriussen et al. 2005). Furthermore, active heating has a risk of
equipment failure (e.g. Baulch et al. 2003). OTCs are easy and
inexpensive to construct, can withstand time and extreme weather
conditions and are therefore highly reliable, feasible and also suitable
to be used in remote and harsh areas. Due to their robustness, they
are especially suitable for long-term experiments.
Many of the advantages and disadvantages of OTCs are shared with
other passive warming systems (Yuschak and Richards 1987; Braley et
al. 1992; Strecker et al. 2004; Christensen et al. 2006). Yuschak and
Richards (1987) built an entire passive solar building in which they
placed tanks. Although the construction is very robust, it is a rather
complex and expensive design. Furthermore this design is closed for
light and precipitation. Strecker et al. (2004) used a conical design,
but with a closed canopy. Advantage of this system is that the control
and treatment are both almost closed in a similar way. Disadvantage
is that the system of Strecker et al. is closed for light, invertebrates
and precipitation. Furthermore, the OTC is a simpler and possibly a
more robust design. Braley et al. (1992) and Christensen et al. (2006)
used a completely sealed canopy, with no gas-exchange possibilities.
These designs could result in a difference in CO2 and O2 level
between treatment and control and are also completely closed for
light, invertebrates and precipitation.
In conclusion, open-top chambers can be used as inexpensive
artificial warming devices for aquatic mesocosms. They are especially
suited for studying climatic warming in small water bodies. Future
studies can combine temperature increase with other factors of
global change (e.g. eutrophication, species interaction) to give a
more elaborate assessment of the cumulative impacts of global
change on these kind of ecosystems. The largest OTC can yield
temperature increases that correspond with predicted climatic
warming. Main limitations are that the temperature increase cannot
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be controlled and is rather limited. The open-top and the angle of the
canopy material makes it possible to receive direct light. Because the
light quality and light quantity within the OTC are slightly hampered,
the use of OTCs might result in a slightly conservative estimate of the
effects of climatic warming. Also precipitation quantity is altered
though not as much as in greenhouses.
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Chapter 2b: Effect of temperature and nutrients on
the competition between free-floating Salvinia natans
and submerged Elodea nuttallii in mesocosms
This chapter has been published in Fundamental and Applied
Limnology (2010) 177(2), 125-132.
Jordie J.C. Netten, Gertie H.P. Arts, Ronald Gylstra, Egbert H. van Nes,
Marten Scheffer and Rudi M.M. Roijackers

Abstract
In many aquatic ecosystems, free-floating macrophytes compete with
submerged macrophytes for nutrients and light. Being on top of the
water surface free-floating macrophytes are superior competitors for
light. Submerged macrophytes can take up nutrients from the
sediment and the water column, hereby reducing these levels for
free-floating macrophytes. Global warming may change chances of
successful species invasion and can alter species dominance. We
studied the combined effects of nutrient loading and increased
temperature on the competition between the potentially invasive
free-floating Salvinia natans (L.) All. and the naturalized submerged
Elodea nuttallii (Planch.) St. John by an outdoor mesocosm
experiment under temperate climate conditions (The Netherlands)
over a period of 71 days.
The free-floating S. natans benefited from increased temperature
and increased nutrient loading and limited the chances for the
submerged E. nuttallii to take advantage of these changed
conditions. S. natans substantially increased temperature in the top
layer, while limiting the temperature increase below the mat. Our
results suggest that with global warming, invasive free-floating
macrophytes might become more successful at the expense of
submerged macrophytes.
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Introduction
Dense mats of free-floating macrophytes can have a negative effect
on the functioning and biodiversity of freshwater ecosystems ranging
from temperate ponds and ditches to large tropical lakes (e.g. Janse
& Van Puijenbroek 1998; Mehra et al. 2000; Brendonck et al. 2003).
The main problem is that the oxygen concentration underneath (or
below) a floating macrophyte mat often gets very low (Babalonas &
Papastergiadou 1989; Janes et al. 1996) due to hampered
photosynthesis below the mat (Wolek 1974; Janes et al. 1996; Morris
et al. 2004), reduced gas-exchange at the air-water interface
(Pokorný & Rejmánková 1983) and often an increased consumption
of oxygen by microbial decomposition (Van der Does & Klink 1991;
Janes et al. 1996; Bechara 1996). Due to the low oxygen
concentrations, biomass of aerobic life below the mat can be strongly
reduced (Janse & Van Puijenbroek 1998). Moreover a mat may
reduce wind mixing of the water layers and can form an insulating
layer reducing heat conduction across the air-water interface (Room
& Kerr 1983).
Free-floating macrophytes compete with submerged macrophytes for
light and nutrients. Scheffer et al. (2003) suggested that dominance
of submerged or free-floating macrophytes are two alternative stable
states, as both types of vegetation are superior competitors for
different resources. Submerged macrophytes can grow at low
nutrient levels in the water column as they can take up nutrients
from the sediment (Hutchinson 1975), but meanwhile they may
reduce nutrient levels in the water column (Sculthorpe 1967) limiting
growth of free-floating macrophytes (McLay 1974). Floating
macrophytes have a primacy for irradiance because they grow on top
of the water column, shading out submerged macrophytes (Janes et
al. 1996). The idea that these mechanisms can lead to alternative
stable states has been supported by laboratory experiments without
sediments (Scheffer et al. 2003). Field and outdoor mesocosm studies
confirm that with increasing nutrient level, submerged macrophytes
tend to be replaced by free-floating macrophytes (e.g. Debusk et al.
1981; Portielje & Roijackers 1995; Janes et al. 1996; Forchhammer
1999).
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With global warming, temperatures are increasing worldwide.
Predictions for the 21st century range from an increase of 1.1 °C
(minimum low scenario) to 6.4 °C (maximum high scenario) (IPCC
2007). It is unsure what the effect of such temperature increase will
be on the competition between free-floating and submerged
macrophytes in temperate climates. Global warming can facilitate
species invasion, as species ranges shift to higher latitudes (Parmesan
1996). (Sub)Tropical floating macrophyte species have already set
foot in Europe (e.g. Ferreira et al. 1998; Van de Velde et al. 2002) but
current climate limits their success. With global warming higher
temperatures and milder winters are predicted for Europe (IPCC
2007), which can act as a window of opportunity for the expansion of
(sub)tropical macrophyte species in temperate regions (Meerhoff
2006). As photosynthesis in temperate regions is limited by
temperature (Carpenter et al. 1992), both floating macrophytes and
submerged macrophytes might benefit from global warming
(Mitchell & Tur 1975; Olesen & Madsen 2000), but floating
macrophytes could benefit more because they live at the water
surface.
Here we study the combined effects of increased temperature and
nutrient loading on the growth of a subtropical, potentially invasive
free-floating macrophyte already occurring in Europe competing with
a naturalized submerged macrophyte population. An outdoor
mesocosm experiment was conducted to evaluate the potential of
successful invasion by exotic free-floating macrophytes in temperate
regions under global warming.

Methods
Experimental site
The experiment was conducted in ninety white-coloured
polyethylene cylindrical mesocosms (height: 67 cm, internal
diameter: 45 cm) located at the outdoor Sinderhoeve research
facility, Renkum, The Netherlands (51°59’53”N, 5°45’12”E). From the
bottom up, the mesocosms were filled with respectively 7 cm clay, 2
cm sludge, 2 cm washed sand and 45 cm rain/groundwater water
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mixture (on average 70 l). For insulation, the mesocosms were
completely sunk in the ground to water surface level. Each mesocosm
was comparably inoculated with approximately 100 ml highly
concentrated zooplankton and macroinvertebrates mixture (e.g.
Daphnia sp., Chironomidae, Planorbis sp., Asellus aquaticus,
Gammarus pulex) to regulate phytoplankton and periphyton growth.
No fish was present and chicken wire prevented waterfowl from
entering the mesocosms. We used the subtropical South American
species Salvinia natans (L.) All. (hereafter called Salvinia) to represent
the invading free-floating macrophyte that already occurs in Europe
(e.g. Zutshi & Vass 1971; Van de Velde et al. 2002). The naturalized
Elodea nuttallii (Planch.) St. John (hereafter called Elodea) was used
as the competing submerged macrophyte. Prior to the experiment
each mesocosm was planted with 30 apical top shoots (15 cm) of
Elodea to acclimatize for 25 days resulting in a 100% macrophyte
cover density before (t= -1) the start of the experiment. Used
macrophytes were obtained from a commercial supplier. The
experiment ran from July 18, 2007 (week 29) until September 27
(week 39), 2007 (71 days). Figure 2b.1 shows average weekly
temperature and precipitation at a nearby meteorological station
(Haarweg, Wageningen, The Netherlands). Monthly additions of 2.5
ml Tropica MastergrowTM supplied the systems with sufficient
micronutrients.
Treatments
At the start of the experiment (t=0), initial macrophyte density of
Elodea was set to respectively 10, 50 and 90% based on macrophyte
cover by randomly removing macrophytes without disturbing the
sediment. Subsequently, Salvinia was added to reach an initial
floating macrophyte cover of respectively 90, 50 and 10%. Five
different levels of external nutrient loading (Table 2b.1) were added
weekly as solutions of K2HPO4 and NH4NO3. Global warming was
imitated by the use of open-top chambers (OTCs) of 25 cm high
(Chapter 2a) that were placed over the mesocosms. OTCs are conical
Sun-Lite® HP Fibreglass (Solar Components Corp., Manchester, NH,
USA) devices with an open top that allows e.g. direct light, gas
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exchange and precipitation. They serve as passive warming devices
that maintain a vertical temperature profile and result in a
temperature increase of on average between 0.8 and 2.3°C (Chapter
2a), which corresponds with IPCC predictions (IPCC 2007). The
experiment had a full-factorial design with three initial macrophyte
density levels (10-90%; 50-50%; 90-10% Elodea-Salvinia; based on De
Wit (1960) replacement series), five nutrient levels (referred to as
treatment A-E; see Table 2b.1) and two temperature levels
(with/without OTC). Three replicates were used per treatment.

Figure 2b.1 Average weekly temperature and precipitation at a nearby
meteorological station (Haarweg, Wageningen, The Netherlands)

Table 2b.1 Weekly external nutrient loading was based on the following
run-off levels with obtained nutrient concentrations directly after nutrient
addition between brackets.
Loading treatment
A (very low)
B (low)
C (intermediate)
D (high)
E (very high)

g P m-2 year-1 (mg P liter-1)
0.05 (0.002)
0.15 (0.006)
0.5 (0.021)
1.5 (0.063)
5.0 (0.211)
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g N m-2 year-1 (mg N liter-1)
0.3 (0.013)
0.9 (0.038)
3.0 (0.127)
9.0 (0.280)
30.0 (1.266)
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Measurements
The initial above-sediment biomass of Elodea could be estimated
from the biomass that was removed from the 100% covered
acclimatized mesocosms just before the start of the experiment. The
initial biomass of Salvinia was determined by weighting sub samples
of the start population representing the amount of macrophytes at
10%, 50% and 90% macrophyte cover and taking the average. The
above-sediment biomass at the end of the experiment was
determined by destructive harvest of both species. Macrophytes
were washed before biomass determination, to remove any algae or
animals. Dry weight was determined after 72 hours at 70° C. The
average relative growth rate (RGR) was calculated by means of the
logarithm of the end dry weight minus the logarithm of the start dry
weight divided by the elapsed time. Measurements at 0, 10, 20 and
40 cm depth were conducted biweekly for temperature, dissolved
oxygen concentration (Handy Delta portable DO meter Oxyguard
International A/S, Birkerød, Denmark), pH (pH315i, WTW, Weilheim,
Germany) and electrical conductivity (Cond315i, WTW, Weilheim,
Germany). Photos were taken biweekly to determine the percentage
cover of Salvinia and were analysed using Adobe Photoshop 7.0
(Adobe Systems Incorporated, San Jose, CA, USA). Water samples
were taken biweekly before weekly nutrient addition and analysed
for dissolved nitrogen (NH4+ and NO3- + NO2 based on NEN 6646
according to Dutch standards) and dissolved phosphorus (PO 43- based
on NEN 6663 according to Dutch standards) using a continuous flow
analyzer (Skalar Analytical BV, Breda, The Netherlands).
Additional light measurements under different percentages of
Salvinia cover were conducted once just after the experiment on a
clear day with two PAR meters (Li-185B, Li-Cor, Lincoln, NB, USA) at
10 cm below water surface in two comparable mesocosms. One
probe was placed under different % of Salvinia cover in one
mesocosm and the other probe was always without Salvinia cover in
the other mesocosm.
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Statistical analysis
To analyse the effect of the variables (initial macrophyte density,
external nutrient loading and temperature) and possible interaction
between the variables on the relative growth rate of both species, a
two-way Analysis of Variance (ANOVA) was conducted per initial
macrophyte density and a one-way ANOVA was conducted to test for
initial macrophyte density effect. A two-factor repeated measures
ANOVA was used to test the effects of treatment (main effect) on
temperature and dissolved oxygen over time (factor 1) and depth
(factor 2) as repeated measures. Multiple comparisons were
conducted following the Tukey method. Before each ANOVA, we
tested whether the data were normally distributed using a ShapiroWilk test. Statistical analyses were performed using SAS 9.1 (SAS
Institute Inc., Cary, NC, USA). Statistically significant difference was
defined as P < 0.05.

Results
Growth rate
Visual inspections during the acclimatization period and the first
three weeks of the experiment revealed good health and clear
growth of both Elodea and Salvinia in all mesocosms. Elodea showed
growth and branch formation during this period. After this period,
Salvinia continued to expand, but the biomass of Elodea decreased in
all cases, resulting in an average relative growth rate (RGR) of -0.083
g d-1 ± 0.039 (average ± std. dev; n=90,) over the whole study period
(Figure 2b.2). The RGRs of Salvinia were positive for almost all
treatments (0.012 g d-1 ± 0.009 (n=90), see Figure 2b.2). All data were
normally distributed.
Post hoc tests showed that the relative growth rate of Salvinia
increased significantly with increasing nutrient loading level for all
initial macrophyte densities. For Elodea there was only a significant
positive relation with nutrients when Elodea was initially dominant
(90%-10% Elodea-Salvinia) (Table 2b.2).
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Figure 2b.2 Relative growth rate (RGR: g d-1) of Salvinia (left) and Elodea
(right) for the different nutrient loading levels, initial macrophyte densities
and temperature regimes. Black bars are with open-top chamber and grey
bars are without open-top chamber. The dimension of the y-axis of Elodea is
double the y-axis of Salvinia. Error bars indicate standard error of the mean
(n=3).
37

Competition between free-floating and submerged macrophytes
Table 2b.2 Two-way ANOVA test results to compare relative growth rates of
Salvinia natans (Salvinia) and Elodea nuttallii (Elodea) between treatments
with different temperatures (with or without open-top chamber, OTC),
nutrient loading level (Nutrient) and their interaction for the three initial
macrophyte densities. Df: OTC=1, Nutrient=4, OTC x Nutrient=4.
Source
F
Density 90% Elodea – 10 % Salvinia
SALVINIA
OTC
122.068
Nutrient
350.934
OTC x Nutrient
19.971
ELODEA
OTC
24.964
Nutrient
145.410
OTC x Nutrient
0.950
Density 50% Elodea – 50% Salvinia
SALVINIA
OTC
88.070
Nutrient
234.296
OTC x Nutrient
36.091
ELODEA
OTC
0.000
Nutrient
1.006
OTC x Nutrient
0.315
Density 10% Elodea – 90% Salvinia
SALVINIA
OTC
23.260
Nutrient
152.655
OTC x Nutrient
4.0446
ELODEA
OTC
0.000
Nutrient
1.054
OTC x Nutrient
1.235

Sig.

Posthoc

<0.0001
<0.0001
<0.0001

positive relation
positive relation
positive relation

<0.0001
<0.0001
0.456

positive relation
positive relation

<0.0001
<0.0001
<0.0001

positive relation
positive relation
positive relation

0.984
0.428
0.864

<0.0001
<0.0001
0.015

positive relation
positive relation
positive relation

0.992
0.405
0.328

In the mesocosms treated with open-top chambers (OTCs) the
relative growth rate of Salvinia was generally significantly higher than
in the mesocosms without warming (Table 2b.2). For Elodea this was
only the case for mesocosms with a low initial density of Salvinia.
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We observed an effect of the initial density of both species on the
Salvinia growth rate. Salvinia growth rate was often highest with the
50%-50% treatment. For Elodea the RGRs were least negative if the
initial density was 90%-10% Elodea-Salvinia and became more
negative with increasing initial Salvinia density (Table 2b.3 & Figure
2b.2).
Table 2b.3 One-way ANOVA test results to compare relative growth rates of
different initial macrophyte densities for the nutrient treatments A (very
low), B, C, D and E (very high) and with and without temperature treatment
(open-top chamber (OTC)). Df =2. Posthoc values stand for the initial density
of the target species.

F
Salvinia
A
886.893
B
105.182
C
664.900
D
90.042
E
201.962
Elodea
A
7.354
B
0.656
C
7.485
D
1.662
E
4.221

With OTC
p

Posthoc

F

Without OTC
P
Posthoc

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

10<90<50
10<90<50
10<90<50
10&90<50
90<50<10

93.162
509.937
394.294
459.360
21.792

<0.0001
<0.0001
<0.0001
<0.0001
0.002

10&90<50
10<90<50
10<90<50
10<90<50
90<10<50

0.024
0.552
0.023
0.266
0.072

10&50<50&90

7.310
1.707
0.647
7.472
4.199

0.025
0.259
0.557
0.024
0.072

10&50<50&90

10&50<50&90

10&50<50&90

Effect of Salvinia on temperature
All mesocosms showed a clear temperature profile of max. +2.5 °C
difference between bottom and water surface (Figure 2b.3).
Different treatments showed a significant difference in temperature
profile (2-factor RM-ANOVA: F = 7.30, P <0.0001). Actual Salvinia
cover had a strong positive effect on the temperature at depth 0 cm
(significant in 5 out of 5 biweekly tests compared to 1 out of 5
biweekly tests at the other depths). With OTCs present, this effect
was usually stronger than without OTC treatment (Table 2b.4). At 10,
20 and 40 cm below full Salvinia cover the OTC treatments did not
differ significantly in temperature (P is 0.925, 0.856 and 0.773 for
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respectively 10, 20 and 40 cm). Thus submerged macrophytes did not
experience a temperature increase caused by OTCs when water
surface was fully covered by floating macrophytes. Multiple
comparisons showed that there was no significant difference in
temperature between the different nutrient loadings.

Figure 2b.3 Temperature profile based on the average of the five biweekly
measurements for a) 10%-90% Elodea-Salvinia, b) 50%-50% Elodea-Salvinia
and c) 90%-10% Elodea-Salvinia. Solid lines are treatments with OTC and
dashed lines are treatments without OTC. Diamond = nutrient loading A,
square = nutrient loading B, triangle = nutrient loading C, circle = nutrient
loading D and cross = nutrient loading E. For nutrient loading levels, see
Table 2b.1.
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Table 2b.4 ANOVA test results for the effect of initial Salvinia density on
temperature at water surface (depth = 0 cm) with or without open-top
chamber (OTC). See Figure 2b.3 for temperature profiles. Df =2.

Week 30
Week 32
Week 34
Week 36
Week 38

With OTC
F
p
42.528 <0.0001
9.333 <0.0001
4.464
0.017
13.365 <0.0001
6.860
0.003

Without OTC
F
P
10.346 <0.0001
4.495
0.017
0.963
0.390
2.743
0.076
2.535
0.091

Dissolved oxygen and light under Salvinia
We found in general a negative relation between initial Salvinia
density and dissolved oxygen (DO) concentration. For the mesocosms
with a high initial Elodea density (90% Elodea - 10% Salvinia) we show
changes in average DO concentration, percentage light and Salvinia
cover over time, to suggest what may have caused the decline in
Elodea even in this treatment (Figure 2b.4). Salvinia cover increased
gradually over time. Light measurements showed exponential decline
(R2=0.98) with increasing Salvinia cover with the following equation
(1):
Ic = 100 e-0.045c

(1)

where Ic is the percentage light under Salvinia cover (c in %). If
Salvinia cover is absent (c=0), light is 100%.
The third and fifth week measurements of the experiment DO
concentrations showed a significant drop. Around that period we
visually observed a decline and decay of Elodea, we had a percentage
cover by Salvinia of approximately 30% and only 26% light compared
to a situation without Salvinia cover (Figure 2b.4). From the sixth
week on DO concentrations increased parallel to the increase in
Salvinia cover, whereas light continued to decrease.
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Figure 2b.4 Average dissolved oxygen concentration (mg l -1) and evolution
of Salvinia cover (%) and light (%) at 10 cm depth for initial Salvinia density
of 10% over time. Temperatures and nutrients are lumped. Dashed line is
DO concentration, solid line is actual Salvinia cover (% cover) and dotted line
shows light (%) under actual Salvinia cover compared to light without
Salvinia cover (=100%). Error bars indicate standard error of the mean.

Discussion
In our experiments the invasive free-floating Salvinia benefited
clearly from increased temperature and increased nutrient loading
while preventing the submerged Elodea to take advantage of these
environmental changes. We found that these floating macrophyte
mats were associated with a steeper vertical temperature profile and
that this effect was stronger in artificially warmed mesocosms (opentop chambers). In mesocosms covered with Salvinia, open-top
chambers only caused significantly higher temperatures at the water
surface. The floating macrophytes thus prevented warming of the
water column below the mats while enhancing temperature in their
own habitat.
Unexpected were the negative growth rates of Elodea for all
treatments. Based on results by McLay (1974) and Scheffer et al.
(2003) we expected that Elodea could become dominant at
treatments with high initial Elodea density and low nutrient levels, as
submerged macrophytes have then a competitive advantage as they
are stronger competitors for nutrients. However, in all low nutrient
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cases Salvinia was able to maintain a positive growth during the
whole experiment, despite of an initial dominance of Elodea.
Remarkably, when the Salvinia cover reached 30% around the third
to fifth week, we observed a drop in dissolved oxygen concentration
(Figure 2b.4), connected to the sudden die-off and decomposition of
Elodea. It seems unlikely that the macrophytes suffered from
seasonal die-off as macrophytes from the same population, kept in
monoculture in comparable mesocosms at the experimental facility,
did not show any signs of a decline in fitness. This suggests that the
collapse of Elodea is somehow related to a negative impact from of
the free-floating Salvinia. We cannot determine the mechanism from
our experiments. Certainly, shading must have played some role.
Light levels at a 30% Salvinia cover were already reduced by 74%.
Elodea tends to respond to low light levels (Rolland & Trémolières
1995) by stem elongation, and such a response can in principle lead
to mortality if the light levels are too low (Barrat-Segretain 2004).
Indeed, we observed growth in the first weeks of the experiment.
This changed into stem elongation as soon as light became limited
and further slowdown of growth. However, we cannot exclude that
other mechanisms may have been involved as well in causing the
strong apparent negative effect of floating macrophytes on Elodea in
our tanks. Allelopathy might be one possibility. Another potentially
important mechanism is the effect of floating macrophytes on heat
distribution in aquatic systems.
Our results support the idea that floating macrophytes can warm up
the top layer of the water column (Room & Kerr 1983), which may
enhance their own growth rate (Driever et al. 2005). The effect on
temperature is likely due to a combination of mechanisms. Floating
macrophyte mats on top of the water surface absorb irradiance, but
also reduce mixing of the water column by wind and act as an
insulation layer reducing heat conduction (Room & Kerr 1983). One
can imagine that such warming of the top layer may cause an Allee
effect, in the sense that the positive effect of floating macrophytes
on their own growing conditions increases as their biomass increases
(Driever et al. 2005). As the macrophytes cover a larger fraction of
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the water surface their effect on the temperature distribution over
the water column becomes more pronounced.
Overall, our results suggest that with global warming invasive floating
macrophytes in temperate regions may benefit relatively more than
submerged macrophytes from the temperature increase, as they can
promote their own growth by warming the top layer of the water
column while preventing temperature increase of the water column
thereby limiting potential positive effects of temperature increase on
submerged macrophytes (Figure 2b.3). Parmasan (1996) showed that
a shift in species range can increase the probability of successful
invasion by exotic species, because under global warming temperate
habitats can become more suitable for (sub)tropical invasive species
(e.g. increased temperature and milder winters). Salvinia, for
instance, is tender (Whiteman & Room 1991), which means that in
temperate areas night frost prevents it from becoming a nuisance.
This can change once global warming will reduce night frost events.
Global warming will also impose a higher vulnerability to
eutrophication on freshwater ecosystems and a threat to the
biodiversity, especially in temperate regions (e.g. Meerhoff et al.
2007). Our results confirm that increased nutrient loading has a
positive effect on the production of (invasive) free-floating
macrophytes and reinforces their negative effects on the water and
sediment compartment below. While earlier studies already showed
that eutrophication can promote floating macrophyte dominance,
our results indicate that global warming works in synergy with these
eutrophication effects, increasing the probability of temperate
waters to be dominated by free-floating macrophytes including
invasive species.
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Chapter 3: Interactive effects of pH, temperature and
light during ammonia toxicity events in Elodea
canadensis
Jordie J.C. Netten, Tjisse van der Heide and Alfons J.P. Smolders

Abstract
Increased nutrient loading threatens the functioning and biodiversity
of many freshwater ecosystems worldwide. Elevated temperatures
(e.g. caused by global warming) may increase the sensitivity to
eutrophication in these ecosystems. For instance, higher
concentrations of possibly toxic reduced nitrogen (NH x) in the water
layer may be expected since algal production and anaerobic
breakdown rates will increase. Apart from temperature, levels of NH x
and their effect on aquatic macrophytes will also depend on pH and
light availability.
We examined the interactive effects of NHx, temperature, pH and
light on Elodea canadensis in a full factorial laboratory experiment.
Our results demonstrate that a high NHx concentration and higher
temperature together with low pH (6) and low light conditions causes
the strongest toxic effects regarding relative growth rate and leaf
tissue fitness. The adverse effects of high temperature and low light
are most likely caused by increased metabolic activity and reduced
photosynthesis, respectively. The severe toxicity at low pH compared
to high pH (8) can be ascribed to the ability of E. canadensis to induce
a specialized bicarbonate-concentrating pathway at high pH,
resulting in much higher carbon availability, needed for detoxification
of NHx.
We conclude that NHx toxicity will become more pronounced under
higher temperatures, but that effects on aquatic macrophytes will
strongly depend on pH of the water layer and specific metabolic
adaptations of different species. Our work demonstrates that studies
focusing on the interactive effects of changing physiochemical
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conditions are essential to reliably estimate potential effects of global
change (like warming or eutrophication) on biota.

Introduction
In the last 50 years, elevated nutrient levels in the water layer have
increasingly threatened the functioning and biodiversity of
freshwater ecosystems worldwide (e.g. Tilman et al. 2001; Tilman &
Lehman 2001; Smith 2003; Jeppesen et al. 2005). Eutrophication
stimulates excessive growth of phytoplankton and aquatic vegetation
(e.g. Thomas & Daldorph 1994). This in turn causes problems such as
reduced light availability, decreased CO2 availability and alkaline pH
values during the day (Leegood 2002) which often result in
catastrophic losses of submerged macrophytes (Balls et al. 1989;
Smolders et al. 1996b; Morris et al. 2004).
Agricultural run-off, increased internal decomposition of organic
matter and sewage overflow events typically lead to excess loading of
reduced nitrogen (NHx) to surface waters (Kosmala et al. 1999;
Jeppesen et al. 2005; Smolders et al. 2006). Especially in shallow
systems with standing water, like ditches or ponds, reduced nitrogen
may be elevated dramatically (peak values up to 400 µmol NHx l-1;
Smolders & Brouwer 2006) since nitrification is often hampered by
low oxygen concentrations caused by e.g. free-floating macrophytes
cover or high decomposition.
Reduced nitrogen is the sum of unionized gaseous ammonia (NH 3)
and ionized ammonium (NH4+). The chemical balance between these
two compounds is primarily determined by pH and temperature.
Both temperature and pH increase the NH3 concentration (Emerson
et al. 1975). The equilibrium constant (KEQ at 25° C) is about 10-9.25,
implying that the NH3 fraction is higher than the NH4+ fraction as of
pH 9.25. High concentrations of dissolved gaseous ammonia (NH 3)
are considered to be highly toxic to all aquatic life, whereas the
ionized form (NH4+) is regarded as less toxic in most macrophytes
(Warren 1962; Britto & Kronzucker 2002).
NHx toxicity in macrophytes often results in reduced growth and
development. In many cases, this may be caused by a disrupted
metabolism and high carbon requirements for internal NH x
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detoxification (Rabe 1990; Smolders et al. 1996a; Van der Heide et al.
2008). To prevent accumulation, NHx needs to be assimilated by the
macrophyte. The first step of assimilation is to synthesize NH x into
the amino acid glutamine in the GS/GOGAT cycle. When the NHx
supply is high, this cycle is modified and adapted to increase
glutamine production, leading to increased energy requirements and
a high demand for carbohydrates (Miflin & Lea 1977; Marschner
1986). Therefore, accumulation of glutamine is considered to be an
early indicator of NHx stress in macrophytes.
Due to excessive growth of phytoplankton and floating macrophytes,
eutrophication often leads to light limitation for submerged
macrophytes. This results in reduced photosynthesis, needed for
production of carbohydrates and ATP, which can in turn be used for
detoxification of NHx. To satisfy energy requirements of necessary
physiological activities, carbohydrates may become depleted at low
light conditions. Accordingly, Cao et al. (2009) found that NH x stress
in Potamogeton crispus was exacerbated when light availability was
low. On the other hand, illumination may also lead to increased NH x
toxicity (review by Britto & Kronzucker 2002), when light stress
(photo-inhibition) is superimposed on NH x stress. However, the
studies reviewed by Britto & Kronzucker (2002) mainly focused on
terrestrial plants where photoinhibition regularly occurs while this is
rare in the submerged aquatic environment.
Elevated temperatures (e.g. global warming) increase the sensitivity
of freshwater ecosystems to eutrophication (Meerhoff et al. 2007).
Temperature has a direct negative effect on the oxygen saturation of
the water and shifts the chemical balance of reduced nitrogen
towards toxic NH3 (Emerson et al. 1975). Moreover, temperature
affects the balance between production and respiration in organisms
(Lopez-Urrutia et al. 2006). Higher temperatures result in a higher
respiratory oxygen demand and increased respiratory carbohydrate
consumption (e.g. Allen et al. 2005). Therefore, environmental
availability of NHx, N-uptake, N-assimilation and N-accumulation are
directly and indirectly governed by temperature, as are macrophyte
growth and development in general.
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Previous research on ammonium toxicity (e.g. Smolders et al. 1996a;
Van Katwijk et al. 1997; Lucassen et al. 2003; Van der Heide et al.
2008; Cao et al. 2009; Zhang et al. 2010) focused on one or two of
the variables temperature, pH, light and ammonium, while
interactions between all of these variables may be very important.
Therefore, we studied the interactive effects of NHx, light,
temperature and pH on the temperate freshwater macrophyte
Elodea canadensis in a laboratory experiment. We hypothesized that
high temperatures will aggravate NHx stress in submerged
macrophytes, while the degree of stress might be alleviated by low
pH and high light levels.

Materials and Methods
Microcosm experiment
We ran a full-factorial indoor microcosm experiment for twelve days
to test the effect of four variables: temperature, light, ammonium
concentration and pH on the NH4+ sensitive Elodea canadensis
Michx.. Species choice was based on findings by Dendène et al.
(1993). We used glass bottles (300 ml) without a lid as experimental
units and filled them with Smart and Barko growth medium (Smart &
Barko 1985; ±850 µmol C l-1). Four branchless apical tips of 5-10 cm
with a total fresh weight of 0.774 g (±0.136; mean ±std. dev) were
used per unit. Tips were ballasted to maintain upright position.
Macrophytes were obtained from ditches (nutrients concentration
below detection level and pH 8 at time of collection) at the outdoor
research facility ‘De Sinderhoeve’ near Renkum, The Netherlands
(51°59’53”N, 5°45’12”E). Next, macrophytes were washed and
acclimatized to lab conditions over 14 days.
Treatments
The variables were tested full-factorial with six replicates for two
ammonium concentrations (10 μmol l-1 NHx and 300 μmol l-1 NHx),
two light levels (40 and 400 mol photons m-2 s-1; 14-10 h day-night
cycle), two temperatures (15 °C or 25 °C) and two pH levels (6 and 8).
This resulted in a total of 96 experimental units. High NH x events,
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high pH and fluctuating light levels resemble field conditions in ponds
and ditches.
The desired nutrient concentrations of the growth medium were
obtained by adding dissolved K2HPO4 (1 μmol l-1) and dissolved
NH4NO3 (10 μmol l-1). Dissolved NH4Cl (290 μmol l-1) was added to the
high ammonium treatment. This high ammonium concentration is
within the range described in Britto & Kronzucker (2002) based on
reported symptoms of NHx toxicity in multiple studies and agrees
with field concentrations during overflow events or seasonal decay of
algae and macrophytes. Chloride ions in this treatment did not reach
toxic levels (Dendène et al. 1993). pH (± 0.05) was adjusted by adding
either HCl or NaOH solution to the medium. Note here that raising pH
does not only affect the balance between NH3 and NH4+ (in favour of
NH3), but similarly also shifts the balance between CO 2 and
bicarbonate (HCO3-) in favour of the latter species. Still, there was no
carbon limitation in both pH treatments during the experiment. Light
levels were obtained by having 100% (400 µmol photons m -2 s-1) light
from daylight lamps (SON AGRO 430W HPS Lamps, Philips N.V.,
Eindhoven, The Netherlands) or 10% (40 µmol photons m-2 s-1) light
under shading cloth. Water temperatures were regulated by placing
the experimental units in temperature controlled water baths (± 1
°C). Growth medium in the experimental units was not aerated, but
fully refreshed on a daily basis with oxygen saturated medium before
the onset of each illumination period.
Measurements
Fresh and dry (24 hr at 70 °C) biomass was measured at the
beginning and at the end of the experiment. Relative growth rate
(RGR in g d-1) was calculated by means of the logarithm of the end
dry weight minus the logarithm of the start dry weight divided by the
elapsed time in days. Measurements of dissolved oxygen (DO)
concentration (Handy Delta portable DO meter, Oxyguard
International A/S, Birkerød, Denmark) and pH (pH315i, WTW,
Weilheim, Germany) as well as sampling for nutrient and total
inorganic carbon (TIC) analysis were carried out as a control just
before the lights switched off on day 1, day 5 and day 12. These
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measurements were carried out to check for deviations in response
(no irregularities were found). Values found for pH at the end of the
light period were 8.2 (± 0.9) and 9.2 (± 0.6) for respectively the pH 6
and pH 8 treatments due to photosynthesis. These values are
comparable with pH values in shallow standing waters (personal
observation). A continuous flow analyser (Skalar Analytical BV, Breda,
The Netherlands) was used for the analyses of dissolved nitrogen
(NH4+ and NO3- + NO2 based on NEN 6646 according to Dutch
standards) and dissolved phosphorus (PO43- based on NEN 6663
according to Dutch standards). An infrared gas analyser (ABB
Advance Optima IRGA, Zürich, Switzerland) was used for total
inorganic carbon (TIC) analysis. Reduction of leaf tissue fitness (LTF: %
dead tissue) was determined by image analysis following Van der
Heide et al. (2008) on photographs taken at the end of the
experiment. Furthermore, fresh nitrogen-frozen macrophyte material
was used to extract glutamine according to Van Dijk & Roelofs (1988).
Pre-column derivatisation with 9-Fluorenylmethyl-Chloroformate
(FMOC-Cl) and High Pressure Liquid Chromatography (HPLC) (Varian
Liquid Chromatography components (Star 9095, Star 9012, Star 9050
and Star 9070), Palo Alto, CA, USA) was used to measure glutamine
(GLN: μmol N g-1 DW) as an indicator of NHx stress. Total nitrogen
(Total N: μmol g-1 DW) was determined on oven-dried macrophyte
material (48 h at 70 °C) by a CNS analyzer (NA1500, Carlo Erba
Instruments, Milan, Italy).
Statistical analysis
A Shapiro-Wilk test was performed on the data to test if ANOVA
requirements were met. Prior to the analyses we log-transformed
(Log10 (value +1)) data that were not normally distributed. To analyse
the effect of the four variables (NHx, pH, light and temperature) and
possible interaction between these variables four-way Analyses of
Variance (ANOVA) were conducted on RGR, LTF, total N and
glutamine data of E. canadensis. A repeated measures ANOVA was
used to check for deviations in response within and between
treatments on DO concentration, pH, nutrient concentration and TIC
over time. Tests for correlations followed Pearson. Statistical
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analyses were performed using SPSS 15.0.1 (SPSS Inc., Chicago, IL,
USA). Statistically significant difference was defined as P < 0.05 (* at
0.05, ** at <0.001 and *** at <0.001).

Results
Relative growth rate
Ammonium concentration showed a significant negative effect on
the relative growth rate (RGR: g d-1) (Figure 3.1 & Table 3.1).
Although low light resulted in negative growth in nearly all
treatments, it did not show a significant interaction with high
ammonium. Low pH (6) gave a significantly lower RGR than high pH
(8) – an effect that was significantly increased when interacting with
high ammonium. Temperature in itself did not show any significant
effect on RGR. However, when interacting with ammonium, high
temperature resulted in significantly reduced growth. Finally, ANOVA
also demonstrated that ammonium, light, pH and temperature
interacted significantly with respect to relative growth of E.
canadensis: RGR was most severely affected in treatments with high
ammonium, low light, high temperature, and low pH.
Table 3.1 ANOVA test results on treatments and relevant interactions for
relative growth rate (RGR g d-1), leaf tissue fitness reduction (LTF: % dead
tissue), glutamine (GLN: µmol N g -1 DW), total nitrogen (Total N: µmol g-1
DW) and glutamine/total nitrogen (GLN/Total N: %). All data were normally
distributed, except for LTF to which a LOG10 (value +1) transformation was
applied. N = 96, D.f. = 1.
NHx
Light
pH
Temperature
NHx x Light
NHx x pH
NHx x Temperature
NHx x pH x Temperature
NHx x Temperature x pH
x Light

RGR
85.11***
15.63***
33.96***
34.01
0.75
17.90**
12.88**
21.04**
6.01*

LTF
98.36***
4.92*
3.40
52.81***
0.12
0.738
26.59***
9.45**
1.12

GLN
76.73***
3.32
1.92
35.27***
3.66
0.37
33.23***
2.82
0.04

Total N
35.34***
0.07
0.01
0.002
0.09
6.46*
2.97
2.88
0.10

GLN/Total N
20.65***
0.06
0.81
8.89**
0.26
0.13
8.19**
0.90
0.04

All data were normally distributed, except for LTF to which a LOG 10 (value +1)
transformation was applied. N = 96, D.f. = 1.
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Figure 3.1 Effect of the treatments on a) relative growth rate (RGR g d-1)
and b) leaf tissue fitness reduction (LTF: % dead tissue). Error bars: SEM.

Leaf tissue fitness
Leaf tissue fitness responded very similarly to RGR with respect to
the treatments (Pearson correlation: R= -0.835; p<0.01). High
ammonium concentrations significantly increased the percentage of
dead leaf tissue (LTF: % dead tissue). The high ammonium treatments
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resulted on average in a 5-fold higher percentage dead tissue in E.
canadensis compared to the low ammonium treatments (Figure 3.1b
& Table 3.1). This effect was more pronounced in high temperature
treatments at low light and pH. We also observed that all apical tips
at 10 µmol l-1 NHx and tips at 300 µmol l-1 NHx under 15 °C appeared
healthy over time, while tips at 300 µmol l-1 NHx under 25 °C showed
a typical yellow/brown discoloration within three to four days.
Total nitrogen and glutamine
Glutamine (μmol N g-1 DW), total nitrogen (μmol g-1 DW) and
glutamine/total nitrogen ratio (%) were significantly higher in the
high ammonium treatment (Figure 3.2 & Table 3.1). Other amino
acids did not show significant results. Glutamine and glutamine/total
nitrogen had a negative response to temperature and to the
interaction between NHx and temperature. Finally, glutamine content
proved to be a strong predictor for leaf tissue fitness in the high
ammonium treatments as glutamine became typically lower with
increasing leaf tissue mortality (Figure 3.3) following (1)
LTF = 87.7 e-0.04GLN

(1)

where LTF is leaf tissue fitness (% dead tissue) and GLN is glutamine
(µmol N g-1 DW) (Fit based on non-linear regression by the least
squares method R2=0.81; F=26.4).

Discussion
Results showed that high NHx concentration and high temperature
together with low pH and low light conditions causes the most severe
NHx toxicity in E. canadensis. In agreement with Forchhammer (1999)
and Ozimek et al. (1993) we found that a NHx concentration of 300
µmol l-1 resulted in severe growth inhibition and even biomass loss.
As expected, due to increased metabolic activity, elevated
temperatures increased NH x toxicity in E. canadensis, while increased
light availability resulted in less growth reduction, although not
significantly interacting with NH x stress. The effects of pH on NH x
toxicity differed with temperature. We expected a higher pH to result
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Figure 3.2 Response of a) glutamine (GLN: µmol N g -1 DW) b) total nitrogen
(Total N: µmol g-1 DW) and c) glutamine/total N (%) to the treatments. Error
bars: SEM.
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Figure 3.3 Relation between glutamine content (µmol N g -1 DW) and leaf
tissue fitness (% dead tissue). Crosshairs without dots or squares depict low
ammonium treatments. Error bars: SEM. The dotted line indicates an
exponential equation (LTF = 87.7 • e-0.04 • GLN) fitted to the high ammonium
treatments by non-linear regression based on the least squares method
(R2=0.81; F=26.4).

In increased toxicity, because NH3, which is considered highly toxic to
macrophytes, increases relative to NH4+ with rising pH. Results of the
15 °C treatment are in agreement with this hypothesis. However at
25 °C, pH 6 resulted in much higher toxicity than pH 8.
In the high ammonium treatments, we found that macrophytes
experiencing severe toxicity during ammonium exposure (i.e. 25 °C,
low light and pH 6) contained little glutamine compared to
macrophytes that seemed to cope better with high ammonium loads
(15 °C, high light, pH 8) (Figure 3.3). This suggests that the
detoxification capacity (glutamine synthesis) of E. canadensis is
limited when carbon supply decreases due to reduced
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photosynthesis and the metabolism is accelerated due to high
temperature. The aggravating effect of pH 6 on NHx toxicity seems to
be counterintuitive. Because levels of CO2, needed by most
macrophytes to construct carbohydrates for NHx detoxification, rise
with decreasing pH. Although CO2 is the preferred carbon source, E.
canadensis is at high pH also able to use bicarbonate (Allen and
Spence, 1981), but at relatively high costs (Jones 2005).
Photosynthetic rates are typically higher when utilizing CO 2
compared to bicarbonate (Allen & Spence 1981; Madsen 1993;
Ondok et al. 1984). Therefore lower growth rates are expected at pH
8. In contrast, we found that at 25 °C, even without NH x stress,
growth was much lower at pH 6 than at pH 8.
Apparently, bicarbonate uptake becomes beneficial for E. canadensis
at high temperatures. Although we did not study the mechanisms
behind this observation, one possible explanation may be that E.
canadensis induces a carbon concentrating mechanism similar to a C 4
photosynthetic pathway if bicarbonate becomes the dominant
inorganic carbon source (Degroote & Kennedy 1977). If there is
sufficient CO2 (with pH 6), carbon is fixed directly by Rubisco which
combines RuBP with CO2 as a substrate in the C3 cycle. If CO2
availability is insufficient (i.e., at pH 8), E. canadensis is able to
concentrate inorganic carbon by inducing activity of PEP carboxylase,
which fixes HCO3- as a substrate to produce malate in the cytosol.
Next, malate is decarboxylated in the chloroplasts resulting in high
CO2 concentrations in the chloroplasts (Leegood 2002). As a result
inhibition of photosynthesis by O2 and photorespiratory CO2 release
are minimized resulting in an increase of net photosynthesis
(Leegood 2002). Thus, the presence of an active transport system for
bicarbonate ensures that internal carbon concentrations are high
when external carbon dioxide is scarce and bicarbonate is the only
carbon species available (Leegood 2002).
Higher temperatures (i.e. global warming) lead to increased
photosynthetic rates and to increased uptake and assimilation rates
of NHx. However, at pH 6, higher temperatures also lead to increased
photorespiration rates of Rubisco. Respiratory rates (carbon loss)
may in theory become even stronger than photosynthetic rates
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(carbon assimilation) resulting in a net carbon loss (Allen et al. 2005).
At pH 6, carbon availability for NHx detoxification may decrease with
rising temperatures. At pH 8, however, E. canadensis uses this C4-like
carbon-concentrating pathway for inorganic carbon fixation. This
pathway lacks photorespiration and therefore minimizes carbon loss
at high temperatures, resulting in higher carbon availability for NH x
detoxification.
Finally, a recent study suggests that the available amount of HCO 3under pH 8 can also be beneficial for detoxification in a completely
different way. Bicarbonate is known to induce so-called cyclosis in
some macrophyte species (Khan & Imrana 2009). Cyclosis is
cytoplasmic streaming which can be observed by circular movement
of chloroplasts of e.g. E. canadensis. In this process cell excretory
products like NHx are diffused and diluted. This may keep NHx
concentrations lower and may optimize detoxification (Khan &
Imrana 2009).
Global warming will result in higher temperatures and increased
eutrophication. This combination causes excessive growth of freefloating macrophytes (Feuchtmayr et al. 2009; Chapter 2b) and
cyanobacteria (Paerl & Huisman 2008), leading to light limitation and
elevated ammonium concentrations in the water layer due to
increased organic matter breakdown at low oxygen conditions. The
pH of the water layer in eutrophicated ecosystems may vary. In
systems with algal blooms or high production by submerged
macrophytes, pH may rise to 9 or even 10. On the other hand, in
systems where floating macrophytes like for instance Lemnaceae,
Azollaceae or Salviniaceae are dominant, pH may decrease due to
increased CO2 and organic acid production caused by anaerobic
breakdown below the floating mats. Although in general rising
temperatures and increased ammonium levels will decrease the
fitness of submerged aquatic macrophytes the effects may differ
strongly depending upon the pH and alkalinity of the water layer and
the specific metabolic adaptations of the different species (Glänzer et
al. 1977). Our work shows that studies focusing on the interactive
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effects of changing physiochemical conditions are essential to reliably
estimate potential effects of global change on biota.
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Abstract
Experimental studies have indicated in freshwater ecosystems that a
shift in dominance from submerged to free-floating macrophytes
may occur with climate change due to increased water surface
temperatures and eutrophication. Field evidence is, however, rare.
Here we analyzed long-term (26 years) dynamics of macrophyte
cover in Dutch ditches in relation to Dutch weather variables and the
North Atlantic Oscillation (NAO) winter index. The latter appeares to
be a good proxy for Dutch weather conditions. Cover of both freefloating macrophytes and evergreen overwintering submerged
macrophytes was positively related to mild winters (positive NAO
winter index). On the other hand, high cover of submerged
macrophytes that die back in winter coincided with cold winters
(negative NAO winter index). Our results therefore suggest that the
effect of weather on macrophyte species depends strongly on their
overwintering strategy. The positive relation of free-floating
macrophytes with the NAO winter index was significantly stronger in
ditches in organic soil than in those in inorganic soil. This may be due
to increased nutrient loading associated with increased
decomposition of organic matter and increased run-off to these
ditches during mild wet winters. Our results suggest that mild winters
in a changing climate may cause submerged macrophytes with an
evergreen overwintering strategy and free-floating macrophytes to
outcompete submerged macrophytes that die back in winter.
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Introduction
Climate change may directly or indirectly cause a change in species
distribution, phenology and ecosystem structure in both the
terrestrial and aquatic realms (Hughes 2000, Winder & Schindler
2004; Mooij et al. 2005).
Much of the research dealing with the effect of climate change on
aquatic ecosystems has focused on lakes. Here climate change may
affect nutrient dynamics through internal (enhanced mineralization
and increased anoxia due to warming) and external loading
(increased run-off through precipitation) (Mulholland et al. 1997;
Jeppesen et al. 2009). Climate change also influences trophic
dynamics between communities (Winder & Schindler 2004) and,
specifically in shallow lakes, it may influence macrophyte distribution
(Rooney & Kalff 2000) and cover (Kosten et al. 2009).
Small water bodies such as ditches differ strongly in biological
composition and functioning from shallow lakes (Janse 1997 and
1998) and although ditches occur worldwide, they have been studied
relatively little (Herzon & Helenius 2008). It is, for instance, uncertain
how they will react to climate change. Ditches in the Netherlands are
generally nutrient-rich because they often drain fertilized agricultural
fields. Additionally, aquatic ecosystems on organic soils usually have
a higher potential for internal loading than systems on inorganic soils
(Fisher et al. 2005). Furthermore, ditches are characterized by high
bottom surface area to volume ratios with the consequence that the
sediment strongly influences nutrient availability in the overlaying
water column (Bloemendaal & Roelofs 1988).
High nutrient loading and low exposure to wind make ditches
susceptible to free-floating macrophyte dominance. On the other
hand, the low water depth may favor growth of submerged
macrophytes, resulting in ditches totally covered by these
macrophytes. In general, three functional macrophyte groups can be
distinguished in ditches based on their main overwintering strategy:
free-floating macrophytes, evergreen submerged macrophytes and
submerged macrophytes that die back in winter. Free-floating
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macrophytes can survive the winter period as green plants or as
turions (Jacobs 1947). Evergreen submerged macrophytes often
survive winter with green parts but can also overwinter as propagules
such as turions or tubers (Barrat-Segretain & Cellot 2007). Both
macrophyte types allow fast regeneration at the start of the growing
season. Submerged macrophytes that die back in winter only
produce propagules from which to regenerate after winter (e.g.
Renman 1989; Whiteman & Room 1991). Examples of species
commonly found in Dutch ditches are: Lemna sp., Wolffia sp.,
Spirodela sp. (free-floating macrophytes); Elodea sp., Potamogeton
crispus L., Myriophyllum alterniflorum DC (evergreen overwintering
submerged macrophytes) and Potamogeton pectinatus L.,
Potamogeton lucens L. and Myriophyllum spicatum L. (submerged
macrophytes that die back in winter).
Scheffer et al. (2003) suggested that dominance by free-floating and
submerged macrophytes may represent two alternative stable states.
This is supposed to be due to asymmetric competition as freefloating macrophytes have a primacy for light, whereas submerged
macrophytes can grow at lower water column nutrient
concentrations. Increased water surface temperatures in a warming
climate could favor free-floating macrophytes disproportionally in
view of their position in the water column. Likewise, free-floating
macrophytes will profit most from eutrophication enhanced by
climate change. These effects are reinforced if variables act in
synergy (Chapter 2b). Experimental work (Feuchtmayr et al. 2009;
Chapter 2b) supports the idea of a shift towards free-floating
macrophyte dominance under climate change, but up to now
supporting field observations have been lacking. Increased
dominance by free-floating macrophytes will result in a loss of
functioning and reduced biodiversity in aquatic systems (Janse & Van
Puijenbroek 1998).
Climate scenarios of temperate regions predict future winters to be
milder and wetter (IPCC 2007). In parts of Western Europe including
The Netherlands, mild and wet winters coincide with high NAO
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winter index values (Ottersen et al. 2001). The correlation of the NAO
winter index with ecosystem dynamics in the Northern Hemisphere is
broadly recognized as a climate proxy (summarized in Ottersen et al.
2001 and Hurrell et al. 2003). The NAO winter index has already been
related to biological components in lake ecosystems ranging from
plankton (George & Taylor 1995; Müller-Navarra et al. 1997; Gerten
& Adrian 2000; Straile & Adrian 2000), macrophytes (Rip 2007) to
zoobenthos and vertebrate predators (Straile et al. 2003), but has not
yet been related to free-floating macrophyte cover, overwintering
strategy of macrophytes or to small water bodies such as ditches.
Here, we relate 26 years of field data on macrophyte cover in Dutch
drainage ditches to yearly climatic variations using local weather
variables and the North Atlantic Oscillation (NAO) winter index. The
objective is to study the effect of climatic variation on the cover of
free-floating and submerged macrophytes, which are common
competitors in ditch ecosystems. We specifically focus on winter
conditions and overwintering strategy as climate change is expected
to have a stronger influence on Dutch winter conditions than on
summer conditions (Sigmond 2003). We hypothesize that mild winter
conditions will promote macrophytes with an evergreen
overwintering strategy. Additionally, soil type may influence nutrient
availability in the water column, which is the primary the limiting
factor for free-floating macrophytes.

Methods
Study site
We used biological and physicochemical data from the Limnodata
Neerlandica (STOWA 2010), an ecological monitoring database that
has included many freshwater sites in the Netherlands since the
1970s until the present collected by water boards and provinces. Our
subset contained data of 2274 ditches with in total 22961
observations between 1981 and 2006 (n=26). These years had
sufficiently large numbers of observations to conduct the analysis.
Unfortunately, the dataset did not include complete time series for
individual ditches. On average each ditch was visited twice in these
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26 years. We, therefore, refrained from analyzing climate impact on
vegetation in individual ditches. Instead we calculated for each year
an average cover for all ditches sampled. The ditches were
distributed throughout the Netherlands (Figure 4.1) and situated on
organic (n=530; peat) and inorganic (n=1744; sand/clay) soils. No
data were available on the dimensions of the studied ditches but in
general they have a mean width of 2 m and a maximum width of 8 m
with a maximum depth of 1.5 m. Because their dimensions are
generally homogenous we expect these to have no or only minor
influence on the outcome of our results. The nutrient data available
for the studied ditches were very limited. To analyze the possible
relationship between climate and nutrient concentrations we
therefore used nutrient data from the studied ditches and from
closely related water bodies such as canals and ponds. Unfortunately
this aggregation did not allow for a division in soil type. Because
nitrogen concentrations were not measured in a consistent way we
only focused on total phosphorus.

Figure 4.1 Sampling locations of macrophyte cover in Dutch ditches
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Climate data
Local weather variables used in the analyses were the number of
frost days (days with minimum temperature below 0°C), temperature
(daily average and daily minimum), precipitation (daily sum) and solar
radiation (global radiation and solar duration). As a proxy for winter
severity we used the Hellmann number, which is defined by summing
the absolute value of all daily averages of below 0°C temperatures
over the period November (previous year) through March (Hellmann
1883). Weather variables were averaged for two periods per year: 1)
Half year period: October (previous year) to March and 2) NAO
winter period: December (previous year) to March. Data were
provided by the Royal Netherlands Meteorological Institute (KNMI
2010) for a central and representative location in the Netherlands
(De Bilt/Utrecht , 52°06’N, 05°11’E).
The North Atlantic Oscillation (NAO) describes the difference of
normalized sea-level pressure between Lisbon, Portugal and
Stykkisholmur, Iceland (Hurrell 1995). The NAO winter index is the
mean value from December (previous year) to March and was
obtained from the National Center of Atmospheric Research,
Boulder, USA (NCAR 2010).
Macrophyte data
Macrophyte data were retrieved from the Limnodata Neerlandica.
Macrophyte cover recordings (Braun-Blanquet scale) were collected
during the growing season (April – September). Species in the dataset
were assigned to one of three macrophyte types based on growth
and overwintering strategy: free-floating species, evergreen
overwintering submerged species, and submerged macrophyte
species that die back in winter (see Introduction for an example of
species).
We calculated the average cover per year for each macrophyte type,
using the maximum class values of the Braun-Blanquet scale. When a
macrophyte type was not encountered in a ditch we used a cover of
0% for that type. Additionally, the first four Braun-Blanquet classes
were grouped resulting in a cover class ranging from >0-5%.
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Subsequently we split the recordings according to their soil type into
either ditches in inorganic soil or ditches in organic soil.
Statistics
Pearson correlation was used to test for relationships between the
NAO winter index and weather variables. Stepwise linear regression
was conducted to determine the primary climate predictor(s) for
macrophyte cover. Our independent variables were highly correlated,
but we had small confidence intervals. Therefore we had degrading
collinearity, which only causes minor problems (Belsley et al. 2004).
In our case this collinearity affects the ability of estimating the
contributions of individual predictors, but it does not affect the
ability of the multiple regression model to predict the response.
Then linear regression (Enter method) was conducted between the
primary climate predictor (independent) and macrophyte covers
(dependent) per soil type. Multiple factor and single factor slope
comparisons were done with Analysis of Covariance (ANCOVA) with
the primary climate predictor as covariate and soil type and/or
macrophyte type as fixed factor. Student t-tests were used for
intercept comparisons.
Pearson correlation was used to test for a relationship between the
primary climate predictor and total phosphorus concentrations of
resembling water body types.
Statistical analyses were performed using PASW Statistics 17.0 (SPSS
Inc., Chicago, IL, USA). Statistically significant difference was defined
as P < 0.05.

Results
NAO winter index was negatively correlated with Hellmann number,
number of frost days and solar radiation (global radiation and solar
duration). It was positively correlated with temperature (daily
average and daily minimum) and precipitation (sum) (Table 4.1).
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Table 4.1 Pearson correlations between NAOwinter and weather variables
(n=26)
Variable

Dimension Pearson r

p

Hellmann numbera

-

-0.544

<0.001

# Frost daysb

-

-0.692

<0.001

c

-

-0.695

<0.001

Precipitation (sum)

mm

0.339

0.045

Temperature (average)b

ºC

0.558

0.003

Temperature (minimum)b

ºC

0.538

0.005

hour

-0.428

0.029

-0.384

0.053

# Frost days

b

c

Solar duration

c

Global radiation

-2

Joule cm

a

For the Hellmann period (Nov-Mar)
For the Half Year period (Oct-Mar)
c
For the NAO period (Dec-Mar)
b

In stepwise linear regressions the NAO winter index was the single
significant predictor related to free-floating and evergreen
submerged macrophyte cover, respectively (R2=0.38, F=14.85,
p=0.001 and R2=0.45, F=6.10, p=0.003). The NAO winter index
together with average temperature explained most of the variance in
cover of submerged macrophytes that die back in winter (R2=0.40,
F=7.67, p=0.003).
Free-floating and evergreen submerged macrophyte covers were
both positively linearly related to the NAO winter index. Winter die
back macrophyte cover was negatively related to the NAO winter
index (Figure 4.2).
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Figure 4.2 NAO winter index and macrophyte response for free-floating,
evergreen submerged and winter die back submerged macrophytes in
ditches in inorganic (a) and organic (b) soils. Capitals indicate significant
differences in slopes across panels. Results of the linear regression analyses
can be found between brackets (Slope; R2, F, p).

Multiple factor slope comparisons (ANCOVA) showed that differences
between slopes were mainly determined by macrophyte type
(F=47.44, p<0.001), NAO winter index (F=5.04, p=0.026) and the
interaction between macrophyte type and soil type (F=3.64,
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p=0.029). Single factor slope comparisons showed that, in both soil
types, evergreen submerged macrophytes were more steeply related
to NAO winter index than free-floating macrophytes or submerged
macrophytes that die back in winter. Generally slopes of the
regression models of different growth and overwintering strategies
differed significantly except for free-floating and submerged
macrophytes that die back in winter in ditches on organic soil (Figure
4.2 & Table 4.2).
Table 4.2 Slope comparisons (ANCOVA) and intercept comparisons (Student
t-test) between free-floating macrophytes, evergreen submerged
macrophytes and submerged macrophytes that die back in winter in relation
to soil type (n=26).
Slope

Intercept

Evergreen vs. Winter die-back

F

Significance

t

p

Ditches on organic soil

58.06

<0.001

-

-

Ditches on inorganic soil

12.24

0.001

-

-

Ditches on organic soil

43.90

<0.001

-

-

Ditches on inorganic soil

31.95

<0.001

-

-

Ditches on organic soil

4.80

0.034

-

-

Ditches on inorganic soil

2.36

0.131

1.54

0.130

Free-floating vs. Evergreen

Free-floating vs. Winter die-back

Ditches on organic soil vs. Ditches on inorganic soil
Free-floating

10.20

0.002

-

-

Evergreen

2.25

0.14

1.51

0.138

Winter die-back

3.87

0.055

-1.93

0.059
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The relation between free-floating macrophyte cover and NAO
winter index was significantly stronger in ditches on organic soil than
in ditches on inorganic soil. There was no significant difference in
response between soil types for evergreen submerged and winter die
back submerged macrophytes (Table 4.2).
We found a positive correlation (Pearson r=0.53, p=0.014) between
NAO winter index and total phosphorus concentrations of our
lumped nutrient data (ditches, canals and ponds).

Discussion
Our analyses demonstrate that the NAO winter index is related to the
cover of macrophytes with different overwintering strategies in
drainage ditch ecosystems. Free-floating and evergreen submerged
macrophytes were positively related and submerged macrophytes
that die back in winter were negatively related to the NAO winter
index. The NAO winter index was the best predictor of macrophyte
cover and can be regarded as a good proxy for the general pattern in
weather conditions in the Netherlands as it is negatively correlated
with Hellman number, number of frost days and solar duration and
positively correlated with precipitation and temperature.
Our analysis suggests that cold winters favor submerged
macrophytes that die back in winter, while warm winters favor freefloating and evergreen submerged macrophytes. This differential
winter effect may be explained by the increased frost damage on
free-floating and submerged evergreen macrophytes in colder
winters (negative NAO winter index), while submerged macrophytes
that die back in winter are less vulnerable for winter damage because
they overwinter in the sediments as specialized structures like seeds,
tubers and turions (e.g. Renman 1989; Whiteman & Room 1991). In
the absence of other macrophytes after a cold winter the submerged
macrophytes that die back may take advantage of available
resources, resulting in higher cover. Additionally, increased
stratification of turions during colder conditions may result in
increased germination rates or germination success (Van Wijk &
Trompenaars 1985).
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In line with results from experimental studies, our analysis of field
data also suggests that when climate change causes warmer winter
conditions, higher cover of free-floating or evergreen submerged
macrophytes during the next growing season might occur more
often.
The positive relation between the NAO winter index and total
phosphorus concentration may imply that after a mild winter an
increased nutrient concentration creates opportunities for fast
growing macrophytes to expand their cover early in the growing
season, especially free-floating species such as duckweed (Lemna sp.)
that are more affected by nutrient availability in the water column.
The relation between free-floating macrophyte cover and the NAO
winter index is stronger in ditches on organic soil. This supports the
idea that mild and wet winters can possibly lead to a relatively strong
increases in nutrient availability in these ditches caused by the strong
temperature dependence of mineralization of organic matter
(internal loading) (Fisher et al. 2005). Phosphorus loadings from
organic soils to aquatic systems may be especially high after dry
periods with increased mineralization followed by periods with high
precipitation and high run-off resulting in increased external
phosphorus loading (Rip 2007).
With the alternative stable states theory in mind (Scheffer et al.
2003), higher NAO winter indices might increase the probability of a
shift from a diverse vegetation to a state of dominance by freefloating macrophytes. To prevent a shift towards dominance of freefloating macrophytes, management efforts could focus on reducing
nutrient levels. As many ditches are situated in fertilized agricultural
areas this would not, however, be an easy task.
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Shallow Lakes, Punta del Este, Uruguay, 2008
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Chapter 5: Dynamic and integrated approach to
ecosystem management in a changing world:
Balancing scientific understanding and stakeholder
concerns.
Jordie J.C. Netten and Ad M. van Dommelen

Abstract
Global change causes rapid, abrupt or even catastrophic shifts in
ecosystems worldwide. A proactive, dynamic and cooperative
approach in ecosystem management is required to prevent or
mitigate negative impacts of global change. This paper argues that
adequate ecosystem management must be based on a dynamic
balance of scientific knowledge development, societal acceptance
and feedback, and practical implementation. Adequate ecosystem
management will have to rely on up-to-date and transparent theory
development for understanding highly complex interactions such as
ecosystem functioning, but this will not suffice by itself. Horizon
scanning is enhanced by dynamic and shared knowledge exchange
with local stakeholders to include both scientific and societal
concerns. Prompt, dynamic and integrated ecosystem management
is bound to fail without appropriate context applicability. We
demonstrate this new ecosystem management approach on the
illustrative example of problems caused by free-floating
macrophytes. Theoretical and practical tests of this model are
necessary to develop its potential.

Introduction
Global change greatly affects the biodiversity and functioning of
terrestrial and aquatic ecosystems worldwide and in a rapid pace
(e.g. Vitousek 1994; Walther et al. 2002). We will demonstrate the
need for prompt and adequate ecosystem management in a changing
world. This is illustrated by an example in freshwater ecosystems
where free-floating macrophyte invasions cause socio-economic and
ecological problems for a region. We propose a proactive, dynamic
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and cooperative ecosystem management approach. In this approach,
first the specific contributions from science, policymakers, the public
and corporations are identified which are required for an effective
approach to the challenges of ecosystem management. Then the
inputs of these different stakeholders are brought together, balanced
and placed in context. To conclude, we will discuss the practical
effectiveness of this approach.

Global change and ecosystem functioning
Humankind has put global change in fast-forward through various
activities. The most pronounced consequences are changes in land
use (Pielke 2005), increasing atmospheric CO2 concentration (Keeling
et al. 1976), eutrophication (Schindler 2006), climate change (Karl &
Trenberth 2003) and biotic exchange (Van der Weijden et al. 2007).
Global change affects ecosystems and ecosystem functioning.
Ecosystem functioning provides us with important ecosystem
properties (pools (e.g. carbon) and rates (e.g. decomposition), goods
(with direct market value, e.g. medicines and construction materials)
and services (e.g. hydrological cycles, climate) (Hooper et al. 2005).
Biodiversity can act as a buffer for the effects of global change on the
functioning of ecosystems (Naeem & Li 1997) and is thought to be
correlated with the resilience of a system which promotes resistance
to a state shift or invasion (Holling 1973).
Climate change and species invasion are arguably two of the most
serious threats to the global environment (Stachowicz et al. 2002)
because they can result in a tremendous loss of biodiversity and can
alter ecosystem functioning. Walther et al. (2002) summarized the
ecological consequences of thirty years of climate change, which
encompass a change in timing of activities, spatial/geographical
distribution, biodiversity, species interaction and population
dynamics. It is estimated that there will be an average temperature
rise of 1.1 to 6.4 °C in the 21st century, that precipitation patterns will
change and an increased occurrence and intensity of extreme
weather events is to be expected (IPCC 2007).
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Freshwater ecosystems are also affected by global change. Changes
in land use in the catchment area and eutrophication caused by runoff indirectly influence the ecology of a water body. Examples of a
direct and an indirect influence of climate change on freshwater
ecosystems are respectively altered internal (caused by e.g. warming)
and external (caused by precipitation) nutrient availability (Meerhoff
et al. 2003) in the water. Another example is that expected mild
winters in Western Europe (IPCC 2007) may lead to a reduction or
absence of ice cover. This alters the degree of winter fish kill and
macrophyte germination patterns (Schindler et al. 1990), with as a
result changed productivity of a freshwater ecosystem. Mild winters
also affect the survival chance of macrophytes that would normally
die in cold winters, such as those that maintain buoyant in winter,
that have an evergreen overwintering strategy (Chapter 4) and those
that are nonnative (e.g. Whiteman & Room 1991; Parmesan 1996).

Free-floating macrophyte problem
Invasions of (aquatic) habitats are facilitated by disturbance, absence
of natural enemy, absence of effective competitor and/or increased
level of resources (Ashton & Mitchell 1989). Free-floating
macrophytes are often highly invasive, because they have prolific
rates of (vegetative) reproduction, disperse rapidly, have a growth
morphology with a high leaf to stem area ratio, have a wide
ecological amplitude and they display mat formation (Ashton &
Mitchell 1989).
Probably one of the most (in)famous species is the common water
hyacinth (Eichhornia crassipes). This species has its native range in
the Amazon and Orinoco area in South America. Currently the species
has spread to Asia, Africa, North America, Southern Europe and
Australia, and has a very fast dispersal with doubled density in two
weeks (Gopal 1987). Under suitable conditions, a lake with the size of
Loch Ness (UK: surface area is 56 km2) can be completely covered
with water hyacinth in three months!
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Free-floating macrophytes cause direct and indirect problems
worldwide for the socio-economic situation of a region (Holm et al.
1969; Opande et al. 2004) (see Table 5.1 for overview of damage
costs), such as hampering navigation, transportation and boating,
decreasing recreation in and around the water body (Holm et al.
1969), impeding water management, interfering with hydroelectric
power production (Joffe and Cooke 1997), decreasing food
production in aquatic habitats (Kateregga & Sterner 2009),
decreasing the amount of water for irrigation, drinking and bathing
through evaporation (Gopal 1987), and providing habitat for vector
species of human diseases (Savage et al. 1990). Eradication measures
are very costly (Table 5.1) and are seldom completely successful,
unless prompt action is undertaken after first infestation and the
infestation has a high degree of isolation.
Free-floating macrophytes also cause direct and indirect problems for
the ecology of an ecosystem. Mats of free-floating macrophytes act
as a barrier for solar radiation. They create dark, anoxic and cooler
conditions in the water (e.g. Villamagna & Murphy 2010; Chapter 2b)
and this unsuitable environment can lead to a shift in species
dominance, population reductions or even local extinctions
(Lewontin 1969). Whether and to what extent free-floating
macrophytes become a problem depends on region and water body
characteristics. But, invasions of free-floating macrophyte mats do
have a large impact on the functioning and biodiversity of the
freshwater ecosystem, occur at high speed and eradication is costly,
therefore adequate and prompt management response is required to
prevent or mitigate the negative effects of free-floating macrophyte
invasion.
Experimental studies and field studies show that free-floating
macrophytes are more positively affected by global change variables
than submerged macrophytes (Feuchtmayr et al. 2009; Chapter 2b).
Because of their position at the top of the water column free-floating
macrophytes are the first to benefit from increased temperatures
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and e.g. carbon dioxide levels, meanwhile blocking these benefits for
submerged macrophytes.
Table 5.1 Summary of damage and eradication costs of free-floating
macrophytes
Location

Source

South Africa

Costs
Details
(in million US$)
Damage Costs
0.2
Local fisheries
0.35
Domestic,
1.5
agricultural &
livestock water
supply
Urban water
supply
58
Azolla sp.

Zimbabwe, Benin,
Niger, Malawi,
Uganda

20-74% estimated
degree of negative
impact

Salvinia molesta

GISP 2007

Louisiana, USA
(1940s)
Worldwide

65-75

Water Hyacinth

Van Driesche et al.
2002
Van Driesche et al.
2002

Lake Victoria,
Africa

Lake Chivero
(Zimbabwe)
Nigeria

150
Gained on
Total damage
biological control
costs are expected of giant water fern
to be several
(Salvinia molesta)
factors higher
Eradication Costs
0.215
Water Hyacinth

Joffe & Cooke 1997

Van Wilgen et al.
2001

Kasulo (1999)

50

South Africa

0.051

USA

0.5-3

Floating water
fern
Water hyacinth

Florida (USA)

1

Water lettuce

Eastern USA

0.1

Water lettuce

The Netherlands

2.5-5

Floating water
pennywort
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Global change increases the risk of successful free-floating
macrophyte invasion tremendously (Meerhoff et al. 2003;
Feuchtmayr et al. 2009; Chapter 2b). It is clear that free-floating
macrophyte invasions result in high economical and ecological
damage costs. With global change these damage costs will be higher,
because free-floating macrophyte problems arise quicker, and the
number and dimensions of affected areas will increase. Therefore,
solving free-floating macrophyte problems in a changing world
require an even higher priority and more immediate action.

Ecosystem management
Ecosystem management has to be aimed at preserving biodiversity,
ecosystem sustainability and ecosystem functioning in order to
maintain ecological and economical resources in a changing world.
Integrated ecosystem management therefore requires proactive,
adaptive and flexible changes in research aims, policy-making and
public awareness at multiple scales.
Current ecosystem management approaches incorporate adaptive
ecosystem management by changes in policies, institutions and
practices (Millennium Ecosystem Assessment 2005). Efforts should be
placed on knowledge partnership (Berkes 2009) and more specific
cross-scale social learning (Wenger 2000); cross-scale dynamics to
connect knowledge with action (Guston 1999) and decision with
action (Kates 2001); cross-disciplinary integration (Jakobsen &
McLaughlin 2004) urging for translation between different levels of
organization (Hahn et al. 2006; Berkes 2009), complexity of
dimensions, such as temporal and spatial (Holling 1986) and,
between scientists and nonscientists (Rhoads et al. 1999) in order to
understand each other. Local stewardship is essential to signal
problems and execute solutions (Hahn et al. 2006) so commitment of
this group is required to have a successful implementation of
ecosystem management (Butler & Koontz 2005). Horizon scanning
improves signaling of problems by identifying gaps in knowledge and
policy drawing on experience, expertise and research of
organizations involved in environmental policy, academia and
scientific journalism (Sutherland et al. 2006). However, consultancy
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of local stakeholders generally still occurs unidirectional, by means of
an interview or questionnaire while we think that this group is also a
knowledge base providing context specific information which has to
be balanced with scientific knowledge. We will show a proactive,
dynamic and cooperative model of ecosystem management in which
a novel dynamic and shared knowledge development approach is
applied. First we will discuss the specific contributions from science,
policymakers and the public (representing people, companies and
NGOs) which are required for an effective approach of ecosystem
management. Then the inputs of these different stakeholders are
brought together, balanced and placed in context.
Contributions from science
One primary role of science is to provide up-to-date, reliable and
useful knowledge to inform policymakers and the public to support
their decisions and actions. This is done by deepening current
knowledge, broadening the research focus and adapting strategic,
interdisciplinary, long-term research. Forecasting, observations,
thresholds and responses are the main challenges in global
sustainability research (ICSU 2010).
Fundamental knowledge, empirical evidence (e.g. through long-term
monitoring), comprehensive models of prediction and response, and
uncertainty analyses are essential to assess the impact of global
change on ecosystems (Hulme et al. 1999; Tol 2002; Karl & Trenberth
2003). Horizon scanning can help recognizing gaps in current
knowledge and policy (Sutherland et al. 2006). Timely identification
and communication of such gaps is essential for prompt and
adequate ecosystem management.
Dynamic integration of knowledge, evidence and models from
multiple disciplines (e.g. ecology, economy) and on multiple scales
(local to global) is called ‘knowledge partnership’ (Berkes 2009). This
is necessary to provide a balanced outlook on relevant research
questions (Van Dommelen & De Snoo 2006) and to formulate proper
management strategies (Hulme et al. 1999).
Biodiversity and ecosystem functioning act in multiple dimensions,
such as temporal and spatial (Holling 1986), but also display cross83
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scale dynamics. One important challenge for dealing with this
complexity, is to prevent so-called searchlight solutions, perceived
solutions in which the focus of analysis is too narrow or one-sided
(strongly focusing on a limited number of aspects which may happen
to stand out strongly) to do full justice to the complexity of a practical
situation (e.g. free-floating macrophyte problem) (Van Dommelen &
De Snoo 2006). A promising way of addressing this complexity is by
linking ecosystem management to the alternative stable states
theory (Lewontin 1969): Different stable states and transitions
between them, may help to raise awareness about the specific
relevance of different research questions to give special
consideration. Because it is possible to predict, monitor and modify
slowly changing variables (e.g. nutrients, biomass) it is the most
pragmatic and effective way to build and sustain a large stability
domain instead of focusing on stochastic perturbations that trigger a
state shift (Scheffer et al. 2001).
Science may further be aimed at the development of methods and
technologies to improve assessments (e.g. early-warning signal
recognition (Scheffer et al. 2009)), but also to reduce anthropogenic
impact on global change (i.e. exploitation of renewable energy
sources, improved efficiency of goods and development of
environmental-friendly goods).
Contributions from policymakers
An important role of policymakers (from local to global) is taking
decisions based on information they get from science and the public.
Only well-informed policymakers can make the right decisions and
take the required action.
Horizon scanning occurs in dialogue with scientists in order to
identify threats and opportunities for the ecosystem and can help to
set an agenda for policy, practice and research (Sutherland et al.
2006). This process also encompasses consultation of policymakers in
a more local and relevant context.
Familiar policies, measures and instruments available to governments
are regulations, taxes and subsidies (global, national and local) which
make it possible to implement management practices. The power of
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research and development programs, voluntary agreements, legally
binding conventions (e.g. Kyoto protocol), information provision and
stimulation of public and commercial awareness is considerable (IPCC
2007). Criteria for application of policies, measures and instruments
must be: Effectiveness (environmental and economical),
distributional effects and institutional feasibility (IPCC 2007).
Additionally, experience from implementation of policies, measures
and instruments in specific areas (e.g. neighborhood, city, state,
country) and sectors (e.g. crops, products, technology) should be
evaluated before implementation in another area or sector.
Policymaking conflicts between different policy targets (e.g. economy
and climate) which should be recognized and balanced for the best
possible outcome (IPCC 2007). Emissions, adaptive capacity and
vulnerability of ecosystems can be affected by non-climatic policies
such as decisions on macroeconomics. Policymakers balance their
decisions based on knowledge input that they acquire from science.
Policymakers decide which science partners (e.g. from ecology,
economy, sociology, law, political science) they want to consult and
that decision is also based on the information that policymakers
have.
Contributions of the public
An important role of the public (representing people, companies
(small to multinational businesses) and NGOs) is signaling problems,
providing a context-related knowledge base and taking actions that
are proposed for the solution of the problem. Commitment and
acceptance of this group is required because peoples involvement
results in better-informed choices and contributes to behavioral
change. Both are essential for successful implementation of
ecosystem management. Public awareness can be reached by
information, public education, civil society actions, and
empowerment of communities (Millennium Ecosystem Assessment
2005). Such awareness campaigns can be hosted by the government,
NGOs or media. Additionally adaptive management practices can
change cultural patterns of companies and NGOs. Staff training,
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reward systems and feedback can be aimed at mitigation of global
change.
Once the public is committed, they are active (often local)
stakeholders that can deliver their contribution to ecosystem
management. A well-informed public is aware of what things to do
and what things to leave and is willing to match that with their
behavior (acceptance). Furthermore the public is able to signal
potential problems (present or future) and can communicate this
with other stakeholders. The public can also act as a regional or local
knowledge base for context-specific information. As (often longterm) users of an ecosystem, they are the best-informed
stakeholders of the local situation. Consultation of the public should
not be unidirectional, but in dialogue. Furthermore, the public is also
an active partner in horizon scanning.
Dynamic and shared knowledge development
For each stakeholder the targets are set, but how to stimulate
collaboration between these stakeholders and take the barriers
(institutional, economical, social, behavioral and intellectual) down?
To quote Vitousek (1994): “Get active, get connected, get real, get
involved and don’t get down”.
Stakeholders must first be aware of their own role, at what scale they
operate (local to global) and what kind of action they can take (‘Get
Active’). Then stakeholders connect (‘Get Connected’) with others to
promote knowledge partnership within the same stakeholder group
but across different scale levels (cross-scale) (Berkes 2009).
Connection is also required to promote social learning between
different stakeholders that operate on the same scale (crossdisciplinary) (Wenger 2000). To have effective communication
between scales, between disciplines and between stakeholders,
effort should be placed on appropriate and adequate translation to
convey the message or information correctly (Rhoads et al. 1999;
Hahn et al. 2006; Berkes 2009).
In the example of the free-floating macrophyte problem, the
following stakeholders can, amongst others, be recognized (some
explained in more detail): 1) Science: e.g. ecologist (theoretical and
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global to local field scale), economist, sociologist, risk-assessor, law;
2) Policymakers: e.g. municipality, water board, state, country,
cooperation between countries (e.g. EU, UN, but also countries
sharing a lake); and 3) Public: e.g. citizens (e.g. you and your
neighbor), companies (e.g. plant importer, fisheries), NGOs (e.g.
IUCN).
Once stakeholders are connected, it is time to grasp the nettle (‘Get
Real’). One contribution to make integrated multidisciplinary
approaches accessible is by creating clarity about the full scope of
relevant research questions and to provide useful answers or
pragmatic approaches to these questions. Clear focus on the
identification and communication of relevant research questions and
thus making knowledge gaps explicit and visible to all stakeholders is
essential. Questions must include effectiveness and feasibility of
possible approaches. Table 5.2 presents a snapshot of a constructive
and context-specific dialogue of relevant research questions between
different stakeholders involved in the free-floating macrophyte
problem. This dialogue is dynamic, it shows how answers can lead to
new questions and how shared knowledge development works in
practice.
Interaction between stakeholders is also essential because it
facilitates or founds stakeholder activities. Scientists provide
knowledge on ecosystem functioning, global change, risks, costs and
benefits. Policymakers provide information and apply policies to raise
public awareness. The public and policymakers provide money to
research (coming from e.g. donations or taxes) and they demand
sustainable services and goods. Development of such services and
goods can be a cooperation between scientists and industry. Public
further demands policies for policymakers to mitigate the effects of
global change. In order to respond promptly and adequately to new
and rapidly changing situations, it is essential that these interactions
between stakeholders are already up and running.
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Table 5.2 Constructive and context-specific dialogue of relevant research
questions from different stakeholder perspectives
Science
(Ecologist)
How will free-floating
plants affect the ecology
of a system?

Policymakers
What will be the
economical
consequences of
clogged water bodies?
Will there be enough
water available?

Public
Corporations
Citizens
Is transportation or
Is there a health risk
fishing still possible?
involved?
Do we have to shift to
other modes of
transport?

What legislation is
involved with this
invasion?
What will happen
physically and chemically
with the water?

Does this imply that
certain targets on
water quality are not
achieved?

Is it possible to use
floating plants as
modifiers in e.g.
wastewater treatment
facilities?

Can I use such a water
body for recreation?

Does this affect the
biodiversity?

What is the risk of a
low biodiversity in
ecosystems?

Which fish species will
be lost?

What happens if such
plants enter my
garden pond?

Are there new species
to be expected?

Where do I report
observed floating
plants?

Is removal possible
considering growth form
and growth rate?
Can competitors be used
in the fight against
threats?

Is it possible to
remove these plants
from water bodies?
Which methods can be
applied?
Is biological or
chemical control
possible?

Can these removed
plants be used e.g. as
food for animals or as
biomass for biofuels?

What can I do to
discard floating plants
wisely?

Are there specific plant
species that cause the
majority of problems?

What is the origin of
these species? And
would an import block
solve problems?

Are there alternative
less invasive
ornamental floating
plants?

Can I have such plants
if I use them for small
purposes only?

What causes successful
invasion of floating
plants?

Can legislation on
external nutrient
loadings reduce
successful invasions?

What will legislation
on external nutrient
loadings imply for crop
profits?

What can I do to
prevent floating plant
invasion or
dominance?
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Improved visibility of stakeholder interests and concerns is likely to
also improve the availability of funding and solution-oriented
commitment. If stakeholders have insight in the importance and the
challenges that come with a problem like invasive free-floating
macrophyte mats, a solid base is set for a proactive, dynamic and
cooperative approach of ecosystem management and stakeholders
are willing to contribute (“Get Involved”).
In Europe there is some national legislation on the protection of
native species, but currently the EU lacks a clear legal statement on
invasive species such as some free-floating macrophytes (pers.
comm. Environment Directorate-General of the EU27). Based on
current knowledge the Water Framework Directive and European
nature policies should already adapt to present and future threats of
invasion. Most African countries lack centralized decision-making
bodies, that can deal promptly and effectively with invasive species,
such as the main pest species water hyacinth. So in these countries
there is a need to set up such a single decisive organization with legal
mandate (Orach-Meza 2000).
Applying this proactive and shared approach will not only prevent
unwanted and possibly catastrophic ecosystem shifts, but also give
stakeholders access to new and successful ways of ecosystem
management, with benefits for (local) stakeholders. That element
may strongly contribute to people’s motivation to take on these
challenges and “Don’t Get Down”.

Conclusive remarks
Global change causes rapid, abrupt or even catastrophic shifts in
ecosystems worldwide.
We argue that adequate ecosystem management will follow a
proactive approach where context applicability and dynamic, shared
and transparent knowledge development are essential to succeed. At
the same time we realize that theoretical and practical tests of
feasibility of this model are still necessary to develop its potential.

89

Synthesis

Montevideo, Uruguay, 2008
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Chapter 6: Synthesis
The central theme of my thesis is to study the factors that determine
the outcome of the competition between free-floating and
submerged macrophytes. In this synthesis I discuss which feedbacks
could play a role in this competition. For one of these feedbacks I will
present a small model to assess if it is strong enough to play a role in
reality.

Basic competition feedback between free-floating and
submerged macrophytes
Scheffer et al. (2003) provided evidence that in some shallow
freshwater ecosystems free-floating macrophyte dominance and
submerged macrophyte dominance can be two alternative stable
states. The positive feedback that causes that there are two stable
states can be understood in terms of resource depletion. Both
macrophyte groups favor their own dominance by depleting the
limiting resource of the competitor (Scheffer et al. 2003). Freefloating macrophytes have a primacy for light and may shade out
deeper growing submerged macrophytes. On the other hand
submerged macrophytes are superior competitors for nutrients as
they take up nutrients from the sediment in which they are rooted
(Hutchinson 1975) and may also use their shoots for nutrient uptake
from the water column hereby reducing the water column nutrient
concentration (Sculthorpe 1967). Additionally they may enhance
denitrification, resulting in lower nitrogen levels (Van Donk et al.
1993). The resulting lower nutrient levels may limit growth of freefloating macrophytes (McLay 1974; Szabo et al. 2010). Obviously the
strength of the nutrient depletion is dependent on submerged
macrophyte density (Scheffer et al. 2003; Szabo et al. 2010). This
feedback results in alternative stable states over a range of nutrient
concentrations. At low nutrient concentrations submerged
macrophytes dominate, whereas at higher nutrient concentrations
free-floating macrophytes dominate. In between both states are
possible (Figure 6.1).
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Figure 6.1 Effect of nutrient loading (N) on the equilibrium biomass of freefloating macrophytes (F). Arrows indicate the direction of change if the
system is out of equilibrium (from Scheffer et al. 2003).

In my thesis I quantified the basic competition feedback (Chapter 2b).
I found indeed that a 30% cover of free-floating macrophytes
(Salvinia natans) already led to a decrease of 74% light, which had a
negative impact on the production of submerged macrophytes
(arrow 1, Figure 6.2). High densities (90%) of submerged
macrophytes limited the growth rate of free-floating macrophytes
only at lower nutrient concentrations (arrow 2). At higher nutrient
loadings, submerged macrophytes were unable to reduce the
nutrient concentration of the water column to a limiting level for
free-floating macrophytes. Generally, nutrient concentrations
showed a positive relation with the growth rate of both free-floating
macrophytes (arrow 3) and submerged macrophytes (arrow 4a).
However, when in competition, submerged macrophytes only could
benefit from increased nutrient concentrations when they were
initially dominant (90%) (arrow 4b). The high nutrient uptake capacity
and uptake rate of free-floating macrophytes (Ashton & Mitchell
1989; Brix 1994) may even prevent the benefit of increased nutrient
loading for submerged macrophytes (arrow 5) while they themselves
do take this benefit. This might explain why with increasing nutrient
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concentration in the water column, submerged macrophytes tend to
be replaced by free-floating macrophytes as observed in studies
summarized in Chapter 2b.

Adding complexity to this basic competition
The above described competition mechanism between free-floating
and submerged macrophytes is simplified. In reality there are more
factors involved than light and nutrients. In this thesis I extended the
basic competition feedback providing more insight in this complexity
(Figure 6.2).
An potentially important additional feedback is that a mat of freefloating macrophytes may not only cause light limitation for
submerged macrophytes but also change the physical and chemical
conditions of the water column. Due to reduced gas-exchange at the
air-water interface (arrow 6), hampered photosynthesis below the
mat (arrow 7), and sometimes an increased consumption of oxygen
by decomposition (BOD and SOD; arrow 8), the dissolved oxygen
concentration below the mat gets very low (Wolek 1974; Pokorny &
Rejmankova 1983; Babalonas & Papastergiadou 1989; Van der Does
& Klink 1991; Bechara 1996; Janes et al. 1996; Morris et al. 2004).
Low oxygen concentration in the water column hampers nitrification
(arrow 9). This may lead to excess of potentially toxic reduced
nitrogen (NH4+ + NH3 = NHx) in surface waters (Smolders et al. 2006)
(arrow 10) which has a significant negative effect on the relative
growth rate and leaf tissue fitness of submerged macrophytes
(Chapter 3, arrow 11). Moreover, if the photosynthesis below the
mat is hampered, also pH will decrease as photosynthesis is positively
related to the pH of the water (arrow 12). This will lead to an
increased availability of the more toxic NHx species, NH3 (arrow 13).
As photosynthesis in temperate regions is limited by temperature
(Carpenter et al. 1992), both free-floating and submerged
macrophytes might benefit from an increase in temperature (Mitchell
& Tur 1995; Olesen & Madsen 2000). Probably, free-floating
macrophytes benefit more because they live at the water surface and
hamper heat exchange to the water column below (arrow 14).
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Figure 6.2 Factors that determine the competition between free-floating
and submerged macrophytes. Black arrows (1-3): the basic competition
factors (Scheffer et al. 2003); grey arrows (4–8): additional factors from
literature; blue arrows (9–13): NHx toxicity feedback; purple arrow (15):
temperature enhancement factor; red arrows (14, 16-18): climate change
factors. Arrows are further explained in the text.
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Additionally free-floating macrophytes appear to be able to enhance
their own growth by increasing temperature within the mat (arrow
15, Chapter 2). Driever et al. (2005) suggested that this facilitation
could imply an Allee effect, enhancing the growth of an established
mat of free-floating macrophytes. However, this idea was never
tested quantitatively. Below a simple model is used to estimate the
strength of the temperature feedback under different conditions.

Temperature feedback for free-floating macrophytes
Does this temperature enhancing effect of a mat has a large effect on
the biomass of free-floating macrophytes? To test this we used the
Lemna model of Driever et al. (2005) and we added the local
warming effect of free-floating macrophytes. We also replaced
Driever’s temperature function by the relation (f(Ts)) of Van der
Heide (2006) as the latter was based on measured data. This resulted
in the following model (1):
hB
dL
rL
f (Ts )  mL L
dt
hB  L

(1)

in which

f (Ts )  c Ts (Ts  Tmin )(Tmax  Ts )
with Tmin ≥0 and Tmax > Tmin
In this model, the development of Lemna biomass (L in g dry weight
m-2) over time is modeled as a function of the maximum growth rate
(r) and a crowding function, minus a loss rate of biomass (mL). Ts is
the surface temperature of the mat (in °C) and c is a scaling constant.
Tmin and Tmax are the minimum and maximum temperatures where
the gross primary production is positive. Parameters values (Table
6.1) describe the growth of Lemna minor.
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Table 6.1 Parameter values that describe the growth of Lemna minor
Parameter
Scaling constant1
Biomass half saturation constant
Temperature effect half saturation
constant
Biomass loss rate
Max. temperature effect
Steepness temperature effect
Maximum growth rate
Air temperature
Min. temperature 2
Max. temperature 2
1
2

Symbol
C
hB
hT

Value
0.00015
50
20

Reference
Van der Heide et al. 2006
Driever et al. 2005
Assumed

mL
mT
pT
r
Tair
Tmin
Tmax

0.1
0-3
8
0.406
5-35
4
36.8

Driever et al. 2005
Chapter 3
Assumed
Driever et al. 2005
Van der Heide et al. 2006
Van der Heide et al. 2006

adapted to scale the function between 0 and 1
where gross production > 0

There are only few measurements of temperature increase within a
mat, and it is not clear how this increase depends on the biomass.
We assume that the temperature increases steeply if the water is
fully covered with free-floating macrophytes. We model this with the
sigmoidal function (2)

Ts  Tair

LpT
 mT p
p
L T  hT T

(2)

in which hT is the free-floating macrophyte biomass at which the
temperature effect is half the maximum. pT determines the steepness
of the effect and mT is the maximum temperature effect. As we want
to make a rough estimation of the maximum possible effect of this
feedback we test different maximum effects of free-floating
macrophyte mats (where mT= +1 oC is realistic (Chapter 2) and, +2 °C
and +3 °C are more extreme but perhaps possible at higher air
temperatures).
The resulting model was used to describe the effect of air
temperature on the biomass of Lemna with different strengths of
warming effect of a Lemna mat (mT) (Figure 6.3a). With an increasing
strength of mT the maximum Lemna biomass (Lmax) occurs at lower
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Figure 6.3 Lemna biomass as a function of the air temperature with
different strength of warming effects of the free-floating macrophyte mat
(a) and Lemna biomass production at an air temperature of 7.5 °C, showing
the alternative stable states.
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air temperature. Realistic values of mT (≤ 1 °C ) will according to the
model not result in a strong additional effect on Lemna biomass.
However the model predicts with more extreme values of mT a small
range with alternative states (and hysteresis) around 7.5 °C air
temperature. Figure 6.3b shows the alternative stable states when
the maximum temperature effect in a mat is +3 °C (mT) compared to
the air temperature (Tair) of 7.5 °C. Under these conditions Lemna can
only have a positive net growth if the initial Lemna biomass is
between 20 and 60.
However, it is unsure if at such low air temperature the floating mat
still can have an equally strong effect as in the growing season. A mT
of almost the half of the air temperature seems unlikely.
In conclusion, the temperature effect seems too weak to have a very
strong effect in practice. Even if we assume an unrealistically high
temperature effect, the resulting effect on the Lemna biomass seems
rather marginal. The model analysis shows however that the largest
effect is to be expected if the air temperature is as low as 7.5 °C,
which is in the Netherlands common for the periods January-April
and October-November (KNMI 2010), so when the growing season
just started or has already ended. If under these conditions the
temperature effect is large enough, it could potentially have some
effect in early spring if after a warm winter enough biomass is
preserved (Chapter 4).

Conclusions and challenges
In a future of climate change, the competition between free-floating
and submerged macrophytes will be affected. In aquatic ecosystems
climate change may affect nutrient availability through internal
(enhanced mineralization and increased anoxia due to warming;
arrow 16) and external loading (increased run-off through
precipitation; arrow 17) (Mulholland et al. 1997; Jeppesen et al.
2009). Free-floating macrophytes benefit from this increased nutrient
loading and general temperature increase while submerged
macrophytes can only benefit when they are not covered by a mat of
free-floating macrophytes (Chapter 2).
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Further the effect of climate change seems to strongly depend on the
overwintering strategy of macrophytes. Mild and wet winters, which
are predicted to occur more often (IPCC 2007), appear to promote
free-floating and evergreen overwintering submerged macrophytes.
Where free-floating macrophytes are even more promoted in water
bodies on organic soil due to expected increase in nutrient loading
(Chapter 4).
Direct effects of climate change are more complex, as many
processes are affected simultaneously. One example is a high NH x
concentration (e.g. due to eutrophication) and higher temperature
(e.g. due to climatic warming) together with low pH and low light
(e.g. both due to shading by free-floating macrophytes) causes the
strongest toxic effects on submerged macrophytes. The
counterintuitive strong toxic effect at low pH can be ascribed to the
ability of some submerged macrophyte species (E. canadensis) to
induce a specialized bicarbonate-concentration pathway a high pH,
resulting in better detoxification of the toxic NH x (Chapter 3; arrow
18).
The expected increase of free-floating macrophytes implies that
water management should be aimed at preserving the desired
diverse submerged macrophyte dominance by maintaining or
improving the resilience of this ecosystem state and preventing
stochastic events that may cause a perturbation to the undesired
free-floating macrophyte state (Scheffer et al. 2001, 2003). Once the
ecosystem is in the undesired state effort should be placed in
returning the ecosystem to the desired state. This may be difficult
due to a hysteresis effect (Scheffer et al. 2003). To prevent or
mitigate this undesired ecosystem state, a proactive and flexible
approach in ecosystem management is required (see Chapter 5).
The challenges ahead will be to truly quantify the factors governing
the competition between free-floating and submerged macrophytes
described in this thesis and to make balanced and robust cost-benefit
analyses of case-specific local situations.

99

References

References
Allen AP, Gillooly JF, Brown JH (2005) Linking the global carbon cycle
to individual metabolism. Functional Ecology, 19, 202-213.
Allen ED, Spence DHN (1981) The differential ability of aquatic plants
to utilize the inorganic carbon supply in fresh waters. New
Phytologist, 87, 269-283.
Ashton PJ, Mitchell DS (1989) Aquatic plants: Patterns and modes of
invasion, attributes of invading species and assessment of
control programs. In: Biological invasions: A global perspective
(Eds. Drake JA et al.), John Wiley & Sons Ltd., New York, USA.
Babalonas D, Papastergiadou E (1989) The water fern Salvinia natans
(L.) All. in the Kerkini lake (North Greece). Archiv Für
Hydrobiologie, 116, 487-498.
Balls H, Moss B, Irvine K (1989) The loss of submerged plants with
eutrophication. 1. Experimental design, water chemistry,
aquatic plant and phytoplankton biomass in experiments
carried out in ponds in the Norfolk Broadland. Freshwater
Biology, 22, 71-87.
Barrat-Segretain MH (2004) Growth of Elodea canadensis and Elodea
nuttallii in monocultures and mixture under different light
and nutrient conditions. Archiv Für Hydrobiologie, 161, 133144.
Barrat-Segretain M, Cellot B (2007) Response of invasive macrophyte
species to drawdown: The case of Elodea sp. Aquatic Botany,
87, 255-261.
Baulch HM, Nord TW, Ackerman MY, Dale JD, Hazewinkel RRO,
Schindler DW, Vinebrooke RD (2003) Climate warming
experiments: Design of a mesocosm heating system.
Limnology and Oceanography-Methods, 1, 10-15.
Bechara JA (1996) The relative importance of water quality, sediment
composition and floating vegetation in explaining the
macrobenthic community structure of floodplain lakes
(Parana River, Argentina). Hydrobiologia, 333, 95-109.
Beisner BE, McCauley E, Wrona FJ (1997) The influence of
temperature and food chain length on plankton predator-prey
100

References

dynamics. Canadian Journal of Fisheries and Aquatic Sciences,
54, 586-595.
Belsley DA, Kuh E, Welsch RW (2004) Regression diagnostics:
Identifying influential data and sources of collinearity. Wiley
Interscience, New York, USA.
Berkes F (2009) Evolution of co-management: Role of knowledge
generation, bridging organizations and social learning. Journal
of Environmental Management, 90, 1692-1702.
Bloemendaal FHJL, Roelofs JGM (1988) Waterplanten en
waterkwaliteit. KNNV, Utrecht, The Netherlands.
Braley RD, Sutton D, Mingoa SSM, Southgate PC (1992) Passive
greenhouse heating, recirculation, and nutrient addition for
nursery phase Tridacna gigas - Growth boost during winter
months. Aquaculture, 108, 29-50.
Brendonck L, Maes J, Rommens W, et al. (2003) The impact of water
hyacinth (Eichhornia crassipes) in a eutrophic subtropical
impoundment (Lake Chivero, Zimbabwe). II. Species diversity.
Archiv Für Hydrobiologie, 158, 389-405.
Britto DT, Kronzucker HJ (2002) NH4+ toxicity in higher plants: A
critical review. Journal of Plant Physiology, 159, 567-584.
Brix H (1994) Functions of macrophytes in constructed wetlands.
Water Science and Technology, 29, 71-78.
Büntgen U, Tegel W, Nicolussi K, et al. 2500 Years of European
climate variability and human susceptibility. Science, 331,
578-582.
Burnett DA, Champion PD, Clayton JS, Ogden J (2007) A system for
investigation of the temperature responses of emergent
aquatic plants. Aquatic Botany, 86, 187-190.
Butler KF, Koontz TM (2005) Theory into practice: implementing
ecosystem management objectives in the USDA Forest
Service. Environmental Management, 35, 138-150.
Cao T, Xie P, Ni L, Zhang M, Xu J (2009) Carbon and nitrogen
metabolism of an eutrophication tolerative macrophyte,
Potamogeton crispus, under NH4+ stress and low light
availability. Environmental and Experimental Botany, 66, 7478.
101

References

Carpenter SR, Fisher SG, Grimm NB, Kitchell JF (1992) Global change
and freshwater ecosystems. Annual Review Of Ecology And
Systematics, 23, 119-139.
Cary PR, Weerts PGJ (1984) Growth of Salvinia molesta as affected by
water temperature and nutrition. 3. Nitrogen phosphorus
interactions and effect of pH. Aquatic Botany, 19, 171-182.
Christensen MR, Graham MD, Vinebrooke RD, Findlay DL, Paterson
MJ, Turner MA (2006) Multiple anthropogenic stressors cause
ecological surprises in boreal lakes. Global Change Biology,
12, 2316-2322.
Dale HM, Gillespie TJ (1977) Influence of submersed aquatic plants
on temperature gradients in shallow water bodies. Canadian
Journal of Botany, 55, 2216-2225.
De Wit CT (1960) On competition. Verslagen Landbouwkundige
Onderzoekingen, 66, 1-82.
Debusk TA, Ryther JH, Hanisak MD, Williams LD (1981) Effects of
seasonality and plant density on the productivity of some
freshwater macrophytes. Aquatic Botany, 10, 133-142.
Degroote D, Kennedy RA (1977) Photosynthesis in Elodea canadensis
Michx - 4-carbon acid synthesis. Plant Physiology, 59, 11331135.
Dendène MA, Rolland T, Trémolières M, Carbiener R (1993) Effect of
ammonium ions on the net photosynthesis of 3 species of
Elodea. Aquatic Botany, 46, 301-315.
Driever SM, van Nes EH, Roijackers RMM (2005) Growth limitation of
Lemna minor due to high plant density. Aquatic Botany, 81,
245-251.
Easterling DR, Meehl GA, Parmesan C, Changnon SA, Karl TR, Mearns
LO (2000) Climate extremes: Observations, modeling, and
impacts. Science, 289, 2068-2074.
Emerson K, Russo RC, Lund RE, Thurston RV (1975) Aqueous
ammonia equilibrium calculations - effect of pH and
temperature. Journal of the Fisheries Research Board of
Canada, 32, 2379-2383.

102

References

Ferreira MT, Catarino L, Moreira I (1998) Aquatic weed assemblages
in an Iberian drainage channel system and related
environmental factors. Weed Research, 38, 291-300.
Feuchtmayr H, McKee D, Harvey IF, Atkinson D, Moss B (2007)
Response of macroinvertebrates to warming, nutrient
addition and predation in large-scale mesocosm tanks.
Hydrobiologia, 584, 425-432.
Feuchtmayr H, Moran R, Hatton K, Connor L, Heyes T, Moss B, Harvey
I, Atkinson D (2009) Global warming and eutrophication:
effects on water chemistry and autotrophic communities in
experimental hypertrophic shallow lake mesocosms. Journal
of Applied Ecology, 46, 713-723.
Fisher MM, Reddy KR, Thomas James R (2005) Internal nutrient loads
from sediments in a shallow, subtropical lake. Lake and
Reservoir Management, 21, 338-349.
Folke C, Carpenter S, Walker B, Scheffer M, Elmqvist T, Gunderson L,
Holling CS (2004) Regime shifts, resilience, and biodiversity in
ecosystem management. Annual Review of Ecology Evolution
and Systematics, 35, 557-581.
Forchhammer NC (1999) Production potential of aquatic plants in
systems mixing floating and submerged macrophytes.
Freshwater Biology, 41, 183-191.
George DG, Taylor AD (1995) UK Lake plankton and the Gulf Stream.
Nature, 378, 139.
Gerten D, Adrian R (2000) Climate-driven changes in spring plankton
dynamics and the sensitivity of shallow polymictic lakes to the
North Atlantic Oscillation. Limnology and Oceanography, 45,
1058-1066.
Gerten D, Adrian R (2001) Differences in the persistency of the North
Atlantic Oscillation signal among lakes. Limnology and
Oceanography, 46, 448-455.
GISP (2007) Development of case studies on the economic impacts of
invasive species in Africa: Salvinia molesta. Global Invasive
Species Program, Nairobi, Kenya.

103

References

Glänzer U, Haber W, Kohler A (1977) Experimental studies to
stressing of submerged macrophytes. Archiv Für
Hydrobiologie, 79, 193-232.
Gopal B (1987) Aquatic plant studies 1. Water hyacinth. Elsevier,
Amsterdam, The Netherlands.
Guston DH (1999) Stabilizing the boundary between politics and
science: the role of the Office of Technology Transfer as a
boundary organization. Social Studies of Science, 29, 87-112.
Hahn T, Olsson P, Folke C, Johansson K (2006) Trust-building,
knowledge generation and organizational innovations: The
role of a bridging organization for adaptive comanagement of
a wetland landscape around Kristianstad, Sweden. Human
Ecology, 34, 573-592.
Hellman G (1883) Repertorium der Deutschen meteorologie. Verlag
Wilh. Engelmann, Leipzig, Germany.
Herzon I, Helenius J (2008) Agricultural drainage ditches, their
biological
importance
and
functioning.
Biological
Conservation, 141, 1171-1183.
Holling CS (1973) Resilience and stability of ecological systems.
Annual Review of Ecology and Systematics, 4, 1-23.
Holling CS (1986) The resilience of terrestrial ecosystems: local
surprise and global change. In: Sustainable development of
the biosphere (Eds. Clark WC & Munn RE), International
Institute for Applied Systems Analysis, Cambridge, UK.
Holm LG, Weldon LW, Blackburn RD (1969) Aquatic weeds. Science,
166, 699-709.
Hooper DU, Chapin FS, Ewel JJ, et al. (2005) Effects of biodiversity on
ecosystem functioning: A consensus of current knowledge.
Ecological Monographs, 75, 3-35.
Hughes L (2000) Biological consequences of global warming: Is the
signal already apparant? Trends in Ecology and Evolution, 15,
56-61.
Hulme M, Barrow EM, Arnell NW, Harrison PA, Johns TC, Downing TE
(1999) Relative impacts of human-induced climate change
and natural climate variability. Nature, 397, 688-691.

104

References

Hurrell JW (1995) Decadal trends in the North Atlantic Oscillation Regional temperatures and precipitation. Science, 269, 676679.
Hurrell JW, Kushnir Y, Ottersen G, Visbeck M (2003) The North
Atlantic Oscillation: Climate significance and environmental
impact. American Geophysical Union, Washington DC, USA.
Hutchinson GE (1975) A treatise on limnology. Wiley, New York, USA.
ICSU (2010) Grand challenges in global sustainability research: a
systems approach to research priorities for the decade.
International Council for Science, Paris, France.
IPCC (2007) Climate Change 2007: The physical science basis.
Contribution of working group I to the fourth assessment
report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK and New York,
USA.
Jacobs DL (1947) An ecological life history of Spirodela polyrhiza
(greater duckweed) with emphasis on the turion phase.
Ecological Monographs, 17, 437-469.
Jakobsen CH, McLaughlin WJ (2004) Communication in ecosystem
management: A case study of cross-disciplinary integration in
the assessment phase of the interior Columbia basin
ecosystem
management
project.
Environmental
Management, 33, 591-605.
Janes RA, Eaton JW, Hardwick K (1996) The effects of floating mats of
Azolla filiculoides Lam. and Lemna minuta Kunth. on the
growth of submerged macrophytes. Hydrobiologia, 340, 2326.
Janse JH (1997) A model of nutrient dynamics in shallow lakes in
relation to multiple stable states. Hydrobiologia, 342, 1-8.
Janse JH (1998) A model of ditch vegetation in relation to
eutrophication. Water Science and Technology, 37, 139-149.
Janse JH, Van Puijenbroek P (1998) Effects of eutrophication in
drainage ditches. Environmental Pollution, 102, 547-552.
Jeppesen E, Kronvang B, Meerhoff M, et al. (2009) Climate change
effects on runoff, catchment phosphorus loading and lake

105

References

ecological state and potential adaptations. Journal of
Environmental Quality, 38, 1930-1941.
Jeppesen E, Søndergaard M, Jensen JP, et al. (2005) Lake responses
to reduced nutrient loading - an analysis of contemporary
long-term data from 35 case studies. Freshwater Biology, 50,
1747-1771.
Joffe S, Cooke S (1997) Management of the water hyacinth and other
invasive aquatic weeds: Issues for the World Bank. CABI
Bioscience, Wallingford, UK.
Jöhnk KD, Huisman J, Sharples J, Sommeijer B, Visser PM, Strooms JM
(2008) Summer heatwaves promote blooms of harmfull
cyanobacteria. Global Change Biology, 14, 495-512.
Jones JI (2005) The metabolic cost of bicarbonate use in the
submerged plant Elodea nuttallii. Aquatic Botany, 83, 71-81.
Kanerva T, Regina K, Ramo K, Karhu K, Ojanpera K, Manninen S (2005)
Mesocosms mimic natural meadows as regards greenhouse
gas fluxes and potential activities of nitrifying and denitrifying
bacteria. Plant and Soil, 276, 287-299.
Kankaala P, Ojala A, Tulonen T, Haapamäki J, Arvola L (2000)
Response of littoral vegetation on climate warming in the
boreal zone: An experimental simulation. Aquatic Ecology, 34,
433-444.
Karl TR, Trenberth KE (2003) Modern global climate change. Science,
302, 1719-1723.
Kasulo V (1999) The economics of invasive species: Costs, incentives,
risk analysis and the role of donors. Invasive species in Eastern
Africa (Eds. by Lyons EE & Miller SE), ICIPE Science Press,
Nairobi, Kenya.
Kateregga E, Sterner T (2009) Lake Victoria fish stocks and the effects
of water hyacinth. The Journal of Environment &
Development, 18, 62-78.
Kates RW, Clark WC, Corell R, et al. (2001) Sustainability science.
Science, 292, 641-642.
Keeling CD, Bacastow RB, Bainbridge AE, Ekdahl CA, Guenther PR,
Waterman LS, Chin JFS (1976) Atmospheric carbon dioxide

106

References

variations at Mauna Loa Observatory, Hawaii. Tellus, 28, 538551.
Kennedy AD (1995) Simulated climate change - Are passive
greenhouses a valid microcosm for testing the biological
effects of environmental perturbations. Global Change
Biology, 1, 29-42.
Khan NU, Imrana N (2009) Cyclosis in pondweed (Elodea canadensis):
bicarbonate and NO effects using pharmacologicals. Current
Science, 96, 1506-1511.
KNMI (2010) http://www.knmi.nl/klimatologie/daggegevens/download.html
Kosmala A, Charvet S, Roger MC, Faessel B (1999) Impact assessment
of a wastewater treatment plant effluent using instream
invertebrates and the Ceriodaphnia dubia chronictoxicity test.
Water Research, 33, 266-278.
Kosten S, Kamarainen A, Jeppesen E, et al. (2009) Climate-related
differences in the dominance of submerged macrophytes in
shallow lakes. Global Change Biology, 15, 2503-2517.
Kramer CY (1956) Extension of multiple range tests to group means
with unequal numbers of replications. Biometrics, 12, 307310.
Leegood RC (2002) C-4 photosynthesis: principles of CO2
concentration and prospects for its introduction into C-3
plants. Journal of Experimental Botany, 53, 581-590.
Lewontin RC (1969) Meaning of Stability. Brookhaven Symposia in
Biology, 13-24.
Liboriussen L, Landkildehus F, Meerhoff M, et al. (2005) Global
warming: Design of a flow-through shallow lake mesocosm
climate experiment. Limnology & Oceanography- Methods, 3,
1-9.
Lopez-Urrutia A, San Martin E, Harris RP, Irigoien X (2006) Scaling the
metabolic balance of the oceans. Proceedings of the National
Academy of Sciences of the United States of America, 103,
8739-8744.
Lucassen E, Bobbink R, Smolders AJP, Van der Ven PJM, Lamers LPM,
Roelofs JGM (2003) Interactive effects of low pH and high
107

References

ammonium levels responsible for the decline of Cirsium
dissectum (L.) Hill. Plant Ecology, 165, 45-52.
Madsen TV (1993) Growth and photosynthetic acclimation by
Ranunculus aquatilis L. in response to inorganic carbon
availability. New Phytologist, 125, 707-715.
Marion GM, Henry GHR, Freckman DW, et al. (1997) Open-top
designs for manipulating field temperature in high-latitude
ecosystems. Global Change Biology, 3, 20-32.
Marschner H (1986) Mineral nutrition of higher plants. Academic
Press Limited, London, UK.
McKee D, Atkinson D, Collings S, et al. (2000) Heated aquatic
microcosms for climate change experiments. Freshwater
Forum, 14, 51-58.
McKee D, Atkinson D, Collings S, et al. (2002a) Macro-zooplankter
responses to simulated climate warming in experimental
freshwater microcosms. Freshwater Biology, 47, 1557-1570.
McKee D, Atkinson D, Collings SE, et al. (2003) Response of
freshwater microcosm communities to nutrients, fish, and
elevated temperature during winter and summer. Limnology
and Oceanography, 48, 707-722.
McKee D, Hatton K, Eaton JW, Atkinson D, Atherton A, Harvey I, Moss
B (2002b) Effects of simulated climate warming on
macrophytes in freshwater microcosm communities. Aquatic
Botany, 74, 71-83.
McLay CL (1974) Distribution of duckweed Lemna perpusilla in a small
Southern California lake - Experimental approach. Ecology, 55,
262-276.
Meerhoff M (2006) The structuring role of macrophytes on trophic
dynamics in shallow lakes under a climate warming scenario.
PhD thesis, University of Aarhus, Aarhus, Denmark.
Meerhoff M, Clemente JM, De Mello FT, Iglesias C, Pedersen AR,
Jeppesen E (2007) Can warm climate-related structure of
littoral predator assemblies weaken the clear water state in
shallow lakes? Global Change Biology, 13, 1888-1897.

108

References

Meerhoff M, Mazzeo N, Moss B, Rodriguez-Gallego L (2003) The
structuring role of free-floating versus submerged plants in a
subtropical shallow lake. Aquatic Ecology, 37, 377-391.
Mehra A, Farago ME, Banerjee DK (2000) A study of Eichhornia
crassipes growing in the overbank and floodplain soils of the
River Yamuna in Delhi, India. Environmental Monitoring and
Assessment, 60, 25-45.
Miflin BJ, Lea PJ (1977) Amino acid metabolism. Annual Review of
Plant Physiology and Plant Molecular Biology, 28, 299-329.
Millenium Ecosystem Assessment (2005) Ecosystems and human
well-being: Synthesis. Washington DC, USA.
Mitchell DS, Tur NM (1975) Rate of growth of Salvinia molesta (S.
Auriculata Auct.) in laboratory and natural conditions. Journal
of Applied Ecology, 12, 213-225.
Molau U, Mølgaard P (1996) ITEX Manual. Danish Polar Center,
Copenhagen, Denmark.
Mooij WM, Hulsmann S, Domis LND, et al. (2005) The impact of
climate change on lakes in the Netherlands: a review. Aquatic
Ecology, 39, 381-400.
Morris K, Harrison KA, Bailey PCE, Boon PI (2004) Domain shifts in the
aquatic vegetation of shallow urban lakes: the relative roles of
low light and anoxia in the catastrophic loss of the submerged
angiosperm Vallisneria americana. Marine and Freshwater
Research, 55, 749-758.
Moss B, McKee D, Atkinson D, et al. (2003) How important is climate?
Effects of warming, nutrient addition and fish on
phytoplankton in shallow lake microcosms. Journal of Applied
Ecology, 40, 782-792.
Mulholland PJ, Best GR, Coutant CC, et al. (1997) Effects of climate
change on freshwater ecosystems of the south-eastern United
States and the Gulf Coast of Mexico. Hydrological Processes,
11, 949-970.
Müller-Navarra DC, Guss S, Von Storch H (1997) Interannual
variability of seasonal succession events in a temperate lake
and its relation to temperature variability. Global Change
Biology, 3, 429-438.
109

References

Naeem S, Li SB (1997) Biodiversity enhances ecosystem reliability.
Nature, 390, 507-509.
NCAR (2010) http://www.cgd.ucar.edu/cas/jhurrell/indices.html
Nouguier J, Mostajir B, Le Floc'h E, Vidussi F (2007) An automatically
operated system for simulating global change temperature
and ultraviolet B radiation increases: application to the study
of aquatic ecosystem responses in mesocosm experiments.
Limnology and Oceanography-Methods, 5, 269-279.
Olesen B, Madsen TV (2000) Growth and physiological acclimation to
temperature and inorganic carbon availability by two
submerged aquatic macrophyte species, Callitriche
cophocarpa and Elodea canadensis. Functional Ecology, 14,
252-260.
Ondok JP, Pokorny J, Kvet J (1984) Model of diurnal changes in
oxygen, carbon dioxide and bicarbonate concentrations in a
stand of Elodea canadensis Michx. Aquatic Botany, 19, 293305.
Opande GO, Onyango JC, Wagai SO (2004) Lake Victoria: The water
hyacinth (Eichhornia crassipes (Mart.) Solms.), its socioeconomic effects, control measures and resurgence in the
Winam gulf. Limnologica, 34, 105-109.
Orach-Meza FL (2000) Keynote Address: Challenges for improving
reaction to water hyacinth in AME. In: Water hyacinth in
Africa and the Middle East (Eds. Navarro LA & Phiri F), IDRC,
Ottawa, Canada.
Orsini A, Tomasi C, Calzolari F, Nardino M, Cacciari A, Georgiadis T
(2002) Cloud cover classification through simultaneous
ground-based measurements of solar and infrared radiation.
Atmospheric Research, 61, 251-275.
Ottersen G, Planque B, Belgrano A, Post E, Reid PC, Stenseth NC
(2001) Ecological effects of the North Atlantic Oscillation.
Oecologia, 128, 1-14.
Ozimek T, Van Donk E, Gulati RD (1993) Growth and nutrient uptake
by 2 species of Elodea in experimental conditions and their
role in nutrient accumulation in a macrophyte-dominated
lake. Hydrobiologia, 251, 13-18.
110

References

Paerl HW, Huisman J (2008) Climate - blooms like it hot. Science, 320,
57-58.
Parmesan C (1996) Climate and species' range. Nature, 382, 765-766.
Pielke RA (2005) Land use and climate change. Science, 310, 16251626.
Pokorný J, Rejmánková E (1983) Oxygen regime in a fishpond with
duckweeds (Lemnaceae) and Ceratophyllum. Aquatic Botany,
17, 125-137.
Portielje R, Roijackers RMM (1995) Primary succession of aquatic
macrophytes in experimental ditches in relation to nutrient
input. Aquatic Botany, 50, 127-140.
Rabe E (1990) Stress physiology - the functional significance of the
accumulation of nitrogen containing compounds. Journal of
Horticultural Science, 65, 231-243.
Renman G (1989) Distribution of littoral macrophytes in a North
Swedisch riverside lagoon in relation to bottom freezing.
Aquatic Botany, 33, 243-256.
Rhoads BL, Wilson D, Urban M, Herricks EE (1999) Interactions
between scientists and nonscientists in community-based
watershed management: emergence of the concept of stream
naturalization. Environmental Management, 24, 297-308.
Rip WJ (2007) Cyclic state shifts in a restored shallow lake. PhD thesis,
Wageningen University and Research Center, Wageningen,
The Netherlands.
Rolland T, Trémolières M (1995) The role of ammonium nitrogen in
the distribution of two species of Elodea. Acta Botanica
Gallica, 142, 733-739.
Room PM, Kerr JD (1983) Temperatures experienced by the floating
weed Salvinia molesta Mitchell and their prediction from
meteorological data. Aquatic Botany, 16, 91-103.
Rooney N, Kalff J (2000) Inter-annual variation in submerged
macrophyte community biomass and distribution: The
influence of temperature and lake morphometry. Aquatic
Botany, 68, 321-335.

111

References

Rumi A, Bechara JA, Hamann MI, DeNunez MO (2002) Ecology of
potential hosts of schistosomiasis in urban environments of
Chaco, Argentina. Malacologia, 44, 273-288.
Santamaria L, Van Vierssen W (1997) Photosynthetic temperature
responses of fresh- and brackish-water macrophytes: A
review. Aquatic Botany, 58, 135-150.
Savage HM, Rejmankova E, Arredondojimenez JI, Roberts DR,
Rodriguez MH (1990) Limnological and botanical
characterization of larval habitats for 2 primary malarial
vectors, Anopheles albimanus and Anopheles pseudopunctipennis, in coastal areas of Chiapas state, Mexico.
Journal of the American Mosquito Control Association, 6, 612620.
Scheffer M, Bascompte J, Brock WA, et al. (2009) Early-warning
signals for critical transitions. Nature, 461, 53-59.
Scheffer M, Carpenter S, Foley JA, Folke C, Walker B (2001)
Catastrophic shifts in ecosystems. Nature, 413, 591-596.
Scheffer M, Szabo S, Gragnani A, et al. (2003) Floating plant
dominance as a stable state. Proceedings of the National
Academy of Sciences of the United States of America, 100,
4040-4045.
Schindler DW (2006) Recent advances in the understanding and
management
of
eutrophication.
Limnology
and
Oceanography, 51, 356-363.
Schindler DW, Beaty KG, Fee EJ, et al. (1990) Effects of climatic
warming on lakes of the central boreal forest. Science, 250,
967-970.
Sculthorpe C (1967) The biology of aquatic vascular plants. Edward
Arnold Ltd., London, UK.
Sigmond M (2003) On the coupling between the stratosphere and the
troposphere. PhD thesis, Technical University Eindhoven,
Eindhoven, The Netherlands.
Smart RM, Barko JW (1985) Laboratory culture of submersed
freshwater macrophytes on natural sediments. Aquatic
Botany, 21, 251-263.

112

References

Smith VH (2003) Eutrophication of freshwater and coastal marine
ecosystems - a global problem. Environmental Science and
Pollution Research, 10, 126-139.
Smolders AJP, Brouwer E (2006) Een biogeochemische analyse van de
Damvallei. Natuurpunt & B-ware, Nijmegen, The Netherlands,
45.
Smolders AJP, Den Hartog C, Van Gestel CBL, Roelofs JGM (1996a)
The effects of ammonium on growth, accumulation of free
amino acids and nutritional status of young phosphorus
deficient Stratiotes aloides plants. Aquatic Botany, 53, 85-96.
Smolders AJP, Roelofs JGM, Den Hartog C (1996b) Possible causes for
the decline of the water soldier (Stratiotes aloides L.) in the
Netherlands. Archiv für Hydrobiologie, 136, 327-342.
Smolders AJP, Lamers LPM, Lucassen E, Van der Velde G, Roelofs JGM
(2006) Internal eutrophication: How it works and what to do
about it - a review. Chemistry and Ecology, 22, 93-111.
Stachowicz JJ, Terwin JR, Whitlatch RB, Osman RW (2002) Linking
climate change and biological invasions: Ocean warming
facilitates nonindigenous species invasions. Proceedings of the
National Academy of Sciences of the United States of America,
99, 15497-15500.
Stenseth NC, Mysterud A, Ottersen G, Hurrell JW, Chan KS, Lima M
(2002) Ecological effects of climate fluctuations. Science, 297,
1292-1296.
STOWA (2010) http://www.limnodata.nl
Straile D, Adrian R (2000) The North Atlantic Oscillation and plankton
dynamics in two European lakes - two variations on a general
theme. Global Change Biology, 6, 663-670.
Straile D, Livingstone DM, Weyhenmeyer GA, George DG (2003) The
response of freshwater ecosystems to climate variability
associated with the North Atlantic Oscillation. In: The North
Atlantic Oscillation: Climate significance and environmental
impact (Eds. Hurrell JW & Kushnir Y & Ottersen G & Visbeck
M), American Geophysical Union, Washington DC, USA.
Strecker AL, Cobb TP, Vinebrooke RD (2004) Effects of experimental
greenhouse warming on phytoplankton and zooplankton
113

References

communities in fishless alpine ponds. Limnology and
Oceanography, 49, 1182-1190.
Sutherland WJ, Armstrong-Brown S, Armsworth PR, et al. (2006) The
identification of 100 ecological questions of high policy
relevance in the UK. Journal of Applied Ecology, 43, 617-627.
Szabo S, Scheffer M, Roijackers R, Waluto B, Braun M, Nagy PT, Borics
G, Zambrano L (2010) Strong growth limitation of a floating
plant (Lemna gibba) by the submerged macrophyte (Elodea
nuttallii) under laboratory conditions. Freshwater Biology, 55,
681-690.
Thomas JD, Daldorph PWG (1994) The influence of nutrient and
organic enrichment on a community dominated by
macrophytes and gastropod mollusks in a eutrophic drainage
channel - relevance to snail control and conservation. Journal
of Applied Ecology, 31, 571-588.
Tilman D, Fargione J, Wolff B, et al. (2001) Forecasting agriculturally
driven global environmental change. Science, 292, 281-284.
Tilman D, Lehman C (2001) Human-caused environmental change:
Impacts on plant diversity and evolution. Proceedings of the
National Academy of Sciences of the United States of America,
98, 5433-5440.
Tol RSJ (2002) Estimates of the damage costs of climate change. Part
1: Benchmark estimates. Environmental & Resource
Economics, 21, 47-73.
Van der Does J, Klink FJ (1991) Excessive growth of Lemnaceae and
Azolla in ditches observed by false colour teledetection.
International Association of Theoretical and Applied
Limnology - Proceedings, 24, 2683-2688.
Van der Heide T, Roijackers R, Van Nes EH, Peeters E (2006) A simple
equation for describing the temperature dependent growth of
free-floating macrophytes. Aquatic Botany, 84, 171-174.
Van der Heide T, Smolders A, Rijkens B, Van Nes EH, Van Katwijk MM,
Roelofs J (2008) Toxicity of reduced nitrogen in eelgrass
(Zostera marina) is highly dependent on shoot density and pH.
Oecologia, 158, 411-419.

114

References

Van der Weijden W, Leewis R, Bol P (2007) Biological globalisation:
Bio-invasions and their impacts on nature, the economy and
public heatlh. KNNV Publishing, Utrecht, The Netherlands.
Van de Velde G, Nagelkerken I, Rajagopal S, Bij de Vaate A (2002)
Invasions by alien species in inland freshwater bodies in
Western Europe: The Rhine delta. In: Invasive aquatic species
of Europe (Eds. Leppakoski E et al.), Kluwer, Dordrecht, The
Netherlands.
Van Dijk HFG, Roelofs JGM (1988) Effects of excessive ammonium
deposition on the nutritional status and condition of pine
needles. Physiologia Plantarum, 73, 494-501.
Van Dommelen A, De Snoo GR (2006) Scientific transparency for
sustainable biotechnology. International Journal of
Environment and Sustainable Development, 5, 415-425.
Van Donk E, Gulati RD, Iedema A, Meulemans JT (1993) Macrophyterelated shifts in the nitrogen and phosphorus contents of the
different trophic levels in a biomanipulated shallow lake.
Hydrobiologia, 251, 19-26.
Van Driesche R, Blossey B, Hoddle M, Lyon S, Reardon R (2002)
Biological control of invasive plants in the eastern United
States. USDA Forest Service, 242, Morgantown, WV, USA.
Van Katwijk MM, Vergeer LHT, Schmitz GHW, Roelofs JGM (1997)
Ammonium toxicity in eelgrass Zostera marina. Marine
Ecology-Progress Series, 157, 159-173.
Van Wijk RJ, Trompenaars HJ (1985) On the germination of turions
and the life cycle of Potamogeton trichoides Cham. et Schld.
Aquatic Botany, 22, 165-172.
Van Wilgen BW, Richardson DM, Le Maitre DC, Marais C, Magadlela D
(2001) The economic consequences of alien plant invasions:
Examples of impacts and approaches to sustainable
management in South Africa. Environment, Development and
Sustainability, 3, 145-168.
Villamagna AM, Murphy BR (2010) Ecological and socio-economic
impacts of invasive water hyacinth (Eichhornia crassipes): a
review. Freshwater Biology, 55, 282-298.

115

References

Vitousek PM (1994) Beyond global warming - Ecology and global
change. Ecology, 75, 1861-1876.
Wallentinus I (2002) Introduced marine algae and vascular plants in
European aquatic environments. In: Invasive aquatic species
of Europe: Distributions, impacts and management (Eds.
Leppäkoski E & Olenin S & Gollasch S), Kluwer Academic
Publisher, Dordrecht, The Netherlands.
Walther GR, Post E, Convey P, et al. (2002) Ecological responses to
recent climate change. Nature, 416, 389-395.
Warren KS (1962) Ammonia toxicity and para H. Nature, 195, 47-&.
Wenger E (2000) Communities of practice and social learning
systems. Organization, 7, 225-246.
Whiteman JB, Room PM (1991) Temperatures lethal to Salvinia
molesta Mitchell. Aquatic Botany, 40, 27-35.
Winder M, Schindler DE (2004) Climate change uncouples trophic
interactions in an aquatic ecosystem. Ecology, 85, 2100-2106.
Wolek J (1974) A preliminary investigation in interactions
(competition , allelopathy) between some species of Lemna,
Spirodela and Wolffia. Veroffentlichung der Geobotanische
Institut ETH, 42, 140-162.
Young JO (1975) Seasonal and diurnal changes in water temperature
of a temperate pond (England) and a tropical pond (Kenya).
Hydrobiologia, 47, 513-526.
Yuschak P, Richards FM (1987) Passive solar system for maintaining
and rearing marine organisms. Progressive Fish Culturist, 49,
146-151.
Zhang M, Cao T, Ni LY, Xie P, Li ZQ (2010) Carbon, nitrogen and
antioxidant enzyme responses of Potamogeton crispus to
both low light and high nutrient stresses. Environmental and
Experimental Botany, 68, 44-50.
Zutshi DP, Vass KK (1971) Ecology and production of Salvinia natans
Hoffim. in Kashmir. Hydrobiologia, 38, 303-320.

116

Summary

Summary
This research was about the asymmetric competition between freefloating and submerged macrophytes in shallow freshwater
ecosystems. I studied the effect of climate change on the dominance
of free-floating macrophytes in temperate regions. The research
approach was a combination of outdoor mesocosm experiments, a
laboratory experiment, a database analysis and a literature review.
In Chapter 2a I explored the possibility to use inexpensive open-top
chambers (OTCs) as passive artificial warming devices in experimental
aquatic studies. Existing experimental set-ups for artificial warming
are very expensive and do usually not maintain a natural vertical
temperature profile in the water column, which is generally observed
in small-sized water bodies. Effects of different sizes of OTCs on the
daily water temperature course in outdoor mesocosms were
evaluated. Results showed that OTCs cause a significant temperature
increase corresponding with predicted climatic warming whereas the
vertical temperature profile in the water column was maintained.
Therefore, OTCs are well suited for studying the effects of climate
change in small-sized aquatic mesocosm experiments.
These OTCs were subsequently used in an outdoor mesocosm
experiment where I studied the effect of temperature and nutrient
concentration on the competition between free-floating and
submerged macrophytes (Chapter 2b). Free-floating macrophytes
benefited from increased temperature and increased nutrient
loading and limited the chances for the submerged macrophyte to
benefit from these conditions. Only with high initial cover (90%) and
a low nutrient concentration submerged macrophytes were able to
limit free-floating macrophyte growth (with 10% initial cover). Only in
this situation submerged macrophytes could benefit from increased
temperatures. At a higher initial cover of free-floating macrophytes
(50% or 90%) submerged macrophytes did not grow better with the
increased temperatures. I further showed that 30% cover of freefloating macrophytes resulted in 74% light reduction below the mat.
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In mesocosms with OTCs and fully covered with free-floating
macrophytes, the temperature increased only above and within the
floating mat, while below the mat the temperature remained
unchanged.
Under a dense mat of free-floating macrophytes oxygen is often
scarce and nitrification may be hampered, leading to higher reduced
nitrogen (NHx) concentrations. In a laboratory experiment the
interactive effects of a high concentration of NHx with temperature,
pH and light on submerged macrophytes were examined (Chapter 3).
Results demonstrated that a high NHx concentration and higher
temperature together with a low pH and low light conditions caused
the strongest toxic effects on relative growth rate and leaf tissue
fitness of Elodea canadensis. The negative effect of low pH seemed
counterintuitive. However, the specialized bicarbonate-concentrating
pathway at high pH of the this plant species resulted in higher carbon
availability for detoxification. This is because this pathway lacks
photorespiration and minimizes carbon loss at high temperatures. At
low pH, higher temperatures also lead to increased photorespiration
rates and thus lower detoxification capacity. Also the process of
cyclosis may optimize detoxification under pH 8, while this process is
not very active under lower pH (as it is HCO3 dependent). In general
rising temperatures and increased reduced nitrogen levels will
decrease the fitness of submerged aquatic macrophytes.
The results described in the previous chapters suggested that in
freshwater ecosystems a shift in dominance from submerged to freefloating macrophytes may occur with climate change due to warming
and eutrophication. Analysis of an existing database provided field
evidence on the impact of climate change on macrophyte cover in
Dutch drainage ditches (Chapter 4). Ditches are often overlooked
ecosystems with potential dominance for both free-floating and
submerged macrophytes. In this study 26 years of field data on
macrophyte cover were related to local weather variables and the
North Atlantic Oscillation (NAO) winter index. Mild winters (positive
NAO winter index) were positively related to coverage of freefloating macrophytes and evergreen overwintering submerged
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macrophytes. Cold winters (negative NAO winter index) were
positively related to cover of submerged macrophytes that die back
in winter. The effect of climate seemed to depend on the overwintering strategy of the macrophyte species present. It also
appeared that ditches on organic soils enhanced the positive relation
of free-floating macrophytes with the NAO winter index. In these
ditches an increased decomposition of organic matter and increased
run-off resulted in increased nutrient loading, promoting freefloating macrophyte growth (as seen in previous chapters).
Previous chapters gave insight in the competition between freefloating and submerged macrophytes in shallow freshwater
ecosystem and how climate change might affect this. In Chapter 5 an
ecosystem management approach was applied on the illustrative
example of socio-economic and ecological problems caused by freefloating macrophytes. Adequate ecosystem management must be
based on a dynamic balance of scientific knowledge development,
societal acceptance and feedback, and practical implementation.
In the synthesis (Chapter 6) the findings from this research on the
competition with and without climate change have been integrated.
Also a model is presented that describes the local warming effect
that free-floating macrophytes can have. The synthesis provides
insight into the competition between free-floating and submerged
macrophytes and how one could deal with expected problems.
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Samenvatting
Dit onderzoek ging over de asymmetrische competitie tussen
drijvende en ondergedoken waterplanten in ondiepe zoetwaterecosystemen. Ik heb het effect van klimaatsverandering op de
dominantie van drijvende planten in gematigde gebieden bestudeerd. Voor dit onderzoek heb ik twee mesocosm experimenten, een
laboratorium experiment, een database analyse en een literatuurstudie uitgevoerd.
In Hoofdstuk 2a heb ik de mogelijkheid getest om goedkope open
broeikassen (open-top chamber; OTC) te gebruiken voor passieve
opwarming van mesocosms in aquatische studies. Bestaande kunstmatige verwarmingsmogelijkheden zijn vaak erg duur en leiden niet
tot een verticaal temperatuursprofiel in de waterkolom, zoals die
vaak voorkomt in kleine waterlichamen. Ik heb het effect getest van
verschillende formaten van OTCs op het dagelijkse temperatuursverloop in mesocosms die buiten staan. Uit dit onderzoek volgde dat
OTCs een significante temperatuurstoename laten zien die
overeenkomt met de verwachte klimaatsverandering. Bovendien
blijft het verticale temperatuurprofiel in de waterkolom gehandhaafd. Daardoor zijn OTCs met name geschikt om de effecten van
klimaatsveranderingen te bestuderen in kleine aquatische mesocosm
experimenten.
De OTCs zijn vervolgens gebruikt in een mesocosm experiment waar
de effecten van temperatuur en nutriëntenconcentratie op de
concurrentie tussen drijvende en ondergedoken waterplanten zijn
bestudeerd (Hoofdstuk 2b). Drijvende planten profiteerden sterk van
opwarming en toenemende nutriëntenconcentraties, terwijl ze
ondertussen ook de kansen voor de ondergedoken waterplanten
beperkten. Alleen met een hoge initiële bedekking (90%) en lage
nutriëntenconcentratie konden ondergedoken waterplanten de
drijvende plantengroei (met een initiële bedekking van 10%)
beperken en konden ze zelf profiteren van opwarming. Bij een
hogere initiële bedekking van drijvende planten (50% of 90%),
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konden ondergedoken waterplanten niet meer profiteren van
opwarming. Ik heb verder aangetoond dat 30% bedekking door
drijvende planten leidde tot een lichtreductie van 74% onder de
drijvende planten. In mesocosms voorzien van een OTC en een
volledige bedekking van drijvende planten was er enkel een
temperatuurtoename boven en in de drijvende plantenmat, terwijl
de temperatuur onder deze mat onveranderd bleef.
Onder een dichte mat van drijvende planten is er weinig zuurstof
waardoor onder andere de nitrificatie geremd wordt. Dit leidt tot
toename van de gereduceerd stikstof (NHx) concentratie. In een
laboratoriumexperiment heb ik de effecten van een hoge
concentratie NHx op ondergedoken waterplanten bestudeerd bij
verschillende temperaturen, zuurgraden (pH) en licht niveaus
(Hoofdstuk 3). Een hoge NHx concentratie en een hogere
temperatuur samen met een lage pH en beschaduwing leidt tot het
sterkste toxische effect op de relatieve groeisnelheid en
bladgezondheid van waterpest (Elodea canadensis). Het negatieve
effect van de lage pH lijkt contra-intuïtief, maar omdat deze
plantensoort bicarbonaat als koolstofbron kan gebruiken, zorgt een
hogere pH voor een betere beschikbaarheid van koolstof. Doordat
deze assimilatieroute geen fotorespiratie heeft, blijft bij een hogere
temperatuur het koolstofverlies beperkt. Bij een lage pH leiden
hogere temperaturen tot een toename van de fotorespiratie en
daardoor ook tot een lagere detoxificatie capaciteit. Verder kan het
proces van cyclose de detoxificatie optimaliseren bij pH 8. Dit proces
is niet of minder aanwezig bij een lagere pH omdat het proces
afhankelijk is van HCO3. In het algemeen leiden toenemende
temperatuur en toenemende concentratie van gereduceerd stikstof
tot een afname van de gezondheid van ondergedoken waterplanten.
De resultaten uit de voorgaande hoofdstukken suggereren dat
klimaatsverandering leidt tot dominantie van drijvende planten in
zoetwaterecosystemen doordat het warmer en voedselrijker wordt.
Een analyse van een bestaande database liet van de invloed van
klimaatsveranderingen op de waterplantenbedekking in Nederlandse
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sloten zien (Hoofdstuk 4). Sloten worden vaak genegeerd in
onderzoek, terwijl ondergedoken planten en drijvende planten hierin
vaak dominant aanwezig zijn. Ik heb veldgegevens, die 26 jaar lang
zijn verzameld, gerelateerd aan lokale weersvariabelen en de Noord
Atlantische Oscillatie (NAO) winter index. Milde winters (positieve
NAO winter index) zijn positief gerelateerd aan de bedekking van
drijvende planten en ondergedoken planten die in de winter groen
blijven. Koude winters (negatieve NAO winter index) zijn positief
gerelateerd aan de bedekking van ondergedoken planten die in de
winter afsterven. Het klimaatseffect lijkt dus afhankelijk te zijn van de
overwinterstrategie van de aanwezige waterplanten. Daarnaast zijn
er aanwijzingen gevonden dat bij sloten op organische bodem de
positieve relatie tussen drijvende planten en de NAO winterindex
sterker is. In deze sloten vindt er een hogere decompositie van
organisch materiaal plaats en is er meer afstroom van nutriënten van
het omliggende land, waardoor de groei van drijvende planten
toeneemt.
De voorgaande hoofdstukken hebben inzicht gegeven in de
concurrentie tussen drijvende en ondergedoken waterplanten in
ondiepe zoetwaterecosystemen en hoe het klimaat dit beïnvloedt. In
Hoofdstuk 5 heb ik een benadering voor het beheer van ecosystemen
toegepast op de sociaaleconomische en ecologische problemen die
veroorzaakt worden door drijvende planten. Toereikend
ecosysteembeheer moet gebaseerd zijn op een dynamische balans
tussen wetenschappelijke kennisontwikkeling, acceptatie door en
terugkoppeling vanuit het publiek, en de praktische toepasbaarheid.
In de synthese (Hoofdstuk 6) worden de gedane bevindingen over de
concurrentie met en zonder klimaatseffecten geïntegreerd. Daarnaast bevat de synthese een model dat de interne opwarming van de
drijvende plantenmat beschrijft. Dit alles resulteert in een inzicht in
de concurrentie tussen drijvende en ondergedoken waterplanten en
hoe moet worden omgegaan met de te verwachten problemen.
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