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General introduction

Deterioration of isoetid vegetations
Many softwater lakes can be found in boreal and temperate regions and at higher
elevations in the (sub)tropics (Gacia et al., 1994; Murphy, 2002). Softwater
lakes are mainly fed by rainwater or shallow local groundwater flows. They are
characterized by oligotrophic water with a low alkalinity and carbon availability.
Especially during sunny summer days, when the photosynthetic carbon demand
of macrophytes is high, aquatic CO2 concentrations can reach very low levels
of <10 µmol L-1 (Robe and Griffiths, 1992; Riera et al., 1999). Moreover, the
diffusion rate of CO2 in water is about 10,000 times lower compared to diffusion
in air, which greatly restricts CO2 fluxes through the relatively large boundary
layer around submerged leaves of macrophytes (Vadstrup and Madsen, 1995).
Because of the low CO2 availability and fluxes most submerged macrophytes in
softwater lakes are thought to be carbon limited (Roelofs et al., 1984; Murphy,
2002). Although some submerged macrophyte species can potentially use HCO3as a carbon source, in softwater lakes the HCO3- availability is in general too low
(<200 µmol L-1) to effectively contribute to photosynthesis (Madsen et al., 1996).
Hence, HCO3- availability in softwater lakes will not alleviate macrophytes from
their carbon limitation.
Softwater lakes provide an important habitat for specialized, slow growing,
submerged macrophytes belonging to the isoetid growth form, including species
such as Isoetës lacustris and Lobelia dortmanna.
During the past centuries a considerable decline in isoetid vegetation has been
observed (e.g. Grahn, 1977; Roelofs, 1983; Farmer and Spence, 1986; Murphy,
2002; Pedersen et al., 2006), which has commonly been linked to eutrophication,
acidification, and re-acidification after liming (Grahn, 1977; Lucassen et al., 1999;
Brouwer et al., 2002; Pedersen et al., 2006). These anthropogenic disturbances of
aquatic ecosystems resulted amongst other things in isoetids being outcompeted
by other macrophytes, such as Juncus bulbosus L. and Sphagnum L. Moreover,
the isoetids suffered from severe epiphyte coverage or phytoplankton shading as
well.
During the past decades isoetids were also threatened by the invasion
and/or massive expansion of the elodeids Myriophyllum alterniflorum D.C. and
Callitriche hamulata Kütz ex W.D.J. Koch, which were overgrowing the isoetids.
Based on the ecology of these elodeids, their invasion in softwater lakes cannot
be fully explained by eutrophication or acidification. An extensive survey on the
distribution of aquatic plants in relation to abiotic factors revealed that both
M. alterniflorum and C. hamulata prefer similar low phosphate levels in the water as
L. uniflora, while both species are able to survive in water with a low (<2 µmol L-1)
nitrogen content (de Lyon and Roelofs, 1986). Moreover both M. alterniflorum and
C. hamulata did not occur in lakes with pH below 6 or 5, respectively (de Lyon and
Roelofs, 1986).
Given the low carbon availability in softwater lakes and its potential structuring
effect on the macrophyte community, it is hypothesized that increasing carbon
(i.e. CO2) availability could underlie the observed massive expansion of elodeids,
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such as M. alterniflorum and C. hamulata in softwater lakes, ultimately leading to
the loss of isoetid vegetations. Due to the major impact of isoetids on sediment
chemistry and nutrient availability in both sediment and the overlying water (see
below), the disappearance of the isoetid vegetation may bring lake systems into an
alternative stable state. In boreal nutrient-poor systems this will likely be a state
with an elodeid dominated macrophyte community. In more nutrient‑enriched
atlantic softwater lakes, however, a temporarily elodeid dominance is excepted,
followed by a potential further (internal) eutrophication (Roelofs, 1983). This
could finally lead to turbid, algal dominated lakes and the disappearance of
submerged macrophytes

Isoetids
Isoetid species are slow-growing specialized submerged macrophytes species,
belonging to different taxonomic classes and families, but having a similar growth
form. The name ‘isoetid’ refers to the genus Isoëtes, firstly named by Linnaeus in
1751. Isoëtes is derived from the Greek ‘ἵσος ετος’ (isos etos), meaning ‘equal year’,
or staying the same throughout the year, most likely referring to the evergreen
leaves of this genus (Pfeiffer, 1922).
The isoetid growth form is characterized
by evergreen, thick, stiff leaves or
stems, placed in a basal rosette with
an extensive root system (Sculthorpe,
1967). The isoetids encompasses
species such as Isoëtes spp. L., Lobelia
dortmanna L., Littorella uniflora (L.)
Asch., and Eriocaulon aquaticum (Hill)
Druce (Fig. 1). They all possess several
adaptations to cope with very low carbon
and nutrient availability. Firstly, isoetids
have very low growth rates, resulting
in low nutrient requirements. Secondly,
isoetids are capable of taking up CO2
from the sediment pore water, where
CO2 concentrations are up to a hundred
times higher than in the water column
(Wium‑Andersen, 1971; Sand-Jensen
and Søndergaard, 1978; Richardson
et al., 1984; Roelofs et al., 1984).
Depending on CO2 concentrations in the
sediment pore water and the overlying
water, the uptake of CO2 by the roots
Fig. 1 Isoetid macrophytes A Littorella
accounts for 27 to >99% of the total uniflora, B Lobelia dortmanna, C Isoëtes
carbon intake for L. dortmanna, echinospora.
11
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L. uniflora and Isoëtes macrospora (= I. lacustris) (Sand-Jensen and Søndergaard,
1978). The high permeability along the whole length of the roots as well as the
high root biomass (root:shoot ratios of 0.5 to >1 are common) can increase CO2
uptake efficiency from the sediments (Sand-Jensen and Søndergaard, 1979;
Bagger and Madsen, 2004). The CO2 transport from the roots to the site of
carbon fixation in the leaves is mainly effectuated by diffusion through many
interconnected gas-filled lacunae in roots and leaves (Raven et al., 1988). The
total volume of the lacunal system is considerable, comprising 30% to 50% of the
total leaf volume (Robe and Griffiths, 1998; Madsen et al., 2002). The lacunae
in the leaves are also used for capturing respired CO2, from where it can be used
again for photosynthesis (Richardson et al., 1984; Raven et al., 1988). A third
important adaptation to low carbon availability is the presence of the Crassulacean
Acid Metabolism (CAM) carbon concentration system (Keeley, 1981, 1998). CAM
is present in many isoetids (not in L. dortmanna) and enables the plants to use
CO2 that was acquired during the dark period for photosynthesis in the light period
(Madsen, 1985). Fourthly, in contrast to most rooted macrophytes, isoetids have
a relatively high Radial Oxygen Loss (ROL) from their roots to the sediment.
This is caused by a high O2 permeability along the entire length of the roots
(Smits et al., 1990). Isoetids are, therefore, able of oxidizing the sediment around
their roots, often extending to the complete rhizosphere (Andersen et al., 2006).
This sediment oxidation can lead to major changes in sediment chemistry and
nutrient availability, mostly in favour of the isoetids. The phosphorus availability
is reduced when Fe(II) and Mn(IV) oxidize and co-precipitate to highly-insoluble
Fe(III)- and Mn(V)-phosphates, thus decreasing phosphorus concentrations in the
sediment pore water (Christensen and Andersen, 1996; Christensen et al., 1997).
In well‑oxidized sediments the phosphates precipitate below the rhizosphere of
isoetids, out of reach of most other macrophytes, that generally have shorter
roots. The phosphorus uptake capacity of isoetids is often enhanced by a symbiotic
relationship with Vesicular‑Arbuscular Mycorrhizea (VAM) (Wigand et al., 1998).
This symbiosis is made possible by the high ROL of isoetids, preventing anoxic
sediments in which VAM cannot survive. Additionally, oxidation of the sediment
promotes nitrification of ammonium, which leads to a nitrate-dominated nitrogen
availability (Sand-Jensen et al., 1982; Roelofs et al., 1984). Most macrophytes
however, prefer easily attainable ammonium as their nitrogen source; in fact
many macrophytes are even unable to produce enough nitrate-reductase to take
up sufficient nitrate to fulfil their nitrogen demand (Melzer, 1980; Schuurkes
et al., 1986). Isoetids, on the other hand, prefer nitrogen in the form of nitrate,
thus giving them an advantage over other macrophytes at high nitrate availability
(Schuurkes et al., 1986). Lastly, the nitrogen availability can be reduced due to
denitrification of nitrate at the interface of the oxic-anoxic sublayer in the sediment,
generating nitrogen gas, which evades the system (Risgaard-Petersen and Jensen,
1997). This effect can be amplified when the location of the oxic‑anoxic interface
is shifting due to diurnal differences in ROL, allowing a frequent coupling between
nitrification and denitrification (Olsen and Andersen, 1994; Risgaard-Petersen and
Jensen, 1997).
12
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Elodeids
The elodeid growth form is named after the genus Elodea Michx. and is
characterized by submerged, rooted plants with long, erect stems and linear leafs
ordered in whorls (den Hartog and Segal, 1964; Bloemendaal and Roelofs, 1988).
Elodeids have relatively high growth rates, and can form canopies, potentially
filling the entire water column. In softwater lakes the most important elodeid
species are Myriophyllum alterniflorum D.C. and C. hamulata Kütz. ex W.D.J. Koch
(Fig. 2), although the invasive species Elodea nuttallii (Planch.) St. John is often
co-occurring with these species. Elodeids generally prefer slightly more alkaline
surface water and a relatively higher sediment nutrient content compared to isoetid
species (Hutchinson, 1970; Roelofs et al., 1984; Kłosowski and Szańkowski, 2004;
Szańkowski and Kłosowski, 2006). A symbiotic relation between elodeids and VAM
has not been observed (Beck-Nielsen and Madsen, 2001)
Elodeids take up the carbon needed for photosynthesis from the water
column. Callitriche hamulata is only capable to utilize aquatic CO2, whereas both
M. alterniflorum and E. nuttallii can potentially also use HCO3-, providing relatively
high aquatic HCO3- concentrations (Allen and Spence, 1981; Adamec, 1997; Jones,
2005). As many aquatic plants, elodeid show a high plasticity to nutrient and
carbon availability in the water. At low nutrient and carbon levels the contact area
of the leaves with the surrounding water is increased by forming thin, elongated
leafs with a high surface:volume ratio (e.g. Gerber and Les, 1994; Maberly and

Fig. 2 Elodeid macrophytes, on the left Callitriche hamulata, on the right Myriophyllum
alterniflorum. Pictures: E.C.H.E.T. Lucassen.
13
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Madsen, 1998). Moreover, the strong dissected leaves of M. alterniflorum enables
efficient uptake of nutrients and carbon from the water column.
M. alterniflorum reproduces primarily vegetative by fragmentation and the
forming of winter buds (turions), although it is capable of sexual reproduction as
well (Wetzel, 2001; Smith et al., 2002). Callitriche hamulata, on the other hand,
primarily reproduces by forming seeds. Both pollination and the development of
seeds happen in submergence (Schotsman, 1954; Martinsson, 1991; Philbrick
and Les, 2000).

Increasing CO2 availability
It is hypothesized that in softwater lakes increasing CO2 availability to submerged
macrophytes enables the massive invasion and/or expansion of elodeids, eventually
leading to the disappearance of isoetids. Aquatic CO2 availability can increase due
to several processes (Fig. 3). The main source for rising CO2 levels is the increased
input of terrestrial derived Dissolved Organic Carbon (DOC) into lakes. DOC can
enter the lake by run-off or leaching water from the drainage area. DOC in lakes
can be broken down by photo-oxidation resulting from UV-B radiation in sunlight
(Graneli et al., 1996) or by microbial respiration in the water or sediments of lakes
(Tranvik, 1988; Kortelainen et al., 2006). When DOC is degraded, CO2 is produced
resulting in a strong correlation between DOC and CO2 concentrations in lake
water (Hope et al., 1996; Jonsson et al., 2003; Sobek et al., 2005).
In North America and northwestern Europe a substantial rise in surface water
DOC has been recorded during the past decades (Evans et al., 2005; Skjelkvåle
et al., 2005; Eimers et al., 2008). For instance, in the UK, DOC concentrations in
softwater lakes and streams increased on average by 91% in 2003, in comparison
to the period of 1988-1993 (Evans et al., 2005). Enhanced export, especially from
peats and forest soils, may have contributed substantially to this DOC increase
(e.g. Freeman et al., 2001; Hudson et al., 2003; Hyvönen et al., 2007).
Several mechanisms, mostly related to global change, are proposed for the
observed rise in DOC input into lakes. Firstly, rising temperatures and atmospheric
CO2 levels synergistically increase terrestrial DOC production and export from
(peat) soils (Freeman et al., 2001, 2004; Fenner et al., 2007a, 2007b). Secondly,
hydrological changes such as reduced winter precipitation or a fluctuating water
table can cause increased soil DOC production (Hudson et al., 2003; Clark et al.,
2009). Thirdly, the reduction of atmospheric sulphuric acid deposition caused soil
pH to increase, which can stimulate soil DOC production (Evans et al., 2006), but
see also (Tranvik and Jansson, 2002). Lastly, the ongoing deposition of airborne
nitrate can increase DOC export from forested catchments (Pregitzer et al., 2004).
Due to the close relationship between DOC and CO2 concentrations in water, rising
DOC input often resulted in increasing CO2 levels (e.g. Kling et al., 1991; Cole
et al., 1994; Hope et al., 1996).
Although most lakes are supersaturated with CO2 (Cole et al., 1994; Sobek
et al., 2005), the CO2 levels in some softwater lakes are either in equilibrium with
the atmosphere or just slightly oversaturated (Dillon and Molot, 1997; Riera et al.,
14
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1999). For these lakes, rising atmospheric CO2 levels will increase the within lake
CO2 availability. During the past centuries atmospheric CO2 levels rose by 37%
from pre-industrial levels of 280 ppm to 385 ppm in 2008 (IPCC, 2007; Tans,
2009). Model predictions state an additional increase to levels of between 730 and
1020 ppm by the year 2100, which will be an increase of 90-165% compared to the
current CO2 levels (Meehl et al., 2007). At present, lake water CO2 concentrations
that are in equilibrium with the atmosphere are around 20 µmol L-1. Using Henry’s
law with a temperature correction (KHΘ =0.034 M atm‑1,KH =0.041 M atm-1, Sander,
1999), atmospheric CO2 concentrations of 1020 ppm at temperatures of 10-20 °C
would result in aquatic CO2 concentrations of about 40-50 µmol L-1.

Fig. 3 Processes, which may lead to increased CO2 availability in softwater lakes, including
increasing DOC inputs from the drainage area by changes in SO2 and NOx deposition, rising
temperatures, decreasing precipitation, and increasing atmospheric CO2 levels. The imported
DOC can be broken down to CO2 by photo‑oxidation and microbial decomposition. For details:
see text.
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Aim and outline of the thesis
The main goal of the presented work in this thesis was to study the potential
effects of changes in CO2 availability on macrophyte composition in softwater
lakes. Major questions were, whether a rise in CO2 levels indeed can threaten
isoetids; what are the important mechanisms; and at which CO2 levels detrimental
effects on isoetid communities can be expected.
Chapter 1 discusses the causes for the historical invasion of fast-growing
elodeid species in softwater lakes as exemplified by a palaeolimnological study. By
analyzing macro- and microremains of macrophytes, and diatoms in sediments from
a southwest Norwegian softwater lake, the long-term (200 years) development
of the macrophyte community was investigated. The study showed that the lake
has been dominated by Isoëtes lacustris and Isoëtes echinospora during the past
200 years. However, the elodeid Callitriche hamulata first appeared in the lake
around the 1970s and showed a massive expansion after the 1990s. This resulted
in local decreases in Isoëtes cover. Diatom-inferred Total Phosphorus (TP) and
pH showed no change during the investigated period, thus ruling out phosphorus
eutrophication and acidification as drivers for the invasion and expansion of
C. hamulata. Alternatively, carbon or nitrogen enrichment may have caused the
observed change in macrophyte composition. The potential role of aquatic CO2
enrichment in elodeid invasion and/or expansion in softwater lakes was further
explored with growth experiments.
In chapter 2 the response with regard to CO2 availability of two elodeid species,
Myriophyllum alterniflorum and C. hamulata, is described. The two species were
grown at four different CO2 levels and two sediment types, differing in nutrient
content. At ambient CO2 levels (20 µmol L-1) both species could not sustain
themselves, whereas they showed net growth at CO2 levels of 40-50 µmol L-1.
Substantial growth was only obtained when the macrophytes were grown on
mesotrophic sediments, and close to maximal growth was reached at CO2 levels
around 100 µmol L-1. This indicates that both M. alterniflorum and C. hamulata will
not be able to thrive in most softwater lakes with low aquatic CO2 levels. However,
already a relatively small increase in CO2 concentrations might be sufficient for
elodeids to invade these systems. If mesotrophic sediments are present the plants
will be able to have a high productivity.
By oxidizing the sediments, isoetids often reduce the availability of sediment
N and P. As a consequence, this might impede elodeids to grow, even at relatively
high CO2 levels. This effect is investigated in chapter 3. Experiments in which
M. alterniflorum grew together with the isoetid Littorella uniflora showed that the
presence of L. uniflora reduced the growth of M. alterniflorum by approximately
50%, irrespective of the L. uniflora density. Still, M. alterniflorum showed positive
growth at CO2 levels ≥90 µmol L-1. Close to maximal growth was obtained at
200 µmol L-1 CO2. Since growth of elodeids is reduced in the presence of L. uniflora,
the disappearance of isoetids can promote invasion and/or expansion of elodeid
macrophytes.
16
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In chapter 4 the sudden appearance of Sparganium angustifolium in softwater
lakes is investigated. This species appeared after liming of southwest Norwegian
softwater lakes and was correlated to relatively high CO2 (and HCO3-) and nutrient
(NH4+ and PO43-) levels in the sediment pore water. Ecophysiological experiments
showed that S. angustifolium increased the shoot biomass, at relatively high CO2
concentrations around the roots. Once the leaves reach the water surface also
atmospheric CO2 is available for the plant. It appeared that S. angustifolium is
able to take up CO2 by its roots, which enabled the formation of floating leafs, a
phenomenon not described before.
Due to the extensive air-filled lacunae, isoetids obtain high buoyancy and can
be threatened by uprooting as is described in chapter 5, in which a massive
uprooting event during spring storms is studied. The results revealed that relatively
high sediment organic matter content, coinciding with high sediment pore water
CO2 concentrations, and nutrient levels were responsible for the observed
uprooting. With increasing sediment organic matter content and pore water CO2,
the root:shoot ratio (R:S) of L. uniflora declined, mainly due to increased leaf
biomass. At R:S of about 0.3 the substantial buoyancy of L. uniflora appeared
no longer to be sufficiently counterbalanced by the anchorage of the roots in the
sediment. In contrast, still rooted L. uniflora had R:S of ≥0.5. The disappearance
of isoetids such as L. uniflora by uprooting can have major consequences for
sediment nutrient availability and can potentially induce an alternative stable
state in softwater lakes.

Synopsis
In addition to the effects of eutrophication and acidification, the softwater
macrophyte community may strongly react to changes in CO2 availability.
Increasing aquatic CO2 levels can threaten the slow-growing specialized isoetids
by creating a suitable environment for faster-growing elodeid species, such as
Myriophyllum alterniflorum and Callitriche hamulata. The growth-experiments
showed that at CO2 levels of about 100-200 µmol L-1 both species reached close
to maximal growth rates on mesotrophic sediments. Pristine softwater lakes with
very low DOC input (mainly in the boreal region) are often in equilibrium with
atmospheric CO2, resulting in aquatic CO2 levels of about 20 µmol L-1. Carbon
dioxide levels in softwater lakes in the atlantic region or with a relative high
DOC input often have aquatic CO2 levels around 50 µmol L-1. These lakes are
thought to be relatively close to a CO2 threshold that facilitates a switch from
isoetid- to elodeid-dominated macrophyte communities, as was already observed
in several softwater lakes. Due to global change, such as increasing temperature,
increasing atmospheric CO2 concentrations, and changes in the hydrological cycle
an increase in terrestrial derived DOC (and CO2) into lakes is expected. If this leads
to increasing aquatic CO2 levels as well, the fragile aquatic softwater ecosystem
may be seriously threatened.
Not only the CO2 levels in the water column are of importance, but increasing
carbon levels in the sediment pore water in combination with increasing sediment
17
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nutrient availability can also be crucial factors that may trigger changes in the
macrophyte community. Firstly, Sparganium angustifolium appeared to be able
to take advantage of the increased sediment nutrient and CO2 levels after liming
of lakes. Sparganium angustifolium is able to utilize the CO2 in the sediment pore
water to produce floating leaves. Secondly, increasing organic matter, CO2, and
nutrients in the sediment can directly threaten isoetids by inducing low root:shoot
ratios and subsequent uprooting of isoetids.
The disappearance of isoetids due to competition or uprooting will lead to
elevated nutrient availability in both the sediments and the overlying water. This
entails a risk of entering an alternative stable state characterized by a higher trophic
state and an accompanying elodeid or phytoplankton dominated ecosystem.
Re-colonization of the lake by isoetids will be minimal, due to their low
competitive power at relatively high nutrient supply, as well as their low
reproductive success on anoxic sediments. It is therefore of paramount importance
to protect the still existing fragile isoetid communities. To protect these systems
conservation strategies need to incorporate measurements against high aquatic
CO2 concentrations, with a main focus on the reduction of DOC (and CO2) input into
the lakes. Moreover, build up of sediment organic matter content and increasing
sediment decomposition rates, resulting in high sediment nutrient and CO2 levels
should be prevented.

18
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Chapter 1
Historical changes in macrophyte communities in a
Norwegian softwater lake

Abstract
Changes in macrophyte communities have occurred over the past decades in
many oligotrophic softwater lakes with low carbon availability: slow-growing
isoetid species have been replaced by fast-growing elodeid species. Commonly,
these changes are explained by anthropogenic eutrophication or acidification of
the lake water. Here, we present a multi-proxy study in which we analysed plant
macrofossils, pollen, and spores as well as sedimentological data from several
cores taken from a southwest Norwegian softwater lake. The results show several
fluctuations in lake level and indicate that the elodeid macrophyte Callitriche
hamulata first appeared in the 1970s. Locally, massive expansion of C. hamulata
occurred in the 1990s, replacing the hitherto dominant submerged Isoëtes
macrophyte vegetation. Based on different independent lines of evidence, such as
diatom-inferred TP and pH reconstructions that showed no change during the past
200 years, we can rule out both acidification and phosphorus enrichment of the
lake as a possible cause for the observed change in the macrophyte community.
Alternatively, the expansion of the elodeid Callitriche at the expense of Isoetës is
expected to be related to increased aquatic carbon availability, although nitrogen
enrichment could also have been of importance.

P. Spierenburg, J.G.M. Roelofs, T.J. Andersen, A.F. Lotter
Submitted to Journal of Paleolimnology
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Introduction
Macrophyte communities are crucial for the structure and functioning of lakes
(e.g. Carpenter, 1986; Jeppesen et al., 1998) as they are an important factor
in stabilizing the often fragile equilibrium in lake ecosystems (e.g. Scheffer,
2004). During the past century changes in macrophyte communities have been
observed in many lakes and have been attributed to different anthropogenic
stressors. Such changes in macrophyte community structures have been studied
intensively, mostly with a focus on eutrophication (e.g. Sayer et al., 1999;
Bennion et al., 2000; Bradshaw et al., 2005; Rasmussen and Anderson, 2005)
or acidification (Grahn, 1977; Roelofs, 1983; Guhrén et al., 2007). Although both
mechanisms have proven to be of great importance, other factors may also be
responsible for the observed shifts in the composition of softwater macrophyte
communities. Softwater lakes are characterized by nutrient-poor water with a low
alkalinity and carbon content with the effect that macrophyte production in these
aquatic ecosystems is often carbon limited (e.g. Roelofs et al., 1984; Madsen
and Maberly, 1991; Murphy, 2002). More specifically, most macrophytes are
likely limited by CO2 since HCO3- concentrations in softwater lakes are in general
below 200 µmol L-1, which is insufficient to contribute significantly to the carbon
requirements for photosynthesis of potential HCO3--using macrophytes (Madsen
and Sand-Jensen, 1994; Madsen et al., 1996). The macrophyte communities
in pristine softwater lakes with low CO2 concentrations are dominated by
specialized species with an isoetid growing form, such as Isoëtes spp., Lobelia
dortmanna, and Littorella uniflora. These slow‑growing macrophytes possess
several adaptations to overcome carbon stress, including the ability to utilize pore
water CO2 and a Crassulacean Acid Metabolism (CAM), as observed for several
Isoëtes species and L. uniflora (e.g. Keeley, 1998; Madsen et al., 2002). During
the past decades, fast-growing elodeid species, such as Callitriche hamulata and
Myriophyllum alterniflorum have appeared massively in some softwater lakes,
regularly outcompeting the slower‑growing isoetid species (e.g. Roelofs, 1983). It
is, however, unclear which factors were responsible for this massive appearance
of C. hamulata and M. alterniflorum.
Carbon enrichment, however, can trigger massive expansions of carbon-limited
macrophytes as was shown for Juncus bulbosus that appeared massively in limed
lakes, when CO2 and NH4+ concentrations increased strongly after re-acidification
of the water column (Lucassen et al., 1999). Brandrud (2002) observed massive
expansions of M. alterniflorum in Swedish lakes after liming, indicating that
CO2‑enrichment may also be of importance for the growth of this species. Carbon
enrichment is strongly related to enhanced input of Dissolved Organic Carbon
(DOC) from terrestrial sources such as wetlands and forest soils. Dissolved
organic carbon in the water column of lakes is, at least partially, degraded to CO2
by microbial activity or photo-oxidation (e.g. Tranvik, 1988; Graneli et al., 1996;
Cole et al., 2002) that results in a high correlation between measured DOC and
CO2 concentrations in many lakes (Hope et al., 1996; Skjelkvåle et al., 2005).
During the past 15 years, DOC concentrations have risen noticeably in many lakes
22
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and streams of north-western Europe and North America (e.g. Evans et al., 2005;
Skjelkvåle et al., 2005; Eimers et al., 2008). Several factors, such as increased
temperature, rising atmospheric CO2 concentrations, liming in the catchment area,
decreasing soil-water pH, and changes in hydrology (e.g. Andersson et al., 2000;
Freeman et al., 2001; Hudson et al., 2003; Evans et al., 2006; Fenner et al.,
2007a, 2007b), can increase the DOC production or accumulation in terrestrial
soils, leading to higher DOC fluxes into lakes.
To assess the relevance of carbon dioxide, phosphorus, or nitrogen enrichment
on the observed massive appearance of C. hamulata and M. alterniflorum
in softwater lakes, insight into the long-term development of macrophyte
communities is needed. Historical data on the macrophyte composition of lakes is,
however, very scarce or in most cases absent. In such cases palaeolimnological
techniques can often help bridging this gap and supplement substantial parts of
the missing information (Smol, 2008).
In the absence of ecological long-term field studies we investigated several
sediment cores from an oligotrophic softwater lake that is at present characterized
by dense patches of C. hamulata and has had extensive isoetid communities in
the past. The use of several, independent proxies provides different independent
lines of evidence (Birks and Birks, 2000, 2006; Lotter, 2003) and allows discussing
alternative hypotheses that may explain the often observed phenomenon of
apparent changes in the macrophyte community in softwater lakes.

Study site
Lake Steigatjørna is a small, oligotrophic softwater lake situated in south-western
Norway (Rogaland County, 58°25’31” N 6°16’39” E, 137 m a.s.l., see Table 1, Fig.1).
The regional climate is characterized by mean July and January temperatures of
15 and 3° C, respectively, and a mean annual precipitation of 1650 mm, with most
of the precipitation falling during summer (MET, 2009).
The bedrock of the lake basin and the western catchment mainly consist of
anorthosite. East of the lake a mix of mangerite, gabbro, gneiss, and amphibolite

Table 1 Lake characterisics and climatic data
Surface area

40.910 m2

Altitude

137 m a.s.l.

Longitude

58°25’31” N

Latitude

6°16’39” E

Maximum depth

18.5 m

January temperature

3.2 °C

July temperature

15.0 °C

Mean annual temperature

8.6 °C

Mean annual precipitation

1599 mm
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Fig. 1 Location of Lake Steigatjørna, topographic map with bathymetric map of the lake basin and
the locations of the sediment cores (stars).
Table 2 Chemical properties of the surface
water of Lake Steigatjørna, measured during
midday on October 2006 and May 2007

Alkalinity (meq L-1)
pH
CO2 (µg L-1)
HCO3- (µg L-1)
TP (µg P L-1)
PO42- (µg P L-1)
TN (µg N L-1)
NO3- (µg N L-1)
NH4+(µg N L-1)
K (µg L-1)
Ca (µg L-1)
S (µg L-1)
Si (µg L-1)
Al (µg L-1)
Fe (µg L-1)
Mg (µg L-1)
Mn (µg L-1)
Zn (µg L-1)
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Oct 2006 May 2007
0.047 na
5.1
5.5
2700
1400
200
300
na
6
na
3
na
392
na
336
na
56
442
477
982
1592
755
1362
282
766
112
146
202
175
499
1039
3
17
3
10

is found. More to the east and in the
northern catchment area the bedrock
is dominated by monzonite. These
rocks are either directly exposed, or are
covered by a relatively thin litter layer.
Steigatjørna is mainly fed by rainwater
and by streams from several other lakes
to the north and connected to other
lakes downstream to the south. In the
catchment of Steigatjørna several small
meadows used for extensive sheep
grazing are present, whereas a road
(Rv 501) runs along the eastern shore.
The chemical properties of the lake
water are given in Table 2.
To counteract the effects of the acid
deposition, large-scale liming activities,
including direct liming of lakes, were
executed in Norway and Sweden during
the past 30 years, but Steigatjørna and
the connected lakes upstream were not
part of this liming program (Ministry of

Historical changes in softwater vegetation

Table 3 Most important macrophyte species present in Steigatjørna in 2006-2007.
Habitat
Water

Species
Isoëtes echinospora
Isoëtes lacustris
Callitriche hamulata
Nymphaea candida/lutea
Equisetum fluviatile
Hippuris vulgaris
Juncus bulbosus
Lobelia dortmanna
Myriophyllum alterniflorum
Sparganium angustifolium

Abundance
++++
++++
+++
+++
++
++
+
+
+
+

Shore

Menyanthes trifoliata
Potentilla palustris
Glyceria fluitans
Eriophorum angustifolium
Calla palustris
Caltha palustris
Carex rostrata
Juncus effusus

++++
++++
+++
++
+
+
+
+

Abundance: + = present; ++ = locally abundant; +++ = locally dominant; ++++ = dominant
Environment). Some small-scale liming of the land by local farmers may, however,
have occurred.
The macrophyte community in the littoral of Steigatjørna is characterised by
widespread patches of the elodeid Callitriche hamulata. Furthermore, the isoetids
Isoëtes echinospora, I. lacustris, and Lobelia dortmanna are present. An overview
of the present-day macrophyte flora is given in Table 3.

Methods
In May 2007, three sediment cores from Steigatjørna were taken: one profundal
core (STE01) and two littoral cores (STE02, STE03) (see Fig. 1). The profundal
core was taken at 18.2 m water depth in the deepest part of the lake with an
UWITEC gravity corer (Ø 6 cm) and had a length of 45 cm. The littoral cores
were taken at 1 m water depth, using a Kajak corer (Ø 8 cm, Renberg and
Hansson, 2008) and were 40 cm (STE02) and 30 cm (STE03) long. The cores were
extruded in the field in 1 cm increments and stored cold and dark before further
analyses. For all the cores, water content and loss on ignition at 550˚C (LOI550)
were determined following Heiri et al. (2001). Carbon and nitrogen content of
freeze-dried sediment of all cores was determined on an elemental analyzer
(EA 1110, Carlo Erba; Thermo Fisher Scientific, Waltham, U.S.A.). For the Si, Al,
25

Chapter 1

Fe, Mg, and Ca content freeze-dried sediment was ground and moulded to beads
at 1200°C (Herzog fusion machine HAG-S, Osnabrück, Germany). After cooling,
the elemental composition of the beads was measured using an ARL 9200 X-ray
fluorescence spectrometer (Thermo Scientific, Waltham, U.S.A).
For the dating of core STE01, the activity of 210Pb, 226Ra, and 137Cs was measured
by gamma spectrometry on freeze-dried sediment on a Canberra low-background
Germanium well-detector. 210Pb was measured via its gamma-peak at 46.5 keV,
226
Ra via the granddaughter 214Pb (peaks at 295 and 352 keV), and 137Cs via its
peak at 661 keV. Constant rate of supply (CRS)-modelling (Appleby, 2001) has
been applied on the profile using a modified method where the activity at the
bottom of the core was calculated on the basis of a regression of unsupported 210Pb
versus mass depth. This procedure gives a more robust chronology, especially at
the bottom of the core, compared to a conventional CRS-modelling. The bomb
test maximum in AD 1963 was used for a minor correction of the 210Pb-based
chronology following the procedure described by Appleby (2001). The chronology
is shown in Fig. 2. Extrapolation of the dating model shows a maximal age of ca.
200 years (AD 1800) for the bottom of core STE01. Cores STE02 and STE03 were
correlated with STE01 based on their organic, carbon, and nitrogen content using
ANALYSERIES (Version 2.0.4, Paillard et al., 1996).
Both littoral cores (STE02, STE03) were analyzed for plant macrofossils.
For this purpose, 40 cm3 fresh sediment was taken from each 1 cm increment
and sieved through a 125 µm mesh following Birks (2001) and Davidson et al.
(2005). Macrofossils were picked, identified, and counted under a Leica MZ12.5
stereomicroscope at 25‑100x magnification. Generative and vegetative parts of
macrophytes were identified using Martin and Barkley (1961), Berggren (1969,
1981), Beijerinck (1976) and Cappers et al. (2006), whereas the identification of
Isoëtes megaspores to species level followed Berthet and Lecocq (1977) and for
Callitriche seeds Schotsman (1954). In addition, the modern macrofossil reference
collection of the Laboratory of Palaeobotany and Palynology was used.
From the profundal core (STE01) 1 cm3 fresh sediment samples, spiked with

Fig. 2 (a) 210Pb and 137Cs activities in core STE01 (b) Depth age model for core STE01
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Table 4 Input data and performance of diatom-based weighted averaging partial least squares
(WA-PLS) pH and total phosphorus (TP) inference models. Modern diatom training sets originate
from the European Diatom Database (EDDI, 2009).

Input data
Parameter

dataset

samples

taxa

range

96
96
164
10

277
277
491
85

4.3 – 8.3
3 – 42 µg P L-1
5 – 646 µg P L-1

Fossil data

Norwegian
Norwegian
NW Europe
Steigatjørna

Model performance
WA-PLS
pH
TP

WAPLS components R2bootstrap
2
0.93
2
0.89

RMSEP
0.34 pH unit
0.23 log TP

max. biasbootstrap
0.39
0.71

pH
TP

Lycopodium spores, were used for quantitative pollen analysis. The pollen samples
were prepared following the acetolysis method (Bennett and Willis, 2001). Pollen
and spores were identified and counted under a Leica DMLS microscope at 400x
magnification. Identification followed Faegri and Iversen (1989), Moore et al.
(1991), and Beug (2004), and was where necessary supplemented by consulting
the modern reference pollen and spore collection of the Laboratory of Palaeobotany
and Palynology.
Diatom slides were prepared using the sedimentation tray method (Battarbee,
1973) with Naphrax® as a mounting medium. A minimum of 300 valves was
counted on each slide under a light microscope at 1000x magnification using
differential interference contrast optics. Taxonomy follows Krammer and
Lange‑Bertalot (1999a, 1999b, 2000, 2004). For quantitative reconstructions the
diatom percentages were square-root transformed. Total phosphorus (TP) was
reconstructed using a modern diatom training set with log-transformed TP from
the NW European dataset combined with the Norwegian dataset that is available
from the European Diatom Database (EDDI, 2009). For the diatom-inferred pH
reconstruction we used the Norwegian modern training set. Both TP and pH
reconstructions were modelled using Weighted Averaging Partial Least Square
(WA-PLS) regression and calibration procedures (ter Braak and Juggins, 1993)
that were cross-validated using 100 bootstrap cycles in the program C2 (version
1.5, Juggins, 2007). A summary of the models and their performances is given in
Table 4.

Results and discussion
Chronology
The surface sediments of the core showed high contents of unsupported

Pb

210
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(approx. 900 Bq kg-1) with activities decreasing exponentially with depth (Fig.
2). The calculated flux of unsupported 210Pb is 307 Bq m-2 y-1, which is at least
three times higher than the estimated local atmospheric supply (based on data
shown by Appleby, 2001), indicating that the site is subject to sediment focusing.
Significant activities of 137Cs were found down to a depth of ca. 30 cm and a
distinct peak was found at 8.5 cm (AD 1986, Chernobyl accident) and a broader
activity peak at around 15 cm sediment depth (AD 1963, peak in atmospheric
bomb testing). Based on both 137Cs and 210Pb dating a depth-age model (Fig. 2b)
was established showing that the gravity core STE01 includes the time since the
onset of the 19th century.
Macrophyte community changes
Detailed analyses of macro- and micro-remains in the cores showed that the
submerged macrophyte community in Lake Steigatjørna has been dominated by
Isoëtes echinospora and I. lacustris for most of the past 200 years (Figs. 3, 4,
and 5). In the profundal core STE01 relative stable accumulation rates of Isoëtes
microspores were found with two minima at ca. AD 1850 and at ca. AD 1980,
and a maximum between ca. AD 1950 and 1955. In the 1970s (see Figs. 4 and
5), seeds of the elodeid Callitriche hamulata appeared for the first time in the
record and since the 1990s its accumulation rates increased steadily. Especially
in STE02 the numbers of Isoëtes remains decreased strongly (Fig. 4), suggesting
that C. hamulata locally replaced Isoëtes since the mid‑1990s.
The pollen grains of C. hamulata have a very thin exine and preservation of
the pollen is often minimal (Schotsman, 1954), which may be the reason for the
absence of C. hamulata pollen in the profundal core. Therefore, it is not possible to
make any statements about the presence of C. hamulata before AD 1950, i.e. for
the time not covered by the littoral cores. Still, the question arises what triggered
the recent local and massive expansion of C. hamulata. Potential drivers for this
change in macrophyte composition are eutrophication, acidification, changes in
water level, and carbon enrichment. Based on a palaeolimnological multi-proxy
approach we shall discuss in the following paragraphs different factors that may
explain the apparent changes in macrophyte communities often encountered in
softwater lakes.
Nutrient enrichment
Based on total phosphorus (TP, 6 µg P L-1) and total nitrogen (TN, 392 µg N L-1)
measurements in the water column (see Table 2), Steigatjørna can be classified as
an oligotrophic lake (Wetzel, 2001). The present and past diatom and macrophyte
assemblages are, indeed, typical for oligotrophic lakes. Throughout core STE01
the well-preserved diatom assemblages consisted of about 100 species and were
dominated by Tabellaria flocculosa and Eunotia incisa (Fig. 6). The latter is an
acidophilous species with oligotrophic affinities (van Dam et al., 1994; Chen and
Coughenour, 1996), whereas Tabellaria flocculosa seems to have a much wider
TP tolerance, ranging from eutrophic-mesotrophic to oligotrophic waters (Lowe,
28

Fig. 3 Accumulation rates and presence (p) of plant micro-remains in core STE01 (black lines: 5x exaggeration).
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Fig. 4 Accumulation rates and presence (p) of plant macro-remains in core STE02 together with the percentage of organic matter and the C:N
ratio.
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Fig. 5 Accumulation rates and presence (p) of plant macro-remains in core STE03, together with the percentage of organic matter and the C:N
ratio.
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Fig. 6 Diatom percentages plotted against age for core STE01. Total diatom accumulation rate (TDA) is calculated based on the sum of all
counted diatoms.
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1974; Bennion, 1994; Dixit et al., 1999; Chen et al., 2008). The macrophyte
community of the lake is characterized by Isoëtes lacustris, I. echinospora, and
Lobelia dortmanna, which are often found in oligotrophic clear-water lakes with
low alkalinity (Murphy, 2002; Smolders et al., 2002). Besides Isoëtes microand megaspores many Nymphaeaceae trichosclereids were recovered in both
the profundal and the littoral cores (Figs. 3 and 4). From the 1900s onwards
the accumulation rates of these trichosclereids are increasing. Nymphaeaceae
abundance is often related to mesotrophic waters, but many Norwegian
oligotrophic waters also contain these floating-leaved plants. This is likely
reflecting the presence of organic-rich, mesotrophic sediments from which these
plants can acquire nutrients through their extensive root system (Ellenberg et al.,
1991). Field observations of Menyanthes trifoliata, Potentilla palustris, Equisetum
fluviatile, and Hottonia palustris also point to organic-rich telmatic and littoral
deposits (Ellenberg et al., 1991). Hottonia palustris and M. trifoliata pollen were
also present in the profundal core STE01 (Fig. 3) indicating that these species were
also abundant in the past. The Potentilla pollen and Equisetum spores are most
likely originating from the still abundantly present P. palustris and E. fluviatile.
The diatom-inferred TP values (Fig. 7) show stable conditions at a low level of
approximately 10 µg P L-1 during the past 200 years. The TP model we used shows
a high R2, and a low RMSEP (Table 4). Besides the good model performance there
is a close agreement between the diatom-inferred TP of the top sample (Fig. 7)
and the measured TP in the lake (Table 2). The low and stable TP concentrations

Fig. 7 Sediment geochemistry and diatom inferred total phosphorus (TP) and pH for core STE01.
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in this rainwater-fed lake are likely the result of the high amount of precipitation
in this region (Fig. 8), resulting in a low water residence time. Moreover, the
lake’s catchment is only very extensively used for pasturing so that the external
phosphorus loading is expected to be low.
Although the measured nitrogen content of Steigatjørna was low (392 µg N L-1,
mainly as NO3, see Table 2), it is higher than in other softwater lakes in the
region, which have TN concentrations of about 150 µg N L-1 (Roelofs et al.,
1994; Lucassen et al., 2009). Potentially, nitrogen levels in Steigatjørna could
have become relative high due to increased nitrogen inputs originating from
increased fertilization of the extensively used pastures in the catchment area, or
the ongoing airborne nitrogen deposition in combination with rising temperatures
and increased decomposition rates in the catchment (Lydersen, 1995; Wright,
1998). As no inference model is available for reconstructing past nitrogen levels,

Fig. 8 (a) Annual mean air temperature measured at weather stations Obrestad-Fyr (49 km from
Steigatjørna, 1 km from the coast line of Norway) and Skudenes (99 km, 0.5km), (b) 11-year
running means of mean annual (left x-axis) and summer precipitation (right x-axis) measured at
the weather station Egersund (16 km, 5 km) (MET, 2009).
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it is unclear how the nitrogen content of the lake developed over time. In the
diatom assemblages, however, such potential nitrogen enrichment is not apparent
and indicators for nitrogen enrichment such as Asterionella formosa, Fragilaria
crotonesis, Navicula cryptocephala, N. pupula, or Stephanodiscus hantzschii
(e.g. Christie and Smol, 1993; Wolfe et al., 2001; Ruhland and Smol, 2002) are
absent in the core. The very low TP concentrations, however, may result in a
strong phosphorus limitation, which could inhibit effects of nitrogen enrichment
on diatom assemblages.
Acidification
Since the onset of the industrial revolution in the 19th century deposition of
acidifying chemicals such as H2SO4 and HNO3 increased, especially in north‑western
and eastern Europe (e.g. Smol, 2008). During the 1970s and 1980s maximal
deposition rates where measured, after which the deposition of mainly sulphuric
acid was reduced to much lower levels. In the region of Rogaland, where our study
site is situated, the amount of past acid deposition often exceeded the buffering
capacity of the region, resulting in soil and surface water acidification. Today some
recovery is observed, although nitrogen deposition is still relatively high in relation
to the buffering capacity of the soils (Larssen and Høgåsen, 2003).
The diatom assemblages of Steigatjørna (Fig. 6) are representative for slightly
acidic, nutrient-poor surface waters. The diatom-inferred pH of Steigatjørna lies
slightly below pH 6 and is, within the model-inherent error margins, rather stable
throughout the past 200 years (Fig. 7). The diagnostics of the pH-inference model
indicate a good performance (Table 4) and the measured pH of the lake (5.5, see
Table 2) corresponds well with the diatom-inferred pH for the surface sediment
sample (5.7, see Fig. 7).
The dominance of T. flocculosa is less pronounced in the lowermost samples
of core STE01 (ca. AD 1800-1870, see Fig. 6), while diatoms such as Brachysira
vitrea, Gomphonema parvulum, Fragilaria capucina, and Cyclotella krammeri
gradually decline towards the core top. These diatom assemblages are typical
for Scandinavian lakes that are not anthropogenically acidified or limed, as has
been shown for Swedish lakes (e.g. Renberg et al., 1993). At the onset of the
20th century the diatom-inferred pH suggests slightly more acidic conditions
for a short period (Fig. 7) as denoted by the increase in E. incisa, Tabellaria
quadriseptata, T. flocculosa, and Frustulia rhomboides. The simultaneous
disappearance of C. krammeri, B. vitrea, G. parvulum (Fig. 6) may also be related
to this slight drop in diatom-inferred pH to 5.5 (Round, 1990; Renberg et al.,
1993; Cameron, 1995). The inferred pH decrease in this period is, however, still
within the error range of the inference model and may be within the natural
variability of the system. After this slight temporary drop, the lake reverted to
earlier pH levels and stayed more or less stable around inferred values of 5.8.
From the late 1940s onwards the accumulation rates of Achnanthes s.l. including
A. minutissima, increased. Achnanthes minutissima has been linked to direct
liming of acidified lakes (e.g. Renberg and Hultberg, 1992; Renberg et al., 1993).
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However, in Steigatjørna the appearance of A. minutissima is probably unlikely to
be related to liming since other liming indicators such as Cymbella microcephala
or Fragilaria ulna are absent in the fossil diatom assemblages. In addition, as an
effect of liming, increased concentrations of Ca and Mg in the sediment would
be expected but have not been observed in the cores (Fig. 7). Alternatively, the
increase in the abundance of different Achnanthes s.l. species together with
for instance Pinnularia subcapitata and Aulacoseira spp. can most probably be
related to increased macrophyte coverage, providing epiphytic diatoms with a
larger area of suitable habitats. An expansion of relative macrophyte coverage
can also be inferred from the increased accumulation rates of macrophyte remains
observed in this period. Moreover, the gradually but steadily declining sediment
C:N ratios from 17 to 13.5 since AD 1905 in STE01 (27 cm, see Fig. 7) indicate a
higher relative contribution of organic matter originating from aquatic vegetation
(e.g. Prahl et al., 1980; Meyers, 1994).
In contrast to many Scandinavian and north-western European lakes both the
diatom assemblages of Steigatjørna and its stable inferred pH values over the
past two centuries give no evidence for any major acidification (or subsequent
liming) since the onset of the industrial revolution, despite the deposition of
acidifying substances in the region. Local presence of Ca-rich anorthosite bedrock
in the catchment area may be responsible for buffering part of the acid deposition,
protecting the lake from acidification, without having a major alkalinization effect
on the lake water. In the same way also liming of the pastures to improve soil
conditions in the watershed could have provided extra buffering capacity.
Water level changes
Most macrophytes are related to a specific range of water depths in which they
can occur. Water level changes are therefore an important factor in explaining
changes in the distribution of macrophytes within a lake basin. Consequently, a
rise or fall of the lake level will influence the potential location where a species
can occur (e.g. Hannon and Gaillard, 1997; Wetzel, 2001). Depending on the
bathymetry of a basin, a rising or lowering of the lake level will also increase or
decrease the area of suitable colonisable habitats for certain species, giving them
an advantage or disadvantage over other species.
Based on the subfossil macrophyte assemblages recovered in the three cores,
the lake level of Steigatjørna has likely experienced some fluctuations over the
past 200 years. The first indication for a water level change can be seen in core
STE01 around AD 1900 (29 cm, see Fig. 3) when accumulation rates of Menyanthes
trifoliata pollen decrease and Potentilla pollen accumulation rates increased.
Although both taxa are capable of growing on water-logged or inundated soils,
P. palustris generally prefers slightly drier soils, whereas M. trifoliata grows best
in very wet, partly submerged conditions (e.g. Sculthorpe, 1967; Han and Kim,
2006; Benoy et al., 2007; Macek and Lepš, 2008). A shift from M. trifoliata towards
P. palustris can therefore reflect dryer soil conditions as a result of a drop in lake
level. This goes parallel with the observed increase in Nymphaeaceae remains and
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the presence of Nuphar and Nymphaea pollen (Fig.3). Both Nuphar and Nymphaea
are known to respond sensitively to changes in water levels (e.g. Rasmussen
and Anderson, 2005; Paillisson and Marion, 2006). The coinciding decline in the
sediment C:N ratio (Fig. 7) may, therefore, represent a higher relative submerged
macrophyte cover resulting from a lowered lake level.
During the mid-1950s very high Isoëtes accumulation rates in both the
profundal (Fig. 3) and the littoral core (Fig. 5) are observed. Simultaneously,
peaks in the accumulation rates of the diatoms (Fig. 6), as well as several other
wetland species, but also trees and shrubs are observed, suggesting that these
elevated accumulation rates are the result of taphonomic processes. Given the
relatively small changes in the C:N ratio and the absence of distinct Si, Fe, or Al
peaks (Fig. 7) we are excluding the input of substantial amounts of allochtonous
matter. However, the elevated accumulation rates of all biotic proxies may reflect
a relatively fast drop in lake level, thus lowering the location of the wave action
zone, which in turn will result in enhanced resuspension of littoral deposits. Such
a re-suspension will eventually lead to a re-deposition of littoral matter in the
deeper part of the basin and higher accumulation rates. Moreover, the lowered
water table could also have led to high mortality rates in littoral patches of Isoëtes
when they fell dry: Isoëtes has a low tolerance towards emergence. Once the
plants died and decomposed, larger amounts of spores, normally captured at
the base of the leaves, could have been released. The relatively fast drop in lake
level is likely the result of a man-made lowering of the outflow threshold during
the construction or reconstruction of the artificial lake outflow, which connects
Steigatjørna to Lake Gygretjørna in the east (Fig. 1).
A more gradual lowering of the water level is indicated in the 1970s by increasing
accumulation rates of Nymphaeaceae and high Potentilla abundances in STE01
(Fig. 3), changing percentages of I. echinospora and I. lacustris megaspores in the
littoral cores (Figs. 4 and 5), and increasing numbers of periphytic diatoms such
as Achnanthes spp. (Fig. 6). Since the 1970s the percentages of I. echinospora
megaspores found in both littoral cores is gradually increasing (Figs. 4 and 5).
Generally, I. echinospora grows in shallow areas of the littoral zone, whereas
I. lacustris grows optimally in deeper water (e.g. Rørslett and Brettum, 1989;
Gacia and Ballesteros, 1994). The increased proportions of I. echinospora in both
littoral sediment cores point to a shallowing of the lake. The observed decrease
in the regional summer precipitation between the 1970s and 1980s coincides
with such a gradual decrease in lake level. It would, however, not explain the
ongoing increase in I. echinospora percentage and increasing accumulation rates
of Nymphaeaceae, Equisetum, and H. palustris remains beyond the 1980s. In the
late 1970s part of the road along the eastern shore slid into the lake (Statens
Vegvesen, pers. communication), which is not only reflected by a decrease in
the 210Pb activity at 10 cm (see Fig. 2) but also by a marked decrease in diatom
(Fig. 6) and pollen accumulation rates (Fig. 3), the sudden decrease in organic
matter content and C:N ratio as well as high percentages of Si, Al, and Fe in the
sediment (Fig. 7). This event mainly caused the eastern part of the basin to be
shallowed substantially, thus explaining the persisting botanical evidence for an
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extended littoral region despite, the increase in summer precipitation since the
1980s.
Elodeid macrophyte appearance
The appearance of C. hamulata in the 1970s and its expansion in the 1990s in Lake
Steigatjørna cannot be explained by acidification and/or phosphorus enrichment
of the lake as has been shown by the diatom-inferred pH and TP (Fig. 7). A
gradual lowering of the lake level since the 1970s could have caused a downslope
shift of existing C. hamulata vegetation down towards the littoral coring points.
It is questionable whether C. hamulata was present in the lake before the 1970s.
If it was already present higher up in the littoral zone due to higher water levels,
at least some of the many seeds that are produced in submergence (Schotsman,
1954) would have been deposited at the littoral coring sites.
Alternatively, the appearance of C. hamulata could be related to a small increase
in nitrogen availability since the 1970s. However, even if nitrogen levels were about
twice as high compared to SW Norwegian softwater lakes without C. hamulata, the
absolute concentrations are still very low (Wetzel, 2001). Furthermore, although
an extensive field survey in the Netherlands showed that C. hamulata mainly
occurs in nitrogen-rich surface waters (weighted average of TN: 1755 µg N L-1),
this species also grows in waters with TN concentrations of 70 µg N L-1, which is
even lower compared to the softwater lakes without C. hamulata (de Lyon and
Roelofs, 1986). Additionally, rising carbon and especially CO2 availability can be of
great importance for the appearance of the elodeid C. hamulata, since macrophyte
production in softwater lakes is often carbon limited (e.g. Murphy, 2002) and the
CO2 concentration in many soft water lakes, without elodeids present, is low (Riera
et al., 1999). During periods of high photosynthetic activity, the uptake of CO2
might even result in very low CO2 levels in the water of ≤440 µg L-1 (100 µg CO2
= 2.272 µmol) (Robe and Griffiths, 1992). Such low CO2 concentrations will be
insufficient to sustain the growth of C. hamulata, as has been shown by experiments
conducted with the elodeids C. hamulata and M. alterniflorum (Spierenburg et al.,
2009). Callitriche hamulata needed CO2 concentrations of 2200 µg L-1 to show
positive growth and >4400 µg L-1 to reach close to maximal growth rates. The in
situ CO2 values in Steigatjørna in 2006 were measured during midday, when the
CO2 levels are commonly at their minimum due to uptake by primary producers.
Still, the concentrations were above or around the thresholds for the survival of
C. hamulata (Table 2). The CO2 levels during night and early morning are expected
to be higher thus enabling C. hamulata to thrive in Steigatjørna.
For Steigatjørna the temperature rise after 1990 and the changes in precipitation
patterns might have increased the DOC input into the lake. Furthermore, liming
of pastures in the catchment area might have increased soil decomposition
rates, resulting in higher DOC inputs into the lake and, after photo-oxidation
and microbial degradation, to higher CO2 levels in the lake water. According to
laboratory experiments already a small increase in CO2 levels are sufficient to
sustain abundant elodeid growth in softwater lakes like Steigatjørna (Spierenburg
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et al., 2009) and trigger the invasion and expansion of C. hamulata at the expense
of isoetid macrophytes.
As shown in this study C. hamulata was able to locally appear and expand
massively, resulting in a decline in Isoëtes. Despite the fact that the appearance
and expansion of C. hamulata during the last decades is not completely understood
yet, we can rule out phosphorus enrichment and acidification as drivers for this
process based on our multi-proxy study. Instead, nitrogen enrichment can have
played a role, but an increase in carbon availability is likely of greater importance.
A focus on these parameters seems, therefore, crucial for the understanding of
the factors structuring macrophyte communities in softwater lakes in the past,
present, and future.

Acknowledgements
The authors like to thank Hanneke Bos for her help with the macroremain analyses,
Walter Finsinger for helping with pollen identification, and Emiliya Kirilova for her
help with the diatom analyses.

39

40

Chapter 2
Could rising aquatic carbon dioxide concentrations
favour the invasion of elodeids in isoetid-dominated
softwater lakes?

Abstract
During the past century, isoetid vegetation types in softwater lakes have often
been invaded by faster-growing elodeids. In these carbon-limited systems, this
may be related to rising aquatic CO2 levels.
In a laboratory experiment we tested the growth response of two elodeid
species, Myriophyllum alterniflorum and Callitriche hamulata, at four different CO2
levels, ranging from 20 to 230 µmol L-1. In addition, we tested the effect of the
nutrient status of the sediment on the growth of C. hamulata at the different CO2
levels.
Shoot and root growth increased with rising CO2 availability. Irrespective of
sediment type, growth was minimal to negative at the lowest CO2 treatment
level, while becoming positive at CO2 levels around 40-50 µmol L-1. Substantial
growth was only obtained when the macrophytes were growing on mesotrophic
sediments. The plants reached close to maximal growth at CO2 levels of about
100 µmol L-1.
Within this experiment, the growth of C. hamulata at CO2 levels above 90 µmol L-1
may have been limited by N and P availability in both sediment types. The growth
rate of M. alterniflorum did not seem to be limited by N and P availability, most
likely due to its much higher relative root production.
The experimental results show that neither M. alterniflorum nor C. hamulata
is able to invade isoetid-dominated softwater lakes at very low aquatic CO2
concentrations. However, if the sediments contain enough nutrients, a rise in
aquatic CO2 could allow the invasion of elodeid species leading to the subsequent
disappearance of slow-growing isoetids.

P. Spierenburg, E.C.H.E.T. Lucassen, A.F. Lotter and J.G.M. Roelofs
Published in Freshwater Biology 54 (9) 1819-1831
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Introduction
Softwater lakes frequently occur in boreal and temperate regions and at higher
elevations in the subtropics, mostly on poorly buffered siliceous bedrock or on
non-calcareous sandy soils (Gacia and Ballesteros, 1993; Murphy, 2002). They
are mainly fed by rainwater and shallow local groundwater flows, are generally
nutrient-poor and contain very low amounts of dissolved inorganic carbon (DIC)
in the water column. Macrophyte production in such lakes is often carbon-limited
(Murphy, 2002). The HCO3- concentration in softwater lakes is generally below
200 µmol L-1. Such low HCO3- concentrations would probably not contribute
substantially to the carbon pool needed for photosynthesis by macrophytes, able
of using HCO3- additionally to CO2 as a carbon source (Madsen et al., 1996).
Consequently, to meet their carbon requirements, macrophytes in softwater lakes
have to rely on the uptake of CO2, which is only available in low concentrations
down to 6 µmol L-1 (Robe and Griffiths, 1992; Murphy, 2002). The submerged
vegetation in pristine softwater lakes is therefore dominated by macrophytes
that are adapted to low carbon availability, including isoetid species, such as
Isoëtes spp., Lobelia dortmanna L., Littorella uniflora (L.) Asch., and Eriocaulon
aquaticum (Hill) Druce. To overcome the nutrient and carbon stress, isoetids
possess several morphological and physiological adaptations, such as the ability
to utilise pore water CO2, and a Crassulacean Acid Metabolism in several Isoëtes
species and L. uniflora (Wium-Andersen, 1971; Søndergaard and Sand‑Jensen,
1979; Richardson et al., 1984; Keeley, 1998). However, as isoetids have low
production rates, they might easily be outcompeted by faster growing elodeid
species, such as Myriophyllum alterniflorum D.C. and Callitriche hamulata Kütz.
ex W.D.J. Koch, which are quite common species in unproductive lakes with a low
alkalinity, provided nutrient and carbon availability is sufficient (Sand-Jensen and
Søndergaard, 1979; Roelofs et al., 1984; Nielsen and Sand-Jensen, 1997).
During the past century, isoetid-dominated vegetation types have seriously
declined and have been replaced by faster-growing elodeid species. This change
has previously been attributed to increased nutrient availability (increased
anthropogenic eutrophication) and/or acidification as an effect of increased
sulphur and nitrogen depositions (Roelofs, 1983; Arts and Leuven, 1988; Roelofs
et al., 1995; Brouwer et al., 2002; Smolders et al., 2002; Pedersen et al., 2006).
However, eutrophication in itself might not fully explain the decline of isoetid
vegetation and the appearance of elodeids. An extensive survey focussing on
the distribution of macrophytes in relation to water chemistry in the Netherlands
showed that M. alterniflorum and L. uniflora appeared at similar aquatic
phosphate levels, with an average of 1.1 µmol L-1 (De Lyon and Roelofs, 1986).
Callitriche hamulata even preferred waters with lower phosphate levels, with an
average of 0.5 µmol L-1. Dense stands of M. alterniflorum and C. hamulata are
found in southwest Norwegian softwater lakes with orthophosphate (PO43-) levels
between 0.1 and 0.3 µmol L-1 (P. Spierenburg and E.C.H.E.T. Lucassen, unpubl.
data). Moreover, (Roelofs et al., 1984) observed in an experimental setup that at
higher aquatic phosphate levels (>0.5 µmol L-1), M. alterniflorum was extensively
42

Rising CO2 and macrophyte invasions

covered by epiphytes, and eventually died off.
Because macrophyte production in many softwater lakes is carbon-limited
(Murphy, 2002), an increase in aquatic CO2 levels might also be responsible
for the replacement of isoetids by faster-growing macrophytes, such as Juncus
bulbosus L., M. alterniflorum, and C. hamulata. Aquatic CO2 concentrations in
softwater lakes might rise as a result of liming of lakes or their catchment area,
followed by reacidification of the lake water. When softwater lakes in southwest
Norway reacidified after liming, the elevated CO2 and NH4+ availability resulted
in luxurious growth of J. bulbosus (Schuurkes et al., 1987; Roelofs et al., 1994;
Lucassen et al., 1999), while in Sweden, liming of softwater lakes has led to
massive expansions of M. alterniflorum (Roelofs, 1983; Dickson et al., 1995;
Brandrud, 2002).
Besides the rise in atmospheric CO2, various other factors, such as rising
temperatures, liming, decreasing soil water pH, and changes in hydrology can
all result in higher DOC inputs from terrestrial sources, like wetlands and forests,
in lakes (Freeman et al., 2001, 2004; Hudson et al., 2003; Evans et al., 2006;
Fenner et al., 2007a, 2007b). Indeed, DOC concentrations in lakes and streams
in the UK, the USA, and many north-west European countries have increased
considerably over the past 15 years, and are expected to increase even more
in the near future (Evans et al., 2005; Skjelkvåle et al., 2005), and a strong
positive correlation has been found between lake DOC and CO2 concentrations
(e.g. Hope et al., 1996; Sobek et al., 2005).
The aquatic CO2 concentrations in many pristine softwater lakes are in
equilibrium with the atmosphere or just slightly oversaturated (Dillon and Molot,
1997; Riera et al., 1999; Jonsson et al., 2003). Especially during summer days,
CO2 levels can drop far below the saturation point as a result of CO2 uptake by
primary producers (J.G.M. Roelofs, unpubl. data). Hence, it is expected that the
predicted rise in atmospheric CO2 concentrations to levels of 720-1020 ppm in the
year 2100 (Meehl et al., 2007) will result in increased aquatic CO2 levels. From
Henry’s law with temperature correction (KHQ = 0.034M atm-1,KH = 0.041 M atm‑1),
a maximum aquatic CO2 increase to levels of around 40-50 µmol L-1 can be
calculated at temperatures of 20-10 °C.
Softwater lakes usually contain nutrient-poor water, with the sediment as
the most important nutrient source for macrophytes (Carignan and Kalff, 1980;
Brouwer et al., 2002). Because the nutrient requirements of elodeids are generally
higher than those of isoetids, it is expected that rising CO2 availability will mainly
result in the appearance of elodeid species in those softwater lakes with sediments
containing higher (mesotrophic) nutrient concentrations.
In the present study we undertook a laboratory experiment to test the effect
of elevated aquatic CO2 on the growth of two elodeid softwater species on
sediments of different nutrient status. We grew plants at four different aquatic CO2
concentrations, ranging from close to ambient atmospheric equilibrium conditions
(20 µmol L-1 CO2 in the water column) to a tenfold increase. We hypothesised that
elodeid production rate would increase under elevated CO2 levels, especially if the
sediment is sufficiently rich in nutrients to support extensive growth. Extensive
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growth of the elodeids may imply that, under similar CO2 and sediment conditions,
isoetid vegetation can be invaded or even replaced by faster growing elodeid
macrophytes, with possible consequences for the whole softwater ecosystem.

Methods
Experimental design
The growth rates of two elodeid species, Myriophyllum alterniflorum DC. and
Callitriche hamulata Kütz. ex W.D.J. Koch, were tested at four aquatic CO2 levels
and on two sediment types. To this end, 48 glass containers (length: 26 cm, width:
13 cm, height: 32 cm) were placed in a water bath at a constant temperature
(19 °C ± 1 °C), regulated by means of a recirculation chiller (NESLAB Merlin M-75,
Thermo Scientific, Newington, NH, U.S.A.). Irradiance was provided by six 400W
HPS lamps (Hortilux‑Schréder, Monster, the Netherlands) for a photoperiod of
16 h at PAR (400-700 nm) of 235 µmol m-2 s-1.
Thirty-two glass containers were filled with 8 cm fresh sediment (2.7 L). A
nutrient‑enriched sediment was obtained by using a mixture of sediments from
two softwater lakes in the ‘Valkenberg’ nature reserve (the Netherlands, 51° 27’ N,
6° 12’ E). The remaining 16 glass containers were filled with fresh sediment
from the ‘Broekse Wielen’ softwater lake (the Netherlands, 51° 43’N, 5° 46’E).
Based on the organic matter and nutrient contents, the sediment mixture from
‘Valkenberg’ was defined as mesotrophic, whereas the sediment from ‘Broekse
Wielen’ was defined as oligotrophic (Table 1). Both sediments are representative
of natural situations in softwater lakes. The overlying water column was created
using an oligotrophic culture medium (Table 2). The water column (6.8 L per
glass container) in the glass containers was continuously refreshed (3.6 L d-1)
with culture medium, pumped into the aquaria by peristaltic pumps (Masterflex,
7015-20, Cole-Parmer, Vernon Hills, IL, U.S.A.) from black covered 110 L storage
containers. Black tubing was used to prevent algal growth within the tubes. The
water level in the glass containers was kept constant at 20 cm above the sediment,
using an overflow system.
Healthy specimens of M. alterniflorum were collected from Lake ‘De Nieuwe
Wiel’ (the Netherlands, 51° 41’ N, 5° 11’ E, CO2 concentration in the water column
on 2 Oct. 2007: 75 µmol L-1), whereas C. hamulata was collected from Lake

Table 1 Properties (mean, with the standard error of the mean in parentheses) of the two
sediment types at the start of the experiment.

Parameter
Water content (% FM)
Organic matter (% DM)
PO43- (µmol kg DM-1)
NO3 (µmol kg DM-1)
NH4 (µmol kg DM-1)
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Mesotrophic

Oligotrophic

21 (0.6)
1.1 (0.2)
514 (23)
88 (11)
43 (6)

16 (1.3)
0.5 (0.2)
70 (5)
63 (13)
63 (20)
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Valkenberg (CO2 in the water column on 4 Oct. Table 2 Chemical composition
-1
2007: 50 µmol L-1). All plants were washed and (µmol L ) of the culture medium
used in the experiment
epiphytic algae were removed.
Half of the glass containers with mesotrophic
Constituent
Concentration
sediments were each planted with ten apical,
Na
224
rootless shoots of M. alterniflorum (length 8
K
11
cm), while the other half were each planted
Mg
24
with ten apical rootless shoots of C. hamulata
Ca
29
(length 8 cm). Only C. hamulata was planted in
the glass containers with oligotrophic sediments
Cl
175
(10 apical shoots, 8 cm). The mean (± SE) fresh
masses (g) per glass container were 2.10 ± 0.04
HCO320
and 0.46 ± 0.01 for M. alterniflorum and C.
SO4249
hamulata, respectively, corresponding to mean
+
NH4
2
(± SE) initial dry masses (g) of 0.13 ± 2.3 10-3
-3
NO
23
and 0.02 ± 0.35 10 for M. alterniflorum and
3
C. hamulata, respectively.
PO43<0.1
To create four different CO2 levels in the water
column, compressed air was mixed with pure CO2 at four constant proportions by
means of mass flow controllers (EL‑FLOW select F201CV, Bronkhorst, Veenendaal,
the Netherlands). Before mixing, the compressed air was scrubbed with sodalime
to remove CO2 and subsequently filtered over a 15 µm inline filter.
Each glass container was randomly assigned to one of the four treatments
and aerated with a fixed flow of 0.15 L min-1 with the appropriate compressed
air/CO2 mixture. Each plant species, sediment type and treatment combination
was replicated four times.
Water measurements
During the experiment, water pH was measured using a Cyberscan pH 300 series
pH meter (Eutech, Singapore) with a double Ag/AgCl reference pH electrode
(HI 1043, Hanna Instruments, IJsselstein, The Netherlands). Every four days,
1 mL water samples were taken from all containers and immediately analysed
for dissolved inorganic carbon (DIC) using an infrared carbon analyser (Advance
Optima, ABB, Cary, NC, U.S.A.). Carbon dioxide levels were calculated from the
DIC concentrations and the pH according to Stumm and Morgan (1996).
Calcium, Fe, K, Na, Mg and total-P contents in the water were determined
by taking samples after five days in 20 mL acid-rinsed, iodised PET bottles and
preserving them by adding 10 µL HNO3 (65 %) per mL. The measurements
were made using an inductively-coupled plasma emission spectrophotometer
(ICP‑OES model IRIS Intrepid II XDL, Thermo Fisher Scientific, Waltham, MA,
U.S.A.). Ammonium, NO3-, PO43- and Cl- in the water were determined by taking
samples in 20 mL acid-rinsed, iodised polyethylene terephthalate (PET) bottles,
and preserving them with 4 µL citric acid (650 µM) per mL. Nitrate, NH4+ and
PO43- were colorimetrically determined using hydrazine sulphate, salicylate and
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ammonium molybdate on an Auto Analyser (model III, Bran and Luebbe, Nordstedt,
Germany). Chloride was determined by flame photometry (Auto Analyser, model
III, Bran and Luebbe, Nordtedt, Germany).
Plant measurements
The plants were harvested after 40 days, separating roots and shoots. Shoot
length, the number of branches, fresh mass (FM in g), and dry mass (DM in g,
24 h, 70 °C) were determined. Root FM was determined, and root plaques were
removed using the cold‑DCB method (18 °C) developed by Taylor and Crowder
(1983), before the root DM (24 h, 70 °C) was determined.
All plant material was ground in liquid nitrogen. Ground-up shoot (1 mg) and
root (0.3 mg) material was digested in 4 mL HNO3 (65 %) and 1 mL H2O2 (35 %),
using an Ethos D microwave (Milestone, Sorisole, Lombardy, Italy) (Kingston and
Haswell, 1997). The digestives were analysed for elemental composition with an
ICP-OES (model IRIS Intrepid II XDL, Thermo Fisher Scientific, USA). Carbon
and nitrogen contents of ground‑up dry plant material, weighed in pressed,
ultralight‑weight tin capsules, were analysed by an elemental analyser (EA 1110,
Carlo Erba, Thermo Fisher Scientific, USA).
The relative growth rate (RGR, d-1) of the shoots was calculated as
RGR = (lnWsf‑lnWsi)(t)-1, where Wsi is the initial and Wsf the final dry mass (g) of
the shoots. To be able to calculate the RGR of roots a modified equation was used:
RGR = [ln(Wsi+ Wrf )-lnWsi](t)-1, where Wrf is the final dry mass (gDM) of the roots
and, since all plant material started without roots, equals the gain in biomass
during the experiment.
Statistical analysis
All statistics were performed using SPPS 14.0 for Windows (SPSS Inc., Chicago,
IL, USA). Care was taken that the test assumptions were met. Differences in CO2
levels in the water column were tested using an one-way ANOVA followed by a
Games–Howell post-hoc procedure (as population variance was not equal between

Table 3 Mean pH, DIC, CO2, and HCO3- concentrations (µmol L-1 with standard error in parentheses)
during the experiment in the water layer.
CO2
treatment
Sediment
type
pH*

20 µmol L-1
Oligo

Meso

45 µmol L-1
Oligo

Meso

90 µmol L-1
Oligo

Meso

220 µmol L-1
Oligo

Meso

6.2 (0.04) 6.4 (0.02) 6.0 (0.04) 6.2 (0.02) 5.8 (0.03) 6.0 (0.01) 5.5 (0.03) 5.7 (0.01)

DIC

34 (1.7)

55 (1.9)

60 (2.6)

88 (2.3) 111 (4.2) 132 (3.2) 238 (7.6) 278 (5.3)

CO2

19 (0.5)

25 (0.6)

41 (1.2)

52 (0.8)

85 (2.5)

94 (1.8) 206 (6.5) 231 (4.1)

15 (1.4)

30 (1.4)

19 (2.0)

36 (1.7)

26 (2.2)

38 (1.7)

HCO3

-

32 (2.4)

47 (1.5)

The pH values are geometric means. Oligo = oligotrophic sediment, Meso = mesotrophic sediment
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groups). The influence of species or
sediment type on the CO2 levels in
the water column was tested with an
independent factorial ANOVA. Growth
responses in relation to CO2 levels were
fitted using curve estimation regression
with an inverse or logarithmic model, and
subsequently tested with an ANOVA or
t-test. Relations between three variables
e.g. RGR, sediment type, and CO2 level,
were tested using ANCOVA.

Results
Aquatic CO2

Table 4 Mean chemical composition (µmol L-1
with standard error in parentheses) of
the water layer above the oligotrophic
(Oligo) and mesotrophic (Meso) sediments.
Elements marked with an asterisk (*) differed
significantly between the sediment types
(independent t-test, P <0.05).

Element
K+
Ca2+
Mg2+ *
ClNH4+ *
NO3- *
PO43- *
TP *
TFe *

Oligo
11.1 (1.0)
34.4 (0.9)
26.1 (0.3)
253 (9.4)
3.95 (0.5)
19.7 (1.3)
0.05 (0.01)
0.15 (0.03)
0.23 (0.06)

Meso
9.71 (0.8)
34.6 (0.5)
22.9 (0.2)
259 (4.9)
1.01 (0.1)
5.29 (0.7)
0.26 (0.01)
0.53 (0.03)
0.53 (0.04)

The CO2 levels differed significantly
between all treatments (one-way ANOVA,
P <0.05; Games‑Howell P <0.05, Table 3). The variation in CO2 concentrations
within each container was low (mean SE <5%). Containers holding mesotrophic
sediment showed slightly but significantly higher mean CO2 levels (independent
factorial ANOVA, P =0.01). There was no effect of macrophyte species on mean
CO2 levels (independent factorial ANOVA, P =0.71)
Surface and pore water
The mean chemical composition of the water after 5 days is given in Table 4. The
water above the mesotrophic sediment showed elevated concentrations of PO43-,
TP and Fe, whereas NO3-, NH4+, and Mg2+ were slightly higher in the water above
oligotrophic sediments (independent t-test, P <0.05).
Biomass production
Growth of shoots and roots increased at higher CO2 levels (Table 5, Fig. 1).
The relative growth rate (RGR) of the shoots best fitted an inverse model
(R2 =0.87‑0.96; ANOVA; P <0.05, Fig. 1a), with the curve levelling off at around
100 µmol CO2 L-1 for plants growing on mesotrophic sediments and around 50 µmol
L-1 for C. hamulata plants on the oligotrophic sediment. The increase in the RGR
of C. hamulata at higher CO2 levels was especially marked on the mesotrophic
sediment (Fig. 1a). Shoot production of C. hamulata, expressed as RGR, was
significantly higher on mesotrophic sediment (ANCOVA, Pcorrected model <0.001,
ptreatment <0.001, Psediment <0.001). The absolute biomass gain during the experiment
was quite similar for M. alterniflorum and C. hamulata on mesotrophic sediment
(Table 5, ANCOVA, Pcorrected model <0.001, Ptreatment <0.001, Pspecies <0.001).
With higher CO2 availability, the plants generally produced more branches.
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Oligo

Meso

C. hamulata

C. hamulata

(µmol L-1)
20
45
90
220
20
45
90
220
20
45
90
220
(mg DM)
24 (12.3)
78 (13.0)
102 (23.0)
163 (32.7)
18 (2.1)
125 (22.5)
450 (33.8)
665 (84.2)
7 (22.2)
182 (24.5)
334 (78.5)
589 (90.6)

(mg DM)
5 (0.5)
18 (2.0)
27 (3.1)
37 (16.3)
1 (0.3)
7 (2.3)
45 (1.9)
91 (14.5)
3 (0.4)
21 (7.9)
113 (38.1)
327 (66.5)

CO2 treatment Shoot growth Root growth
(cm)
88.9 (3.23)
213.5 (19.82)
137.9 (10.27)
137.9 (12.43)
83.6 (5.42)
468.1 (43.99)
842.3 (128.00)
551.0 (65.89)
100.7 (6.14)
394.5 (7.80)
396.3 (42.33)
352.3 (27.20)

Length

21 (1.1)
30 (2.1)
25 (0.9)
31 (1.8)
26 (1.8)
62 (7.6)
86 (6.8)
91 (5.2)
28 (2.9)
76 (4.4)
76 (5.1)
91 (6.5)

Number of
branches

number cm-1
0.24 (0.020)
0.14 (0.007)
0.18 (0.008)
0.23 (0.015)
0.31 (0.033)
0.13 (0.006)
0.11 (0.012)
0.17 (0.013)
0.28 (0.019)
0.19 (0.008)
0.20 (0.011)
0.26 (0.009)

Branch density

Oligo = oligotrophic, Meso = mesotrophic. The length and number of branches were calculated per glass container as the sum of the shoot
length (main shoot and branches) and the sum of the number of branches of all plants present. The branch density is calculated as number of
branches per cm of total plant length at the end of the experiment.

M. alterniflorum Meso

Sediment
type

Species

Table 5 Absolute gain in shoot and root biomass and the final total shoot length, number of branches, and branch density (standard error of
the mean in parentheses) at the end of the experiment.
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Apart from the lowest CO2 treatment, where there was hardly any biomass
production, the number of branches per cm of the plant was higher at elevated CO2
concentrations (Table 5, ANOVA, C. hamulata on oligotrophic sediment, P =0.02,
C. hamulata on mesotrophic sediment P =0.04, M. alterniflorum on mesotrophic
sediment P =0.01).
The RGR of roots increased logarithmically with CO2 level (Fig. 1b). The RGR
of M. alterniflorum was lower than that of C. hamulata on mesotrophic sediment
(ANCOVA, Pcorrected model <0.001, Ptreatment <0.001, Pspecies ≤0.003). The absolute gain
in root biomass, however, was higher for M. alterniflorum (Table 5, ANCOVA,
Pcorrected model <0.001, Ptreatment <0.001, Pspecies ≤0.001).
The trend for the RGR of C. hamulata roots growing on mesotrophic sediment
just failed to be significant (Pcorrected model <0.001, Ptreatment <0.001, Psediment ≤0.061),
but the RGR of the roots of C. hamulata was significantly higher at the highest CO2
treatment (t-test, P ≤0.001).
The root:shoot ratio (R:S) was higher at elevated CO2 levels. The observed
relation between R:S and CO2 levels best fitted a logarithmic function and was
highly significant (R2 =0.77‑0.92; ANOVA, P <0.001, Fig. 2). This relationship
was strong for macrophytes growing on mesotrophic sediment but only moderate
for C. hamulata growing on oligotrophic sediment. The R:S of C. hamulata on
oligotrophic sediment was 1.5-2 units higher than that of C. hamulata growing
on mesotrophic sediment. (ANCOVA, Pcorrected model <0.001, Ptreatment =0.001,
Psediment <0.001). Myriophyllum alterniflorum showed the largest increase in R:S
with elevated CO2 concentration, resulting in the highest relative root production

Fig. 1 (a) Relative growth rate (RGR, d-1) of shoot in relation to mean CO2 levels. Regression lines:
M. alterniflorum on mesotrophic sediment, RGR =(-1.28·[CO2]-1)+0.05, R2 =0.91; C. hamulata on
mesotrophic sediment, RGR =(-1.91·[CO2]-1)+0.09, R2 =0.94; C. hamulata on oligotrophic sediment,
RGR =(-0.62·[CO2]-1)+0.05, R2 =0.76. (b) Relative growth rate of root in relation to mean CO2
levels. Regression lines: M. alterniflorum on mesotrophic sediment, RGR =0.016·ln[CO2]-0.055, R2
=0.86; C. hamulata on mesotrophic sediment, RGR =0.018·ln[CO2]-0.059, R2 =0.90; C. hamulata
on oligotrophic sediment, RGR =0.009·ln[CO2]-0.020, R2 =0.93.
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at CO2 levels above 100 µmol L-1.
The length (m):mass (g DM) ratios (L:M) showed a distinct pattern for both
species growing on mesotrophic sediment (Fig. 3). The L:M was relatively low at
the lowest CO2 concentrations (<30 µmol L-1), but it increased strongly at CO2
levels around 40-50 µM and then decreased logarithmically with further increase
in CO2 concentration (R2 =0.87‑0.95; ANOVA, P <0.001 for both plants species
on mesotrophic sediment). The L:M ratio of C. hamulata growing on oligotrophic
sediments is decreasing logarithmically with higher CO2 availability (from
CO2 ≥40 µmol L-1, R2 =0.77; ANOVA, P <0.001).
Stoichiometry
Mass ratios of C:N and C:P in shoots generally rose with increasing CO2 availability
(Fig. 4). Initial C:N and C:P ratios of planted shoots of M. alterniflorum were 12
± 0.2 and 74 ± 0.7, respectively. Initial C. hamulata C:N was 12 ± 0.3 and C:P
was 97 ± 8.4.
At all treatment levels, the C:N ratios of the shoots at the end of the experiment
differed from the initial values, with the exception of the 45 µmol L-1 treatment
(independent t-test, P <0.05). At the lowest CO2 level, the C:N ratio of the shoots
sank below that of the starting conditions, whereas the ratio strongly increased at

Fig. 2 Root (g DM): Shoot (g DM) ratio (R:S)
at the end of the experiment. Regression
lines: M. alterniflorum on mesotrophic
sediment, R:S =0.20·ln[CO2]-0.68, R2 =0.87;
C. hamulata on mesotrophic sediment,
R:S =0.05·ln[CO2]-0.0.13, R2 =0.92; C.
hamulata
on
oligotrophic
sediment,
R:S =0.05·ln[CO2]-0.03, R2 =0.77.
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Fig. 3 Shoot Length (m):Mass (g DM) ratios (L:M)
at the end of the experiment. Regression lines:
M. alterniflorum on mesotrophic sediment,
L:M =‑4.90·ln[CO2]+31.53, R2 =0.95; C.
hamulata
on
mesotrophic
sediment,
R2
=0.87;
L:M
=-14.96·ln[CO2]+88.30,
C. hamulata on oligotrophic sediment,
L:M =-8.06·ln[CO2]+49.60, R2 =0.77. Samples
at the lowest CO2 level (smaller, grey symbols)
were not included in the regressions.
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CO2 availabilities of 90 and 220 µmol L-1.
Initial C:P values in shoots were at all times different from the ratio in plants
cultured at CO2 levels of 90 and 220 µmol L-1. At CO2 levels of 45 µmol L-1, only the
C:P ratio of M. alterniflorum shoots was significantly raised compared to initial C:P
ratios. At a CO2 availability of 20 µmol L-1, only the shoots of C. hamulata growing
on mesotrophic sediments showed a C:P ratio that was significantly lower than
initial values (independent t-test, P <0.05).
The response of tissue C:N to the CO2 treatment was similar for C. hamulata
on both oligotrophic and mesotrophic sediments, while M. alterniflorum C:N
ratios increased less with higher CO2 availability (ANCOVA, Pcorrected model <0.001,
Ptreatment <0.001, Pspecies =0.001). Changes in C:P ratio with CO2 level were comparable
for C. hamulata and M. alterniflorum on mesotrophic sediment. The C:P of
C. hamulata appeared to increase slightly faster than that of M. alterniflorum,
but this difference was not statistically significant (ANCOVA, Pcorrected model <0.001,
Ptreatment <0.001, Pspecies =0.915). The increase in the C:P of C. hamulata on
oligotrophic sediment with higher CO2 availability was larger than that in the C:P
of plants on mesotrophic sediment (ANCOVA, Pcorrected model <0.001, Ptreatment <0.001,
Psediment <0.001).
The N:P ratios showed a weak but significant negative linear relationship (data

Fig. 4 Shoot C:N (a) and C:P (b) ratios in relation to mean CO2 levels, at the end of the experiment.
Regression lines for C:N ratios: M. alterniflorum on mesotrophic sediment, C:N =0.97·ln[CO2]+8.43,
R2 =0.92; C. hamulata on mesotrophic sediment, C:N =27.81·ln[CO2]-86.72, R2 =0.89; C. hamulata
on oligotrophic sediment, C:N =20.15·ln[CO2]-51.20, R2 =0.81. Regression lines for C:P ratios:
M. alterniflorum on mesotrophic sediment, C:P =33.07·ln[CO2]-17.73, R2 =0.80; C. hamulata
on mesotrophic sediment, C:P =80.32·ln[CO2]-209.36, R2=0.98; C. hamulata on oligotrophic
sediment, C:P =139.76·ln[CO2]-339.59, R2=0.84. Critical C:N level for maximal growth at 33.5,
calculated from Gerloff and Krombholz (1966). Critical C:P: level for maximal growth at 334 and
for maximal yield at 167 calculated from Gerloff and Krombholz (1966), low at 169, calculated
from Colman et al., (1987).
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not shown) with CO2 level, for both C. hamulata (R2 =0.38) and M. alterniflorum
(R2 =0.56) on mesotrophic sediment.

Discussion
Growth and CO2 availability
In our experiment, higher CO2 availability clearly increased the total biomass
production of both C. hamulata and M. alterniflorum growing on mesotrophic and
oligotrophic sediments. Growth at the lowest CO2 level of 19-25 µmol L-1 was close
to zero, or even negative for both species, but especially for M. alterniflorum.
In contrast, growth was positive and increasing at CO2 levels ≥41-52 µmol L-1.
This indicates that CO2 levels in the lowest CO2 treatment were hardly sufficient
or even insufficient to support the energy and carbon demands for respiration
over the 40-day experimental period. Consequently, hardly any roots were formed
at the lowest CO2 levels. These plants had to rely for their nutrient demand on
internal reservoirs and the small amounts of nutrients dissolved in the water.
The growth response to CO2 level was highest for C. hamulata growing
on mesotrophic sediment, whereas C. hamulata growing on oligotrophic
sediment showed a markedly smaller growth response to CO2 level. The RGR
of M.alterniflorum (on mesotrophic sediment) showed the smallest increase in
response to elevated CO2, although the absolute biomass gain was comparable
to that of C. hamulata growing on mesotrophic sediment. This might be related
to the higher initial biomass of M. alterniflorum. Compared to C. hamulata, the
lower RGR of M. alterniflorum in relation to CO2 concentrations might also be
connected to the lower CO2 affinity of the latter species. As pointed out by Maberly
and Madsen (1998, 2002), aquatic plants that are capable of taking up HCO3-,
as is the case with M. alterniflorum (Allen and Spence, 1981), generally have a
lower affinity for CO2 than species restricted to CO2 as a carbon source, such as
C. hamulata (Adamec, 1997). The lower CO2 affinity of M. alterniflorum might,
especially at low CO2 levels, have resulted in lower CO2 uptake rates, resulting in
a lower photosynthetic rate and possibly to a lower RGR.
The degree of shoot extension was related to the CO2 availability. The
Length:Mass (L:M) ratio decreased logarithmically from 45 to 220 µmol L-1 CO2.
This was caused by a greater increase in dry mass compared to the gain in length
at higher CO2 levels. This shows that shoot extension is relatively more important
for shoot expansion at lower CO2 levels. Shoot extension can have favourable
effects on plant survival, since it increases the surface area and enhances the
potential for diffusive CO2 and nutrient uptake from the water, without using many
resources. Moreover, it can also give an advantage in the competition for light with
algae and other macrophytes.
Strikingly, the L:M ratio was relatively low at the lowest CO2 treatment level
of 20 µmol L-1, being the same as at the start of the experiment. At very low CO2
levels, the plants on mesotrophic sediment hardly showed any shoot extension,
possibly due to the carbon limitation and consequently energy limitation as a
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result of the very low CO2 availability.
Root production also increased with rising aquatic CO2 availability. It seems that
maximum root production was not yet attained during this experiment, possibly
because root production was still limited by carbon availability even at the highest
aquatic CO2 levels of around 220 µmol L-1.
At increased CO2 levels, M. alterniflorum and C. hamulata first mainly increased
shoot production, thereby increasing their photosynthetic capacity. Subsequently,
as the increase in shoot growth levelled off at around 100 µmol L-1 CO2, root
production became more important. This is also reflected in the increasing R:S
ratio with rising CO2 levels, a pattern also found for other aquatic macrophytes
(e.g. Svedäng, 1992; Pagano and Titus, 2007). The higher relative investment in
root biomass is probably the result of an increasing nutrient demand (mainly P
and N) with increasing growth rates (Chapin, 1980).
The relative root production of C. hamulata, expressed as the R:S ratio, was
higher for the plants on oligotrophic sediments (Fig. 2). The increased biomass
investment allows the plant to access more nutrients from the sediment.
Nutrient status of the sediment
The nutrient status of the sediment proved to be important for plant growth in
relation to CO2 levels. The production increase by C. hamulata with elevated
CO2 was greater on mesotrophic sediment than on oligotrophic sediment. The
mesotrophic sediment had a seven-fold higher PO43- content, while total-N
values were comparable to those in the oligotrophic sediment. This suggests
that the additional P-availability in the mesotrophic sediment was responsible
for the difference in the macrophyte growth response to CO2 availability on the
two sediment types. The mesotrophic sediments allowed high growth rates of
C. hamulata, while the oligotrophic sediments did not support high biomass
production. At CO2 levels ≥100 µmol L-1, the RGR of C. hamulata on mesotrophic
sediments was twice as high as that of C. hamulata on oligotrophic sediments.
Shoot RGR values were ≥0.08 d-1 and 0.04 d-1 for C. hamulata on mesotrophic and
oligotrophic sediments, respectively. This difference was even more pronounced in
terms of absolute biomass gain. At CO2 levels ≥90 µmol L-1, C. hamulata showed
a 3-4 fold higher absolute shoot growth on mesotrophic compared to oligotrophic
sediment.
Various studies measuring the RGR of C. cophocarpa at high CO2 and nutrient
availabilities found RGR values around 0.09 d-1, close to the values we found
for C. hamulata on mesotrophic sediment (Nielsen and Sand-Jensen, 1991;
Vadstrup and Madsen, 1995; Olesen and Madsen, 2000). Although the RGR of
M. alterniflorum on mesotrophic sediment in our experiment was not as high as
that of C. hamulata, its growth rate was comparable to previously reported growth
rates for other Myriophyllum species. Nielsen and Sand-Jensen (1991) measured
an RGR of 0.046 d-1 for Myriophyllum spicatum at high DIC concentrations, while
Pagano and Titus (2007) reported an RGR of 0.025 d-1 for Myriophyllum sibericum
at 175 µmol L-1 CO2.
53

Chapter 2

Stoichiometry and growth limitation
The mass C:N and C:P ratios of plant shoots always increased with CO2 availability,
which means that relatively more carbon was incorporated into the plant tissue at
higher aquatic CO2 levels. Plants are known to be able to change their elemental
ratio in response to relative elemental availability in their environment, which can
have major consequences for plant–herbivore food web structures (Sterner and
Elser, 2002).
Sediment type also had an effect on plant C:P ratios. Callitriche hamulata
shoots growing on the mesotrophic sediments, which were richer in P, showed C:P
ratios which were generally 1.7‑1.9 times lower than those in shoots of the same
species growing on the oligotrophic sediments. The shoot C:N ratios, however,
did not differ between C. hamulata growing on mesotrophic and on oligotrophic
sediments, with similar initial total-N contents.
The increase in C:P and C:N ratios at elevated CO2 was smaller for
M. alterniflorum than for C. hamulata. At CO2 levels ≥100 µmol L-1, these ratios
were lower than those in C. hamulata growing on mesotrophic sediment. Since the
absolute biomass gain in this situation was similar for the two species, this implies
that M. alterniflorum was better able to increase N and P uptake rates with rising
growth rates. The concentrations of P and N in the water were extremely low,
making the sediment the most important source for uptake by M. alterniflorum.
The lower C:P and C:N ratios in M. alterniflorum shoots were correlated to the
high production of roots in this species, as shown by the absolute gain in root
biomass, as well as the high R:S ratio at CO2 levels >50 µmol L-1. The higher root
biomass will have made it possible for M. alterniflorum to access more nutrients
in the sediment pore water.
Discrepancies between C, N, and P uptake at varying elemental supply rates
can be used to estimate nutrient limitation of plant growth and yield. A C:N mass
ratio above 33.5 is indicative of nitrogen limitation for maximal macrophyte growth
(calculated from % N data, adopted from Gerloff and Krombholz (1966). For shoot
C:P levels, this critical level lies at 334 while the critical C:P level for maximal
yield is 167 (calculated from % P data, adopted from Gerloff and Krombholz
(1966) and Colman et al. (1987). Applying these critical levels to the results of
M. alterniflorum on mesotrophic sediment suggests that N was not limiting the
growth of M. alterniflorum at the CO2 range we used. It was only at the highest
CO2 concentrations that there might have been some P limitation on growth. On
the other hand, C:N ratios in C. hamulata increased more with CO2 level than
those in M. alterniflorum, and reached the critical level at around 75 µmol L-1,
irrespective of the sediment type. A major C:P ratio increase with CO2 availability
was observed when C. hamulata was growing on oligotrophic sediment. The C:P
ratio indicated a P-limited growth at CO2 levels >75-110 µmol L-1. The specimens
growing on mesotrophic sediment showed a moderate increase in C:P and
possible P limitation at CO2 levels >90-225 µmol L-1. These results indicate that
the growth of C. hamulata was primarily carbon-limited up to CO2 concentrations
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of approximately 75 µmol L-1, after which nitrogen availability started to have
an additional effect on growth rate. For the specimens growing on oligotrophic
sediment, phosphorus may also have reduced production rates at CO2 levels
>50 µmol L-1.
Implications for softwater lakes
Since the plants showed no growth, or even negative growth, at the lowest CO2
level, and were not even able to extend their shoots, it is conceivable that both
M. alterniflorum and C. hamulata are unable to form sustainable populations at
the very low CO2 availability of 19-25 µmol L-1. Under natural field conditions, plant
survival will be further hampered by competition with other primary producers,
such as isoetids and algae. The inability of M. alterniflorum and C. hamulata
to grow at very low CO2 levels is supported by field observations of the closely
related species Callitriche cophocarpa Sendtn. This species was unable to grow at
ambient CO2 in two Danish softwater lakes (Vadstrup and Madsen, 1995). Recent
measurements in Norwegian and Dutch softwater lakes dominated by isoetid
vegetation and not featuring M. alterniflorum or C. hamulata also found mean CO2
levels <40 µmol L-1 (J.G.M. Roelofs, unpubl. data). Isoetid species are very well
capable of surviving and reproducing at very low aquatic carbon levels, even at
levels <15 µmol L-1, because of their adaptations to low aquatic carbon availability,
such as the ability to utilise CO2 from the sediment pore water. CO2 concentrations
in the pore water are generally up to a 100 times higher than those in the water
column (Wium-Andersen and Andersen, 1972a).
Rising aquatic CO2 concentrations can change a softwater lake into a more
suitable habitat for elodeid species such as M. alterniflorum and C. hamulata.
In our experiment, the growth of both species was positively influenced by
CO2 concentrations of at least 45 µmol L-1, with a strong increase in RGR up
to approximately 100 µmol L-1, after which their RGR on mesotrophic sediment
levelled off (Fig. 1). The RGR reached values close to the maximum in this
experiment, with a CO2 increase to only about 75 µmol L-1, a small increase which
has previously been observed in southwest Norwegian softwater lakes with dense
stands of either M. alterniflorum or C. hamulata. Measurements of aquatic CO2
levels in these lakes have found values between 43 and 156 µmol L-1, depending
on season, time of the day and amount of solar irradiance (E.C.H.E.T. Lucassen,
unpubl. data). A rise in temperature might further amplify the growth response to
rising CO2 levels. Olesen and Madsen (2000) found a more pronounced positive
RGR response of C. cophocarpa to high CO2 levels with increased temperatures.
Isoetids, by contrast, show low growth rates, which hardly change with rising CO2
levels. Pagano and Titus (2007) found a small, non-significant increase in RGR
as CO2 levels were increased from 31 to 175 µmol L-1 CO2. Lobelia dortmanna
showed mean RGR values of around 0.001 and 0.002 d-1 at low and high CO2
levels, respectively. Corresponding values for Isoëtes lacustris L. were around
0.010 and 0.015 d-1 and those for I. echinospora Durieu around 0.020 and 0.025
d-1. Within the isoetid group, L. uniflora shows the greatest growth response to
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elevated CO2. Andersen et al. (2006) reported RGR values for L. uniflora of 0.01
and 0.02 d-1 in a field experiment with low (17 µmol L-1) and high (175 µmol L-1)
CO2 levels, respectively. A laboratory study found an RGR for L. uniflora of around
0.004 d-1 at CO2 levels of 15 µmol L-1, and of 0.021 d-1 at 150 µmol L-1 (Andersen
and Andersen, 2006a).
Elevated CO2 levels not only favour elodeid species, they may even be
disadvantageous to some isoetids. The leaves of isoetids contain many gas-filled
lacunae, providing the plant with substantial buoyancy. Normally, this buoyancy
is counterbalanced by the roots, which provide anchoring in the sediment. When
CO2 levels increase, the root:shoot ratio of isoetids becomes drastically reduced,
decreasing the plant’s grip on the sediment (Smolders et al., 2002; Bagger
and Madsen, 2004). When the root:shoot ratio becomes small enough, there is
a drastically increased risk of the plants being uprooted. When this happens,
the isoetids float to the surface and eventually die off. The risk of uprooting is
especially high for isoetids growing on more organic sediment types, as is the case
in many SW Norwegian isoetid-dominated softwater lakes, as well as in softwater
lakes in agricultural areas. But even on more sandy sediments, isoetids can be
massively uprooted during storms, as has been observed for L. uniflora in a Dutch
softwater lake (see chapter 5).
The elodeids we tested in our experiments needed to grow on mesotrophic
sediment to enable substantial growth at elevated CO2 levels. Many softwater
lakes, especially in the atlantic region, do have such mesotrophic sediments, but
are still dominated by isoetid vegetation because of the very low carbon availability
(Brouwer et al., 2002). With rising CO2 availability, it is especially these softwater
lakes which will become vulnerable to invasion by elodeids, since phosphorus and
nitrogen are already sufficiently available in the sediments. Furthermore, isoetid
vegetation in softwater lakes with oligotrophic sediments will be threatened by a
combination of eutrophication and rising CO2 levels, as has been shown by our
experiment.
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Chapter 3
Competition between isoetids and invading elodeids
at different concentrations of aquatic carbon dioxide

Abstract
The growth of submerged macrophytes in softwater lakes is often assumed to be
carbon limited. Isoetid species are well adapted to grow at low carbon availability
and therefore commonly dominate the submerged macrophyte vegetation in
softwater lakes. In many such lakes however, large-scale invasions of fast-growing
elodeid species, replacing the isoetid vegetation, have been observed.
In a laboratory experiment we tested how rising aquatic carbon availability, in
interaction with different densities of the isoetid Littorella uniflora, affected the
growth (and thereby the potential invasion success) of the elodeid Myriophyllum
alterniflorum. For this purpose, growth of M. alterniflorum was determined at a
combination of three concentrations of dissolved CO2 (15, 90, 200 µmol L-1) and
three densities of L. uniflora (0, 553, 1775 plants m-2).
At ambient CO2 of 15 µmol L-1, M. alterniflorum could not sustain itself, whereas
at raised CO2 concentrations growth became positive and increased with higher
CO2 availability.
The presence of L. uniflora, independent of its density, reduced the growth of
M. alterniflorum by 50 %. Whether this is related to nutrient availability or other
factors is not clear.
Despite the growth reduction of M. alterniflorum by L. uniflora, at
CO2 ≥90 µmol L-1, L. uniflora was still overgrown by M. alterniflorum. This may
imply that, in field situations, M. alterniflorum can invade softwater systems with
relatively high CO2 availability, even in the presence of dense stands of L. uniflora.

P. Spierenburg, E.C.H.E.T. Lucassen, A.F. Lotter and J.G.M. Roelofs
Submitted to Freshwater Biology
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Introduction
Softwater lakes are common in boreal and temperate regions, as well at higher
altitudes in the subtropics. They are oligotrophic freshwater systems, characterized
by low alkalinity and low inorganic carbon concentrations. In general it is
documented that the production of submerged macrophytes in these systems is
carbon limited (Murphy, 2002). Hence, this is why the submerged macrophyte
community in softwater lakes is often dominated by specialized macrophytes
from the functional group of the isoetids, such as Littorella uniflora (L.) Asch.,
Lobelia dortmanna L., Isoëtes spp. and Eriocaulon aquaticum (Hill) Druce. Isoetids
possess several morphological and physiological adaptations to cope with a low
availability of dissolved inorganic carbon, such as the ability to use pore water
CO2, and crassulacean acid metabolism, as observed for several Isoëtes species
and L. uniflora (Wium-Andersen, 1971; Keeley, 1998; Madsen, Olesen and Bagger,
2002, and references therein).
Over the past century, elodeids such as Myriophyllum alterniflorum D.C. and
Callitriche hamulata Kütz. ex W.D.J. Koch have grown profusely in some softwater
lakes in northwest Europe (Roelofs, 1983). Because of the high growth rates of
elodeids and their vertical growth form, the isoetid vegetation was overgrown and
reduced in size, probably due to light limitation as a result of shading (Moeller,
1978). Previous work on the decline of isoetid vegetation has mainly focussed on
eutrophication and acidification of softwater lakes (Roelofs, 1983; Roelofs et al.,
1984; Pedersen et al., 2006). However, a palaeolimnological study in a southwest
Norwegian softwater lake showed a local switch in dominance from Isoëtes spp. and
L. dortmanna to C. hamulata in the last century, while diatom inferred total-P and
pH showed no indication of eutrophication or acidification (Chapter 1). Conversely,
the appearance of elodeids resulting in the decline in isoetids might be related to
another factor, such as an increase in carbon, and especially CO2 availability. It
is not likely that changes in HCO3- concentrations contribute to the appearance
of elodeids, given that HCO3- concentrations in softwater lakes are far below 200
µmol L-1. These low concentrations are thought to be insufficient to contribute
substantially to the required carbon demand by submerged macrophytes capable
of HCO3- uptake (Madsen and Sand-Jensen, 1994; Madsen et al., 1996).
The CO2 concentration in softwater lakes can be very low (<10 µmol L-1),
particularly during summer, when CO2 uptake by primary producers is high (Robe
and Griffiths, 1992; Riera et al., 1999). In many softwater lakes, however, higher
CO2 concentrations are encountered (Dillon and Molot, 1997; Jonsson et al., 2003).
These higher CO2 values can be related to higher concentrations of dissolved
organic carbon (DOC). Several studies found a strong relation between DOC and
CO2 concentrations in softwater lakes (Hope et al., 1996; Jonsson et al., 2003;
Sobek et al., 2005). This is probably due to the degradation of DOC to CO2 as a
result of photo-oxidation or microbial activity (Tranvik, 1988; Graneli et al., 1996;
Cole et al., 2002). Thus, the recorded rise in DOC concentrations in many lakes
and streams in the UK, the USA and NW European countries over the last 15 years
(Evans et al., 2005; Skjelkvåle et al., 2005) might also have increased lake CO2
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concentrations. The rise in DOC could be attributable to global warming, rising
atmospheric CO2 concentrations, and hydrological changes (Andersson et al.,
2000; Freeman et al., 2001; Hudson et al., 2003; Fenner et al., 2007), but
also to the liming of lakes or their catchment area to counteract acidification
(Roelofs et al., 1994; Lucassen et al., 1999).
An experiment conducted with the elodeids M. alterniflorum and C. hamulata
showed that these species were not able to grow at ambient CO2 concentrations,
but needed CO2 levels of ≥50 µmol L-1, in combination with mesotrophic sediments,
to reach positive growth rates (Spierenburg et al., 2009). These results strongly
indicate that relatively high CO2 concentrations could be a prerequisite for the
massive expansion of elodeids in softwater lakes. However, the experiment was
conducted with a monoculture of either M. alterniflorum or C. hamulata, whereas it
is expected that the presence of high densities of isoetids may be disadvantageous
to elodeid growth since isoetids can modify their habitat considerably. This is
mainly reflected in the change of sediment characteristics as a result of the
relatively high radial oxygen loss (ROL) from their roots (Sand‑Jensen and Prahl,
1982; Sand‑Jensen, Prahl and Stokholm, 1982). Isoetids are able to oxidize the
reductive sediments around their roots, which often results in the oxidation of
the whole rhizosphere (e.g Wium-Andersen and Andersen, 1972; Tessenow and
Baynes, 1975). In such oxidized sediments iron(III) and manganese(IV) are
constantly formed and can co-precipitate with phosphate and become highly
insoluble, or phosphates can adsorb to iron-oxy-hydrogens (Boström et al., 1988;
Christensen and Wigand, 1998). In this way, phosphates (and iron) are immobilized
in the sediment and are probably less available for macrophytes. The high ROL
from isoetid roots also promotes the nitrification of ammonium in the sediment
pore water, leading to decreasing ammonium and increasing nitrate availability
(Christensen and Sørensen, 1986; Risgaard-Petersen and Jensen, 1997). In
contrast to most submerged macrophytes, isoetids have a nitrate‑dominated
nitrogen utilization. At low ammonium:nitrate ratios, this gives them an
advantage over other submerged macrophytes in nitrogen uptake (Schuurkes et
al., 1986). There are no direct measurements on nitrate and ammonium uptake
by M. alterniflorum. However, Chatenet et al. (2006) found a strong inhibiting
effect of aquatic ammonium on nitrate reductase activity, suggesting that there is
at least a preference for ammonium uptake from the water column.
For this study it is hypothesized that the potential suboptimal nutrient
availability in the sediments due to the presence of isoetids, in combination
with a nutrient-poor water column and very low aquatic CO2 concentrations,
are preventing profuse elodeid growth. This will lead to an isoetid-dominated
vegetation. However, as shown by Chapin (1980) and Spierenburg et al. (2009)
rising aquatic CO2 concentrations might promote elodeid root and shoot growth.
However, it is unknown whether this can counterbalance the potential negative
effect of isoetids on elodeid growth, possibly leading to an elodeid-dominated
vegetation. To test the competitive power of isoetids and elodeids in relation to
dissolved CO2 concentrations a competition experiment was conducted using the
isoetid L. uniflora and the elodeid M. alterniflorum.
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Methods
Experimental design
A growth experiment over 60 days was conducted using 36 glass containers
(length, 26 cm; width, 13 cm; height, 32 cm) filled with 8 cm (2.7 L) fresh
sediment. Sediment was obtained by mixing sediment from two softwater lakes
(1:1) situated in the Valkenberg nature reserve (the Netherlands, 51° 27’ N,
6° 12’ E). Some characteristics of the sediment mixture are given in Table 1. The
overlying water column (6.8 L per glass container) consisted of an oligotrophic
culture medium (Table 2), and was continuously refreshed at a rate of 3.6 L d-1.
For this purpose, fresh culture medium was continuously pumped with peristaltic
pumps (Masterflex, 7015-20, Cole-Parmer, Vernon Hills, IL, U.S.A.) from black,
covered 110 L containers into the glass containers. To prevent algal growth, black
silicone tubing was used. An overflow system kept the water level constant at
20 cm above the sediment surface.
All glass containers were situated in a water bath at a constant temperature
(18.8 ± 0.1 °C), regulated by means of a recirculating chiller (NESLAB Merlin
M-75, Thermo Scientific, Newington, NH, U.S.A.). Irradiance was provided by six
400W High Pressure Sodium lamps (Hortilux-Schréder, Monster, the Netherlands)
with a photoperiod of 16h at PAR (400-700 nm) of 255 ± 1.2 µmol photon m-2 s-1
at the water surface.
Three CO2 concentrations (15, 90, and 200 µmol L-1) and three densities
of L. uniflora (0, 18 and 60 individuals per glass container, i.e. 0, 533 and
1775 individuals m-2) were used and were randomly assigned to glass containers in
a full factorial design with four replicates
Table 1 Sediment properties at the start of
the experiment (mean ± standard error). per treatment.
To create three different CO2
The element content is expressed in µmol L-1
concentrations in the water column,
sediment. OM = organic matter.
each glass container was aerated
Parameter
Value
continuously with one of three different
Water content (% FM)
21.95 ± 0.25
air-CO2 mixtures with a fixed flow of
OM content (% DM)
0.57 ± 0.01
0.125 L min-1. These were created by
mixing compressed air with pure CO2
1479.69 ± 6.23
DM (g L-1)
at three constant proportions by means
P-Olsen (µmol L-1)
266.42 ± 12.40
of mass flow controllers (EL-FLOW
-1
Total-P (µmol L )
1028.29 ± 44.95
select F201CV, Bronkhorst, Veenendaal,
K (µmol L-1)
2926.05 ± 385.40
the Netherlands). Before mixing, the
Fe (µmol L-1)
8135.74 ± 481.57
compressed air was scrubbed with
Mn (µmol L-1)
208.11 ± 11.25
sodalime to remove CO2 and subsequently
Al (µmol L-1)
31766.98 ± 1154.62 filtered over a 15 µm inline filter.
Healthy,
intact
specimens
of
Ca (µmol L-1)
5015.19 ± 277.21
L. uniflora and M. alterniflorum were
-1
S (µmol L )
1413.00 ± 67.33
collected from lake ‘Beuven’ (the
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Table 2 Mean chemical composition (in µmol L-1 ± standard error) of the culture solution used,
and the resulting measured concentrations in the glass containers at the three different CO2
concentrations applied (after 46 days from the start of the experiment). The concentrations of
all elements except HCO3- were not statistically differing with the CO2 or L. uniflora density (see
text).

Constituent

Medium
CO2 = 15 µmol L-1

Measured
CO2 = 90 µmol L-1

CO2 = 200 µmol L-1

Na
K
Mg
Ca
Cl

224
11
24
29
175

199.73 ± 5.98
10.83 ± 0.50
23.58 ± 0.67
34.42 ± 1.03
158.52 ± 7.80

204.48 ± 5.69
9.72 ± 0.48
23.74 ± 0.66
37.28 ± 1.74
163.17 ± 7.62

208.92
8.54
24.59
38.32
168.34

± 5.76
± 0.37
± 0.72
± 1.93
± 7.49

HCO3- (a)
SO42- (b)
NH4+
NO3PO43TP
TFe

20
49
2
23
<0.1
-

49.97 ± 1.30
2.63 ± 0.35
16.55 ± 0.92
0.01 ± 0
0.24 ± 0.03
0.2 ± 0.03

50.4 ± 1.41
0.75 ± 0.13
8.15 ± 1.06
0.02 ± 0.01
0.26 ± 0.03
0.18 ± 0.02

51.43
0.77
7.13
0.01
0.22
0.15

± 1.48
± 0.11
± 0.91
±0
± 0.03
± 0.02

(a)
(b)

For HCO3- measurements see Table 4
Measured as S

Netherlands, 51° 24’ N, 5° 38’ E) and lake ‘De Nieuwe Wiel’ (the Netherlands,
51° 41’ N, 5° 11’ E), respectively, shortly before planting. All plant material was
carefully cleaned.
Eleven days before the start of the experiment, whole plants of L. uniflora were
planted in the above described densities in the glass containers. At the start of
the experiment 20 rootless apical shoots (approx. 8 cm) of M. alterniflorum were
planted in every glass container. The properties of the plant material at the start
of the experiment are given in Table 3.
Water and sediment measurements
The pH of the water was measured every week, before the onset of the light period
using a Cyberscan pH 300 series pH meter (Eutech, Singapore) with a double
Ag/AgCl reference pH electrode (Orion 9156BNWP, Thermo Scientific, Waltham,
MA, U.S.A.). Simultaneously, 1 mL surface water was sampled and immediately
analysed for dissolved inorganic carbon (DIC) on an infrared carbon analyser
(Advance Optima, ABB, Cary, NC, U.S.A.). Carbon dioxide concentrations were
calculated from the DIC concentrations and pH according to Stumm and Morgan
(1996). Pore water pH, DIC and CO2 concentrations were determined after 23
days of the experiment. For this, pore water samples were collected anaerobically
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Table 3 Properties of the plant material used, at the start of the experiment (mean ± standard
error), where L. uni = Littorella uniflora and M. alt = Myriophyllum alterniflorum, All = all L. uniflora
densities, R:S is the root:shoot ratio (based on g DM). The planted M. alterniflorum material was
rootless at the start of the experiment.

L. uni density treatment
Species
(individuals m-2)
0
553
1775
All

L. uni
M. alt

R:S
0.89 ± 0.02
-

g DM Shoot m-2

g DM root m-2

0
6.48
21.60
8.08

0
5.78
19.25
0

± 0.10
± 0.30
± 0.89

± 0.24
± 0.79
-

during the dark period, using 10 cm long Teflon rhizons (Eijkelkamp, Agrisearch,
Giesbeek, the Netherlands), placed diagonally in the sediment extracting pore
water from 1 to 8 cm sediment depth. The sediment pore water was sucked out by
connecting the rhizons to vacuum syringes (60 mL). Pore water DIC and pH were
immediately measured as described above.
After 46 days, water column samples were taken in 20 mL acid-rinsed, iodised
PET bottles, and stored at -18 °C. Pore water was sampled using rhizons and
vacuum syringes, during the dark period in the middle and at the end of the
experiment and stored in 20 mL acid-rinsed, iodised PET bottles at -18 °C.
Calcium, iron, potassium, sodium, magnesium, manganese, sulphur and totalphosphorus contents of both surface and pore water samples were analysed using
an ICP‑OES (model IRIS Intrepid II XDL, Thermo Fisher Scientific, Waltham, MA,
U.S.A.). Ammonium, nitrate and phosphate were determined colorimetrically
using an Auto Analyser system (model III, Bran and Luebbe, Nordstedt,
Germany). Chloride was determined by flame photometry (Auto Analyser, model
III, Bran and Luebbe, Nordstedt, Germany). For the analysis of sediment calcium,
iron, potassium, sodium, magnesium and total-phosphorus concentrations, the
sediments were digested in 4 mL HNO3 (65 %) and 1 mL H2O2 (35 %), using an
Ethos D microwave (Milestone, Sorisole, Lombardy, Italy) (Kingston and Haswell,
1997) and measured with an ICP-OES. Three sediment samples were taken at the
start of the experiment. Plant available phosphate (Olsen-P) in the sediment was
extracted according to Olsen et al. (1954) and analysed by using an ICP-OES (see
above).
in the ninth week of the experiment, After minimal 2 hours from the onset of
the light period, the redox-potential (Eh in mV) was measured at 5 cm depth in
the sediment with a multimeter (p901, Consort, Turnhout, Belgium), a platinum
electrode and an Ag/AgCl reference electrode (Metrohm, Herisau, Switzerland).
The measured values were corrected for the pore water pH and the reference
electrode used.
Plant measurements
The experiment lasted 60 days, after which the plants were carefully harvested
by taking the sediment with plants out of the glass container. Subsequently, the
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sediment was gently flushed away from the roots. Next, the plants were separated
such that the roots remained connected to the shoots and could be assigned to
one of the two plant species. The amount of detached roots was minimal and was
not taken into account in the analyses. After further cleaning, the roots and shoots
were separated and the dry mass (DM at 80 °C after 24 h) was determined.
All dried plant material was ground in stainless steel grinding jars in a ball mill
(MM301, Retsch, Haan, Germany) and used for elemental analysis. Ground shoot
and root material was digested in 4 mL HNO3 (65 %) and 1 mL H2O2 (35 %),
using an Ethos D microwave (Milestone, Sorisole, Lombardy, Italy) (Kingston and
Haswell, 1997). The digests were analysed for elemental composition (calcium,
iron, potassium, sodium, magnesium and total-phosphorus) using an ICP-OES.
Carbon and nitrogen contents of ground material, weighed (approx. 3 mg) in
pressed tin cups, were analysed using an elemental analyser (NA1500, Carlo
Erba, Thermo Fisher Scientific, USA).
Production of the plants was expressed as relative growth rate (RGR) and
biomass gain. RGR of the total plant (shoot+root) was calculated according
to: RGR =(ln(M) - ln(N))(t)-1, where M is the final total biomass (g DM) and
N is the initial total biomass (g DM) of the plants and t is the duration of the
experiment (in days), i.e. assuming exponential growth. The biomass gain was
calculated according to: biomass gain = M - N.
Statistical analysis
All statistical analyses were performed using SPSS 16.0 for Windows (SPSS
Inc., USA). Care was taken that the test assumptions were met. Effects of the
treatments were tested at a 95 % confidence level using one-way ANOVA. When
the ANOVA gave a significant result, a Gabriel or Games Howell post hoc test
(depending on equality of variance) was performed to determine which of the
groups differed significantly. If the tested variable was strongly influenced by CO2
concentration an ANCOVA was performed.

Results
Carbon dioxide
Three statistically significant different aquatic CO2 concentrations were created
successfully (ANOVA, Games-Howell, Table 4). Based on these data the three
experimental CO2 concentrations are referred to as 15, 90 and 200 µmol L-1.
Together with the three CO2 concentrations also the DIC and pH differed
significantly (ANOVA, Games-Howell). Bicarbonate (HCO3-) concentrations were
significantly lower at 15 µmol L-1 CO2 compared to higher CO2 concentrations
(ANOVA, Games‑Howell, Table 4). Carbon dioxide, HCO3-, DIC and pH did not
differ significantly between glass containers with the same experimental CO2
concentration (ANOVA). The density of L. uniflora had no significant effect on CO2
concentrations in the water column (ANCOVA).
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Table 4 Carbon species for the three aquatic CO2 treatment levels. pH is geometrically averaged
(± standard error of the mean). Statistically identical groups are denoted for every parameter
with letters in superscript (ANOVA, Games-Howell, at a 95% confidence interval).

Parameter

CO2 treatment (µmol L-1 )
90

15

DIC (µmol L )
CO2 (µmol L-1)
HCO3- (µmol L-1)
pH
-1

40.0
13.4
26.6
6.7

± 1.06
± 0.44 a
± 0.76 a
± 0.01 a
a

129.7
92.9
36.9
6.0

± 1.06
± 2.15 b
± 0.99 b
± 0.02 b
b

200
235.0
199.7
35.3
5.6

± 6.10 c
± 4.97 c
± 1.48 b
± 0.02 c

Water and pore water
None of the elements in the water column was significantly affected by the aquatic
CO2 concentration or the L. uniflora density (Table 2). The ANOVA on nitrate and
ammonium showed a significant effect of CO2, with lower values at the higher CO2
concentrations, but the Gabriel post hoc test showed no significant differences
between the CO2 concentration groups (p >0.54).
The redox potential (Eh) of the sediments was significantly higher when
L. uniflora was present, with a maximum of around 560mV (ANOVA, Games‑Howell,
Fig. 1). Besides, increasing aquatic CO2 was significant and positively related to
Eh (ANOVA, Gabriel), mainly when L. uniflora was absent. Pore water pH showed
a significant negative correlation with both CO2 concentration and L. uniflora
density (ANOVA, Gabriel). Both pore water CO2 and HCO3- showed a significant
positive correlation with rising aquatic CO2 when L. uniflora was absent (ANOVA,
Games‑Howell). In the presence of L. uniflora this relationship weakened
(ANOVA). At CO2 concentrations ≥90 µmol L-1, the presence of L. uniflora resulted
in significant lower pore water CO2 and HCO3-. Sulphate concentrations in the pore
water were significantly higher when L. uniflora was present (ANOVA, Gabriel).
The different CO2 concentrations did not result in any differences in pore water
sulphate, except at a L. uniflora density of 553 individuals m-2 between the lowest
and other CO2 concentrations (ANOVA, Gabriel). Pore water iron and manganese
concentrations were significantly lower in the presence of L. uniflora (ANOVA, Fe:
Games-Howell, Mn: Gabriel). Pore water manganese increased with rising aquatic
CO2 concentrations only in the absence of L. uniflora. Calcium and magnesium
concentrations in the pore water were higher with rising availability of dissolved
CO2, especially when L. uniflora was absent (ANOVA, Gabriel). Aluminium
concentration in the pore water was generally around 17 µmol L-1 (data not shown)
and correlated weakly with L. uniflora density and CO2 concentration.
Pore water phosphorus (data not shown, 1.7-0.5 µmol L-1) and ammonium
were low in every treatment. Nitrate concentrations were very low (data not
shown, 0.1-0.6 µmol L-1). There were no significant differences in pore water
phosphorus and nitrate with respect to the treatments (ANOVA). Pore water
ammonium was only higher at 15 µmol L-1 CO2 and in the absence of L. uniflora
(ANOVA, Gabriel). Potassium concentrations in pore water were significant lower
in the presence of L. uniflora (ANOVA, Gabriel)) at CO2 concentrations ≥90 µmol
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Fig. 1 Mean sediment and pore water properties in relation to the Littorella uniflora density and
water column CO2 concentration. The sediment redox potential values were measured 52 days
after the start of the experiment. The data for pore water pH, CO2 and HCO3- were measured
after 25 days. The other elements in the pore water were measured after 46 days. Olsen-P of the
sediment was measured at the end of the experiment. The error bars indicate 1 standard error of
the mean. The letters above the bars signify homogeneous groups (ANOVA, Gabriel).
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L-1. In the presence of L. uniflora, the highest CO2 concentrations resulted in lower
potassium concentrations compared to the lowest CO2 concentration (ANOVA,
Gabriel). Sediment Olsen-P showed no relation with either CO2 concentration or
L. uniflora density (ANOVA).
Plant production
The production of M. alterniflorum and L. uniflora was affected by both CO2 and
the density of L. uniflora. The M. alterniflorum productivity was negative at the
lowest CO2 concentration of 15 µmol L-1 (Fig. 2), and many M. alterniflorum plants
died and disappeared. On the other hand, production was positive at 90 µmol L-1

Fig. 2 a, b) Mean absolute gain in biomass (± standard error) of Myriophyllum alterniflorum
and Littorella uniflora after 60 days, at the different CO2 concentrations grouped by L. uniflora
density. The number of glass containers in which all plant material died is indicated by the number
preceded by †. For comparability, the absolute gain of both M. alterniflorum and L. uniflora
biomass has been presented for 20 individuals. For this the biomass gain of L. uniflora has been
recalculated. c, d) Mean relative growth rate (± standard error) of M. alterniflorum and L. uniflora
based on the total biomass.
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CO2 and increased with rising CO2 availability.
The relative growth rate (RGR) of M. alterniflorum increased significantly with
higher dissolved CO2 concentrations (ANOVA, due to lack of sufficient plant material
at 15 µmol L-1, only tested for 90 and 200 µmol L-1 CO2). The density of L. uniflora
had only a significant effect on the relative growth rate of M. alterniflorum when
the statistical model was corrected for the CO2 effect (ANCOVA, Fig. 2). Simple
contrast analysis showed that the relative growth rate of M. alterniflorum was
only significantly higher when growing without L. uniflora. The growth reduction
of M. alterniflorum, in the presence of L. uniflora was around 50% of the absolute
biomass gain and not statistically different between the two L. uniflora densities
(553 and 1775 individuals m-2). A maximal production of M. alterniflorum was
observed at 200 µmol L-1 CO2 without L. uniflora with an absolute biomass gain of
2.6 ± 0.33 g DM (20 individuals, all plants in glass container) and a relative growth
rate of 0.04 ± 0.004 d-1. The root production of M. alterniflorum was low or absent
at the lowest CO2 concentration of 15 µmol L-1 CO2. At CO2 concentrations ≥90 µmol
L-1 root growth was positive and roots looked healthy at the time of harvesting.
The root:shoot ratio of M. alterniflorum was independent of the L. uniflora density,
but increased significantly with rising CO2 availability (ANCOVA, Fig.3).
Rising CO2 availability also enhanced the production of L. uniflora (Fig 2b,d).
Compared to M. alterniflorum, the increase in production proved to be low, with
a maximum (200 µmol L-1 CO2, density L. uniflora, 553 individuals m-2) absolute
biomass gain of 0.4 ± 0.07 g DM 20 individuals-1 and a relative growth rate of
0.009 ±0.001 d-1. Both the CO2 concentrations and the L. uniflora density had,
independently of each other, a significant effect on the growth rate of L. uniflora

Fig. 3 Root:shoot (R:S) ratios of Myriophyllum alterniflorum and Littorella uniflora, based on mass
(± 1 SE) at the different CO2 concentrations and L. uniflora densities.
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(ANOVA). The ratio between L. uniflora roots and shoots increased significantly
with increasing CO2 concentrations (Fig 3, ANOVA, Gabriel). The root:shoot ratio
of both M. alterniflorum and L. uniflora was unrelated to the L. uniflora density or
the interaction between CO2 and the L. uniflora density (ANOVA).
Elemental composition of macrophytes.
The average content of nitrogen, phosphorus and potassium (µmol g DM-1) of the
shoots of M. alterniflorum and L. uniflora are shown in Fig. 4. The presence and
density of L. uniflora did not have a significant effect on the final phosphorus,
nitrogen or potassium content of M. alterniflorum (ANOVA). Moreover, the
final potassium and phosphorus content of L. uniflora was not affected by the
density of L. uniflora (ANOVA). However, the L. uniflora density was significantly
related to the final L. uniflora shoot tissue nitrogen content. At the highest CO2
concentration, the nitrogen content of L. uniflora shoots was higher when growing
at the highest density (ANOVA, Gabriel). The CO2 concentration was negatively
related to the nitrogen content of M. alterniflorum shoots when L. uniflora was
absent or present in low density (ANOVA, Games-Howell). For potassium and
phosphorus, this was only the case when M. alterniflorum was growing without
L. uniflora (ANOVA, K: Games-Howell, P: Gabriel). Leaves of L. uniflora contained
higher phosphorus and potassium concentrations compared to M. alterniflorum.
Again, the potassium levels in L. uniflora shoots were not related to the CO2
concentration and only weakly related to the L. uniflora density (ANOVA). The
phosphorus content of L. uniflora leaves was lower at dissolved CO2 ≥90 µmol L-1
and unrelated to the L. uniflora density (ANOVA, Gabriel). The nitrogen content
of L. uniflora leaves decreased significantly with higher CO2 availability (ANOVA,
Gabriel). The L. uniflora density was unrelated to the L. uniflora shoot nitrogen
content (ANOVA).
During the experiment the shoot tissue P content of L. uniflora increased
significantly from an initial 47 ± 0.04 µmol g DM-1 to final values of 62 ± 1.6
and 84 ± 2.8 µmol g DM-1 at CO2 concentrations of 15 µmol L-1 and ≥15 µmol L-1,
respectively (ANOVA, Gabriel, Fig 4). In contrast, the initial shoot P content
of M. alterniflorum was 52 ± 2.5 µmol g DM-1 and did not differ at the end of
the experiment with 90 µmol L-1 CO2 (48 ± 1.5). Phosphorus in the shoots of
M. alterniflorum decreased significantly to 33 ± 6.8 µmol gDM-1 at 200 µmol L-1
CO2 (ANOVA, Gabriel).

Discussion
Both CO2 concentration and L. uniflora density had a statistically significant effect
on the growth of M. alterniflorum. At the lowest CO2 values M. alterniflorum did
not produce roots and finally died, showing that it is unable to sustain itself at such
low CO2 concentrations. At CO2 values ≥90 µmol L-1, M. alterniflorum was able to
survive and showed increasing growth rates with rising CO2 availability. These
results are in accordance with earlier growth experiments with M. alterniflorum at
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Fig. 4 Mean (± standard error) nutrient content of Myriophyllum alterniflorum and Littorella
uniflora shoot tissue, related to the CO2 concentration and L. uniflora density. The reference
lines show the mean shoot P content of M. alterniflorum and L. uniflora at the start of the
experiment. The letters denote statistical homogeneous groups (ANOVA, Games-Howell, except
for M. alterniflorum K and N; ANOVA, Gabriel). The bar marked with ‘*’ (15 µmol L-1 CO2, L. uniflora
density = 1775 ind. m-2) was not taken into the statistical analysis because of a lack of replicates.
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Table 5 Carbon dioxide and pH values of some Dutch (NL), Danish (DK) and Norwegian (NO)
softwater lakes with high abundances of M. alterniflorum. The data from Gygretjørna shows
the diurnal variance on a sunny summer day, as the range with the mean between parentheses.

Lake
Leemkuilen Udenhout

Country
NL

Date
Oct 2007

CO2 (µmol L-1)
112

Broekse Wielen
De Nieuwe Wiel
Hostrup Sø
Møssingtjørna
Gygretjørna1

NL
NL
DK
NO
NO

Oct 2007
Oct 2007
Jan 2006
Oct 2006
Jul 2008

79
74
543
73
43-156 (82.6)

pH
7.2
7
6.9
6
5
5.5-6.5 (5.9)

different CO2 concentrations, in which the growth of M. alterniflorum was close to
zero or negative at CO2 concentrations of 20 µmol L-1, but positive and increasing at
CO2 ≥45 µmol L-1 (Spierenburg et al., 2009). The maximum relative growth rate of
M. alterniflorum observed in the present study was 0.04 d-1. This is comparable to
earlier reported growth rates of Myriophyllum spp., which are between 0.025 and
0.05 d-1 (Nielsen and Sand-Jensen, 1991; Pagano and Titus, 2007; Spierenburg
et al., 2009). These findings are also similar to field data on dissolved CO2 in
softwater lakes with many M. alterniflorum present. Data from Norwegian, Danish
and Dutch lakes with abundant stands of M. alterniflorum show winter CO2 values
between 62 and 540 µmol L-1 and pH of 5.0 to 7.2 (Table 5). In a Norwegian
softwater lake with a very large biomass of M. alterniflorum, summer CO2 values
between 50 and 160 µmol L-1 were measured at pH 5.5-6.4. This suggests that
CO2 >45 µmol L-1 could also support blooms of M. alterniflorum in natural systems.
The growth of L. uniflora was also positively correlated with higher CO2
availability in the water column, but was much lower compared to that of
M. alterniflorum. The maximum relative growth rate of L. uniflora within this
experiment was 0.009 d-1, which is again in the range of earlier reported growth
rates of L. uniflora at comparable CO2 concentrations (Andersen and Andersen,
2006; Andersen et al., 2006).
Myriophyllum alterniflorum growing in competition with L. uniflora, showed
greatly reduced growth rates. At CO2 ≥90 µmol L-1 this reduction in growth was
around 50% in terms of biomass gain over the experimental period (Fig. 2).
Such a strong growth reduction of M. alterniflorum was already observed at the
relatively low L. uniflora density of 553 plants m-2.
The L. uniflora density, CO2, and their interaction, influenced sediment
characteristics in several ways. Due to the high Radial Oxygen Loss (ROL) by
L. uniflora roots to the sediment, the presence of L. uniflora resulted in a substantial
increased redox potential (Eh). This indicated a higher oxidation of the sediments
in the presence of L. uniflora. Furthermore, the available CO2 in the water column
was positively related to the sediment Eh, when M. alterniflorum was growing
both with and without L. uniflora. The rising CO2 availability may have increased
photosynthetic activity and thereby oxygen production, with as a result a higher
oxygen release by the roots. Andersen et al. (2006) showed for L. uniflora that
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high aquatic CO2 concentrations indeed induced a higher ROL in the sediment,
together with a higher photosynthetic activity.
The oxygenation of the sediment resulted in several chemical changes. Firstly,
iron sulphite was probably oxidized to iron hydroxide, releasing sulphate and
hydrogen protons, as reflected by the higher sulphate content and the lower pH of
the pore water at higher redox potentials. The protons formed during this process
would have partly reacted with the cation exchange buffer of the sediment, such
as (R-Ca2+), carbonates including calcite, dolomite and bicarbonate, releasing
calcium, magnesium and carbon dioxide. This phenomenon is common in
wetlands in Western Europe, which generally contain relatively high amounts of
reduced sulphur in their sediments as a consequence of high atmospheric sulphur
deposition and groundwater pollution over the last few decades (Lucassen et al.,
2002). The Olsen-P of the sediments at the end of the experiment was higher
than the values measured initially. This could be related to effects of the relatively
high sediment temperature (18.8 °C) or might be related to changed sediment
chemistry and microbial activity resulting from the presence of the macrophytes
(Boström et al., 1988).
The reduced growth rates of M. alterniflorum in the presence of L. uniflora
might be related to changed nutrient availability. Since the nutrient concentrations
in the water column were low, and rooted macrophytes mainly depend on the
sediment for their nutrient acquisition (Carignan and Kalff, 1980; Brouwer et
al., 2002), changes in nutrient availability in the sediment might be particularly
important for the growth of both species. Within this experiment, relatively infertile
sediment was used, comparable to sediments in many softwater lakes. Therefore,
a decreased nutrient availability to M. alterniflorum due to nutrient uptake of
L. uniflora or changes in sediment chemistry might have been responsible for the
observed reduced M. alterniflorum growth rates. Based on the experimental data,
however, we cannot confirm whether this mechanism of nutrient limitation was
responsible for this. On the one hand the L. uniflora density seemed not to be
clearly related to the sediment phosphorus availability since the sediment Olsen-P
concentrations and the M. alterniflorum tissue phosphorus content did not differ
between treatments with different L. uniflora densities. On the other hand, the low
shoot phosphorus content of M. alterniflorum (37‑42 µmol g DM-1) might indicate
phosphorus limitation. Caines (1965) found minimal M. alterniflorum shoot
phosphorus concentrations of 22-58 µmol g DM-1, while Fernandez‑Alaez et al.
(1999) measured values of (mean ± SD) 53 ± 20 µmol g DM-1 phosphorus in
shoots of M. alterniflorum from natural systems. With severe initial phosphorus
limitation, and minimal tissue phosphorus content a further reduction in phosphorus
availability to the plant might result in decreasing growth rates, without a further
lowering of the plant tissue phosphorus content. Furthermore, the relatively
stable Olsen-P values at different L. uniflora densities do not rule out phosphorus
limitation either, since the distribution of the available phosphorus over the two
species might be different at the different experimental CO2 concentrations and
L. uniflora densities.
In contrast to M. alterniflorum, the phosphorus content of L. uniflora shoots
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was higher at the end of the experiment than at the start (Fig. 4). This pattern
is similar for root phosphorus content (data not shown) and can indicate that
L. uniflora production is not phosphorus limited. Because of the low growth rate of
L. uniflora, the phosphorus requirement of L. uniflora should be lower than for the
faster growing M. alterniflorum (Nielsen et al., 1996; Elser et al., 2003). Therefore,
the high phosphorus content in L. uniflora might indicate luxury consumption
of phosphorus, which might possibly be related to the symbiotic relationship
between L. uniflora and vesicular-arbuscular mycorrhizal (VAM) fungi, which can
stimulate phosphorus retention (Bolan, 1991; Wigand et al., 1998; Andersen and
Andersen, 2006). Elodeids such as M. alterniflorum and C. hamulata do not show
a symbiosis with VAM, probably because of their relatively low release of oxygen
(Beck-Nielsen and Madsen, 2001). The relatively high phosphorus content in L.
uniflora could also be the result of the fact that L. uniflora was planted 11 days
prior to M. alterniflorum, and could already have taken up a large part of the easily
accessible phosphorus in the sediment at the time M. alterniflorum was planted.
The nitrogen content of the shoots of both M. alterniflorum and L. uniflora
were in the same range as recorded in the field by Fernandez-Alaez et al. (1999),
who found values of (mean ± SD) 1480 ± 250 and 1269 ± 248 µmol g DM-1 for
M. alterniflorum and L. uniflora, respectively. However, earlier measurements of
shoot nitrogen content in M. alterniflorum, from the same location where the
plants of this study were collected, showed concentrations around 2600 µmol
N g DM-1 (P. Spierenburg, unpubl. data). Within the experiment, nitrogen limitation
does not seem to have reduced substantially the growth of M. alterniflorum in the
presence of L. uniflora. The L. uniflora density did not have a negative effect on
the nitrogen acquisition of M. alterniflorum. The high ROL of L. uniflora and the
expected occurrence of nitrification of ammonium to nitrate seem, therefore, to be
of minor importance in this experiment. However, in softwater lakes with stable,
dense isoetid communities, nitrogen limitation could be of greater importance for
elodeid growth. At the interface of the oxidized isoetid rhizosphere and the deeper
anoxic sediments nitrate is denitrified to nitrogen gas, which leaves the system
(Risgaard-Petersen and Jensen, 1997). This process can be amplified when the
location of the oxic-anoxic interface shifts due to diurnal differences in ROL,
allowing a frequent coupling between nitrification and denitrification, resulting in
substantial nitrogen losses from the system (Olsen and Andersen, 1994).
The experimental results showed that the growth of M. alterniflorum was
greatly reduced by the presence of L. uniflora, even at relatively low densities.
Even though in competition with L. uniflora, the growth rate of M. alterniflorum
at CO2 above 90 µmol L-1 was still considerably higher for M. alterniflorum than
for L. uniflora (Fig. 2). The absolute biomass gain of M. alterniflorum was 2.9-3.1
and 3.5-7.0 times higher than that of L. uniflora at CO2 concentrations of 90 and
200 µmol L-1, respectively. This shows that high CO2 availability might increase
the competitive power of M. alterniflorum. In a natural situation, this implies that,
with relatively high CO2 availability, M. alterniflorum can overgrow L. uniflora on
the long term, even when the sediments are relatively infertile.
When M. alterniflorum is overgrowing and shading L. uniflora, a reduced
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photosynthetic activity is expected for L. uniflora, coinciding with a decline in
oxygen release by the roots. In the more reducting sediments thereby formed,
phosphorus, ammonium and iron(II) availability could increase, as has been
shown in field and laboratory experiments by Urban et al. (2006, 2009) with the
isoetid Eriocaulon aquaticum (Hill) Druce and the rootless submerged macrophyte
Utricularia inflata Walt. The rising nutrient availability is, in turn, expected to act
as a positive feedback on the production of M. alterniflorum, and might result in
the complete disappearance of the isoetid vegetation. Furthermore, (temporal)
removal of patches of L. uniflora vegetation may also increase sediment nutrient
availability, facilitating an invasion of M. alterniflorum and possibly also of
other elodeids. This can happen when the isoetids are buried due to high (in)
organic mass input or by massive uprooting as observed in some softwater lakes
(Smolders et al., 2002).
This study has showed that, although L. uniflora and other isoetids are
strong competitors with elodeids at low aquatic concentration of CO2, the elodeid
M. alterniflorum (and possibly other elodeids) are likely to become superior
competitors at relatively high CO2 concentrations, even when the sediment is
relatively infertile. High CO2 might therefore be a prerequisite for great expansion
of elodeids in softwater lakes and might consequently pose a threat to the isoetid
vegetation.
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Chapter 4
Alkalinity generation and sediment CO2 uptake
influence establishment of Sparganium angustifolium
in softwater lakes

Abstract
Softwater lakes are generally dominated by slow-growing, small, isoetid plant
species that are adapted to the carbon- and nutrient-limited conditions in these
lakes. We investigated the strategy of a fast-growing species, Sparganium
angustifolium, for occupying softwater lakes. A field survey was carried out in
Norwegian carbon-limited Isoëteto-Lobelietum softwater lakes to compare abiotic
conditions at locations with and without S. angustifolium. In addition, long
term abiotic changes (1995–2008) related to the sudden establishment of the
species on experimentally limed plots were studied. Based on the results, the
carbon acquisition mechanism of S. angustifolium was tested in eco-physiological
laboratory experiments.
The redox potential was significantly lower at locations with S. angustifolium
(220 ± 2.3) compared to locations without S. angustifolium (338.1 ± 13.9). The
lower redox potential was accompanied by significantly higher concentrations
of HCO3-, CO2, and Fe2+ in the sediment pore water, indicating in-lake alkalinity
generation due to higher iron reduction rates in the generally iron-rich sediments.
In addition, the lower redox potential was accompanied by a higher nutrient
availability (NH4+ and PO43-) in the sediment pore water. Since there were no
differences in water quality between the lakes, the ability of S. angustifolium to
grow in softwater lakes very likely depended upon the higher Dissolved Inorganic
Carbon (DIC) and nutrient concentrations present in the sediment pore water.
Results from the liming experiment revealed that appearance of S. angustifolium
on limed plots was related to the dissolution of Ca and Mg carbonates and
development of a lower redox potential in the sediment. These processes were
accompanied by a sustained increase in the availability of DIC in the sediment
pore water.
The eco-physiological experiments indicated that S. angustifolium can increase
in biomass and produce floating leaves at a relatively high DIC availability in
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the root medium. In addition, it appeared that S. angustifolium can take up CO2
by the roots. As far as we know, the ability to use sediment CO2 has only been
described as an adaptation typical for isoetid plant species. Use of the relatively
large sediment CO2 pools present in these sediment types (>1000 μmol L-1) to
enable development of long floating leaves for additional uptake of atmospheric
CO2 is a very different strategy to colonise softwater lakes as compared to isoetid
plant species.

Introduction
Softwater lakes frequently occur in boreal and temperate regions and at higher
elevation in the subtropics, mostly on poorly buffered siliceous bedrock or on
non-calcareous sandy soils (Gacia et al., 1994; Murphy, 2002). They are mainly
fed by rainwater and shallow local groundwater flows and therefore are generally
nutrient-poor with very low amounts of Dissolved Inorganic Carbon (DIC) in the
water column. As a consequence, submersed macrophyte production is often
carbon-limited (Roelofs et al., 1984; Vadstrup and Madsen, 1995; Spierenburg et
al., 2009). The submerged vegetation in carbon limited softwater lakes is often
dominated by isoetid species (e.g. Murphy, 2002), which are characterized by
various morphological and physiological adaptations to a low carbon availability
in the water column, including effective utilization of higher sediment CO2 levels
(Boston et al., 1987; Raven et al., 1988; Madsen et al., 2002), possession of
a CAM (Crassulacean Acid Metabolism) photosynthetic pathway (Keeley, 1998),
and recycling photo-respired CO2 that can be recaptured in an extensive lacunal
system (Richardson et al, 1984; Raven et al, 1988).
Sparganium angustifolium Michx. occurs in Isoëteto-Lobelietum softwater lakes
of northern Europe and in Ericauleto-Lobelietum softwater lakes in northern America
and Ireland. The seedlings of S. angustifolium develop a submerged rosette with a
vallisnerid growth form (Bloemendaal and Roelofs, 1988). In contrast to isoetids,
they invest relatively more energy in shoot biomass, developing long linear leaves
(up to 100 cm) that turn into floating leaves when reaching the water surface
(van der Voo, 1973). Sparganium angustifolium also occurs in isoetid‑dominated
softwater lakes in southwest Norway but its abundance in these lakes is generally
low or scattered (Roelofs et al., 1995).
Many southern Scandinavian lakes and rivers became acidified in the 1970s
as a result of increased atmospheric deposition of sulphuric acid (Hendrikson
and Brodin, 1995). Surprisingly, acidification had hardly any negative impact on
the submerged vegetation in this part of Europe (Brandrud and Mjelde, 1993).
However, thousands of the acidified lakes and streams were limed yearly from the
1970s until now (Hendrikson and Brodin, 1995; Svenson et al., 1995), and large
parts of the added lime accumulated on the bottom of the lakes. In Swedish limed
softwater lakes and rivers, liming led in the long term to an increased number of
so called acid-sensitive plant species including elodeids and potamids (Brandrud
and Roelofs, 1995; Brandrud, 2002).
In contrast to Swedish lakes, yearly liming of Norwegian lakes has not resulted
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in changes in water chemistry (Lucassen, unpubl. data), probably due to the
much lower water residence times of south-western Norwegian lakes compared to
Swedish lakes. Results of a long term liming experiment (1994–2008) carried out
in an unlimed Norwegian softwater lake showed that S. angustifolium suddenly
occurred on the organic‑poor, sandy sediment of the limed plots, ca. 7 years after
the first liming event, while it remained absent in the unlimed part of the lake. In
this period, DIC concentrations in the water layer remained low (CO2 <50 μmol L-1
and HCO3 <3 μmol L-1). Water table fluctuation was very low and plots were
situated at a depth of 1.5 m. This suggests that, at least initially, S. angustifolium
may have been capable of using sediment carbon for photosynthesis in order to
be able to develop floating leaves and viable fruits in the deeper parts of the lake.
As far as we know, the ability to use CO2 directly from sediment pore water by
root uptake, has only been described as an adaptation typical for isoetid plant
species. There are a few indications of sediment CO2 use by non-isoetid plant
species, but it remains unclear whether uptake takes place directly by the roots
and/or indirectly via the shoots after diffusion to the water layer (Wetzel et al.,
1985; Kimber et al., 1999).
Therefore we investigated the mechanisms enabling establishment of
S. angustifolium in carbon limited Isoëteto-Lobelietum softwater lakes. We
hypothesised that the sediment carbon availability at locations occupied by
S. angustifolium would be relatively high and that the species can invade the
deeper parts of these lakes by an ability to use sediment CO2 as a carbon source.
To test this hypothesis, a field survey was first carried out to determine the
differences in composition of the sediment, sediment pore water and overlying
water column at locations in Isoëteto-Lobelietum softwater lakes with and without
growth of S. angustifolium. Locations in isoetid vegetated lakes with presence
of S. angustifolium and isoetid dominated locations in lakes without presence of
floating S. angustifolium plants were selected. Secondly, long-term abiotic changes
(1995‑2008) related with the growth of S. angustifolium were investigated on
experimentally limed plots. Based on the results, eco-physiological experiments
were carried out in hydroculture with separated root/shoot compartments, in
order to test the effect of an increase in the sediment carbon-pool on the growth
of S. angustifolium and the ability of this plant species to take up CO2 directly by
the roots.

Materials and methods
Field survey: comparison of isoetid vegetated lakes with and without
S. angustifolium
In order to determine which factors enable growth of S. angustifolium, a field survey
was carried out at 19 isoetid-dominated softwater lakes in July 2004. Differences in
composition of the sediment, sediment pore water, water layer, and plant nutrient
concentrations were determined. The lakes were all situated in southwest Norway
near Egersund and Hauge i Dalane (Dalane region) and none had been limed in
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the past. Locations in isoetid-vegetated lakes with S. angustifolium (n =9) and
isoetid dominated locations in lakes without S. angustifolium plants (n =10) were
selected. From each location, a sample of the upper sediment layer (0–10 cm)
was collected with a PVC tube (diameter 8 cm). In addition, in the littoral zone
surface water (0–0.5 m) was collected in 500 mL glass bottles. Sediment pore
water was collected anaerobically using ceramic cups (Eijkelkamp, Agrisearch, the
Netherlands) that were installed in the upper 10 cm of the sediment. Sediment
pore water was sucked out by connecting the cups to vacuum syringes (60 mL).
Redox potential was measured in the upper 5–10 cm of the sediment (see
section chemical analyses). At each sampling spot, 10 individuals of the plant
species present were sampled. Shoot lengths were measured and shoots were
separated from the roots, washed with demineralised water and subsequently
dried and weighed (24 h at 70 °C). Dried material was ground in liquid nitrogen
for determination of the chemical composition (see section chemical analyses).
For each lake the mean value of the duplicates was used in data analyses. As only
three of the S. angustifolium locations were co-vegetated by isoetids, isoetids at
these locations were not sampled for shoot analyses.
Effect of experimental liming on establishment of S. angustifolium
Lake Dybingen is a sandy softwater lake situated in the Dalane region (southern
Norway) near Hauge i Dalane (58°28’N; 6°18’E). In this region, many lakes became
acidified in the period 1960–90 as a result of atmospheric deposition of sulphuric
acid (Hendrikson and Brodin, 1995). Lake Dybingen has never been limed and,
as a consequence, its littoral zone is still dominated by an isoetid vegetation
(Roelofs et al., 1994). Eight plots of 1 m2 were marked in July 1994 in the most
northern part of the lake. This part, that receives run-off from the surrounding
area via a small inlet, was selected because of its easy accessibility. The location
was dominated by the isoetids Isoëtes echinospora Durieu, Littorella uniflora (L.)
Ascherson, and Lobelia dortmanna L. Sparganium angustifolium had never been
present, at least not in the northern part of the lake. The water table in the lake

Fig. 1 Growth of S. angustifolium in Norwegian softwater lakes with a carbon-limited water
column: growth on organic‑rich sediments in Haptatjørna (left) and on experimental limed sandy
plots in Lake Dybingen (right).
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hardly fluctuates (maximum fluctuation ± 0.25 m) as it is continuously fed with
water from the surrounding catchment and has an overflow to lakes situated
at a lower altitude. As a consequence, the water depth at the experimental
site remained relative stable around 1.5 m. Four of the plots were limed with
dolocal (1 kg m-2) in July 1994, August 1995, September 1997 and June 1998
(composition of dolocal: MgO:CaCO3:MgCO3 = 1:17:2). Lime was carefully added
to the sediment surface by scuba-divers. The other four plots remained untreated
(control). In 2001, floating leaves of the species suddenly appeared on the four
plots treated with dolocal with a maximum cover of 10% (Fig. 1). In the summers of
1995, 1997, 1999, 2004, 2006, 2007, and 2008, sediment pore water and surface
water were collected as mentioned in the previous section. In 2004, sediment
was collected from the upper 10 cm with a PVC tube and redox potential was
measured in the upper 5–10 cm of the sediment (see section chemical analyses).
Eco-physiological experiment: effect of increased carbon supply to the
roots of S. angustifolium
An eco-physiological experiment was carried out in hydroculture to test the
effects of increased dissolved inorganic carbon availability near the roots, on
growth of S. angustifolium. Eight 54 L aquaria were filled with 50 L of ‘shoot
medium’ (Table 1) reflecting the water quality of Lake Dybingen with a low CO2
concentration of 20 μmol L-1 (mean CO2 concentration in the lake was 22.1 μmol L-1
in the period 1999–2008). The medium was continuously refreshed with medium
from eight black 100 L containers by means of peristaltic pumps (Masterflex,
7015-20; Cole‑Parmer, Vernon Hills, IL, U.S.A.) at a speed of 5 L day-1 using
an overflow system. Black tubing was used to prevent nutrient consumption by
algal growth. Forty-eight root compartments (black, 500 mL) were filled with ‘root

Table 1 Composition (µmol L-1) of the shoot and root media representing the quality of the
sediment pore water and the overlying water column in the experimentally limed plots in Lake
Dybingen.

NaHCO3 (poor/rich)
NH4NO3
CaCl2
KCl
FeEDTA
CuSO4.5H2O
MnCl2.4H2O
ZnSO4.7H2O
(NH4)6.Mo7O2.4H2O
CoCl2.6H2O
H3BO3

Root medium
200/2000
50
200
25
20
0.4
2.7
0.3
0.5
0.01
0.04

Shoot medium
30
10
25
5
0.5
0.4
2.7
0.3
0.5
0.01
0.04
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medium’ (Table 1) resembling sediment pore water quality of the limed plots in
Lake Dybingen. In half of the compartments, the CO2 concentration of the root
medium was kept low to resemble the mean CO2 availability in the sediment pore
water of the reference plots from the time S. angustifolium appeared in the plots
(300 ± 122 μmol L-1). In the other compartments, the CO2 concentration was raised
to resemble the CO2 availability in the limed plots from the time S. angustifolium
appeared in the plots (1245 ± 223 μmol L-1). The media were prepared by making
two initial media of 250 and 2000 μmol L-1 NaHCO3 that were acidified to pH 5.0 with
0.1 m HCl resulting in CO2 concentrations of 240 and 1920 μmol L-1 respectively.
In each root compartment the roots of one S. angustifolium seedling were placed
(mean root DM ± SE =2.1 ± 1.1 mg; mean shoot DM ± SE =6.7 ± 2.8 mg). Roots
and shoots were separated by a tight rubber cap between the compartments.
Carbon dioxide measurements in control compartments with artificial plants
indicated that there was no leakage of CO2 from the system (see next section).
In four aquaria, six CO2 poor root compartments were placed (n =4) whereas the
other aquaria received six CO2 rich root compartments (n =4). All compartments
had an extended inflow and outflow so that medium could be refreshed without the
need to remove them from the aquaria. Three times a week, 0.5 mL samples were
taken from the root and shoot medium to detect changes in concentrations of DIC.
Two times a week, 60 mL of root medium was collected and simultaneously 60 mL
of fresh medium was sucked into the root compartment to maintain the pressure
inside the compartment. The fresh medium was corrected for the amount of CO2
taken up by the plants and for pH increase. The remaining sample was used for
nutrient analyses (see section chemical analyses). The experiment was performed
in a climate controlled room with a temperature of 18 °C, a day-night regime of
16–8 h, and a light intensity of 300 μmol m-2 s-1. The number of floating leaves
reaching the water surface (>30 cm) was recorded daily. After 2 months, root
and shoot material was harvested. The seedlings used were collected from Lake
Steigatjørna (southern Norway) and grown on their original organic-rich sediment
under laboratory conditions until the start of the experiment.
CO2 flux experiment: root CO2 uptake by S. angustifolium
A CO2 flux experiment was carried out in hydroculture to determine the ability
of S. angustifolium seedlings to take up CO2 from the root medium. The roots
of the individual seedlings (mean DM ± SE =2.1 ± 1.1 g) were placed in 40 mL
transparent glass compartments (n =8) (see previous section). The compartments
were placed in 500 mL aquaria filled with shoot medium reflecting the water layer
quality in Lake Dybingen (Table 1). The root compartment was filled with root
medium reflecting the sediment pore water quality present in the limed plots of
lake Dybingen (Table 1) with the exception that no NaHCO3 was added; instead a
CO2 concentration of 700 μmol L-1 was prepared with compressed CO2 gas. Samples
(0.5 mL) were collected after 1, 2, 4, 6, 8 and 10 days and simultaneously 0.5 mL
of fresh medium was sucked into the root compartment to maintain the
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pressure inside the compartment. Eight chambers with artificial plants (wood)
served to control that CO2 did not escape from the system. After 10 days, the
roots and shoots were separated and root material was dried. The experiment was
performed in a climate controlled room with a temperature of 18 °C, a day-night
regime of 16–8 h, and a light intensity of 300 μmol m-2 s-1. The seedlings used
originated from Lake Steigatjørna (see previous section).
Chemical analyses
The redox-potential (Eh in mV) was measured at 5-10 cm depth in the sediment
with a multimeter (p901; Consort, Turnhout, Belgium), a platinum electrode and
an Ag/AgCl reference electrode (Metrohm, Herisau, Switzerland). The measured
values were corrected for the used reference electrode.
The sediment and plant samples were dried for 24 h in an oven at 100 °C and
75 °C respectively. For total elemental analyses, 200 mg of dried and ground
material was digested for 17 min with 4 mL concentrated nitric acid and 1 mL 30%
hydrogen peroxide by use of a Milestone type MLS 1200 Mega microwave
(Sorisole, Lombardy, Italy). The total concentrations of elements (Ca, Mg, Mn,
Fe, P, S, K, Al, Si, Zn) in the digestives, surface and sediment pore water samples
were analysed using an ICP-MS (X series; Thermo Fisher Scientific, Waltham,
MA, U.S.A.). Quality assurance measures included blanks, replicate analyses and
matrix spikes. Recoveries from matrix spikes ranged from 95% to 107%. Repeated
analyses did not reveal differences greater than 5%. Total C and N concentrations
in the dried sediment and plant material were determined with a CN elemental
analyser (type NA1500; Carlo Erba/ThermoFisher Scientific). Ammonium and
PO43- in the surface and sediment pore water samples were analysed with Auto
Analyser III systems (Bran & Luebbe) using a salicylate method for ammonium
and ammonium molybdate for phosphate.
pH was measured with a Cyberscan pH 300 series pH meter (Eutech, Singapore)
with a double Ag/AgCl reference pH electrode (Orion 9156BNWP; Thermo Scientific,
Waltham, MA, U.S.A.). Dissolved Inorganic Carbon (DIC) analyses were carried
out using an Infrared Carbon Analyser (Model IRGA ABB Advance Optima). Carbon
dioxide levels were calculated from the DIC concentrations and pH according to
Stumm and Morgan (1996).

Data analysis
Data are presented as means ± standard error of the mean. General linear
models (GLM) procedures (univariate analysis and repeated measures analysis)
with Tukey’s HSD post-hoc tests were performed to assess statistical differences.
Kolmogorov-Smirnov tests were used in all cases to investigate whether the
responses met the parametric assumptions of normality. Homogeneity of variance
was checked with Levene’s test. SPSS 16.0 for Windows (SPSS Inc., Chicago, IL,
U.S.A.) was used as statistical package.
83

Chapter 4

Table 2 Chemical composition of the bulk sediment in isoetid-vegetated softwater lakes with
(+ Sparg; n =9) and isoetid‑dominated softwater lakes without (- Sparg; n =10) Sparganium
angustifolium.

Organic matter
Total C
Total N
Total S
Total Ca
Total Mg
Total Fe
Total Si
Total Zn
Total K
Total P
Total Mn
Total Al

+ Sparg
38.0 (9.9)
16592 (4274)
646.6 (134.8)
108.6 (30.7)
103.7 (14.6)
75.3 (11.0)
295.2 (98.5)
1.6 (0.5)
1.3 (0.1)
7.9 (2.9)
58.0 (13.4)
1.6 (0.5)
514.8 (74.5)

- Sparg
15.7 (6.9)
6178 (2659)
269.0 (102.4)
38.2 (17.1)
99.5 (28.8)
78.3 (14.3)
260.8 (63.4)
2.3 (0.7)
0.9 (0.1)
11.2 (4.7)
59.3 (18.9)
2.3 (0.7)
449.0 (119.5)

P-value
*
*
*
*
ns
ns
ns
ns
ns
ns
ns
ns
ns

Mean values (± SE) are given. Total concentrations of elements are given in μmol g DM-1 with the
exception of the organic matter content (%).
*P < 0.05; ns, not significant (GLM, univariate analysis).

Results
Field survey: comparison of isoetid vegetated lakes with and without
S. angustifolium
The sediment of lakes with occurrence of S. angustifolium contained a significantly
higher amount of organic matter and total concentrations of C, N, and S (Table 2).
The amount of organic matter was positively correlated with the total C (R2 =0.984,
P <0.001), N (R2 = 0.917, P <0.001) and S (R2 =0.866, P <0.001) concentrations
in the bulk sediment.
The composition of the water column in the investigated softwater lakes
did not differ significantly between the locations with and without occurrence
of S. angustifolium (Table 3). However, locations with S. angustifolium had a
significantly lower redox potential in the sediment, whereas the alkalinity and
concentrations of HCO3-, CO2, NH4+, Ca, Mg, Fe, Si, and P in the sediment pore
water were significantly higher compared to locations without S. angustifolium.
Especially the sediment pore water Fe concentrations were extremely high. Nitrate
was significantly higher in the sediment pore water of lakes dominated by isoetids
without growth of S. angustifolium. The sediment pore water Fe concentration and
the redox potential in the sediment were positively correlated (Fig. 2a). There was
a significant negative correlation between the concentration of HCO3-, as well as
84

Establishment of Sparganium angustifolium in softwater lakes

Table 3 Chemical composition of the water layer and sediment pore water of locations in
isoetid-vegetated lakes with (+ Sparg; n =9) and in isoetid-dominated lakes without (- Sparg;
n =10) Sparganium angustifolium.

+ Sparg

Water layer
- Sparg

Redox
.
.
pH
5.67 (0.1) 5.56 (0.11)
Alkalinity
56.4 (6.8)
49.4 (7.5)
Fe
3.9 (1.2)
1.7 (0.4)
CO2
67.0 (9.8)
50.1 (7.3)
HCO316.2 (5.1)
10.7 (2.7)
NO38.5 (3.7)
3.6 (1.3)
+
NH4
2.5 (0.7)
1.8 (0.5)
P
0.3 (0.0)
0.3 (0.0)
Ca
32.6 (3.9)
36.9 (4.0)
Mg
21.7 (2.6)
22.2 (3.2)
Si
18.9 (3.8)
10.6 (2.7)
+
K
21.4 (13.2)
9.3 (2.9)
Na+
105.7 (19.0) 116.9 (28.9)
PO430.07 (0.7)
0.03 (0.0)
Mn
0.2 (0.0)
0.2 (0.1)
Zn
0.8 (0.3)
1.4 (0.4)
S
25.0 (1.9)
24.0 (2.7)
Al
2.7 (0.2)
3.2 (0.5)

P-value
.
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

Sediment pore water
+ Sparg
- Sparg
P-value
220 (23.0)
5.59 (0.17)
851.0 (117.5)
212.3 (86.8)
2146.5 (348.1)
387.6 (92.0)
3.1 (1.6)
66.5 (34.0)
1.6 (0.7)
129.1 (21.5)
140.8 (58.4)
252.8 (60.5)
32.4 (16.4)
231.5 (79.0)
0.1 (0.1)
4.9 (4.1)
2.0 (0.5)
24.0 (11.0)
4.6 (1.7)

338.1 (13.9)
5.15 (0.10)
118.9 (27.8)
3.3 (1.0)
443.4 (52.0)
48.4 (23.4)
7.1 (1.2)
2.6 (0.4)
0.4 (0.03)
69.4 (8.6)
51.3 (6.7)
101.1 (15.8)
11.6 (3.1)
249.3 (71.8)
0.03 (0.01)
1.0 (0.2)
1.6 (0.2)
56.1 (7.6)
2.6 (0.3)

*
ns
***
*
***
**
*
*
*
*
*
*
ns
ns
ns
ns
ns
ns
ns

Mean values (± SE) are given. Concentrations are given in µmol L-1 with the exception of alkalinity
(µeq L-1) and the redox potential (mV).
*P <0.05; **P <0.01; ***P <0.001; ns, not significant (GLM, univariate analysis).
the concentration of CO2, with the concentration of reduced Fe in the sediment pore
water (Fig. 2b, c). Finally, there was a significant negative correlation between the
concentrations of NH4+ and NO3- in the sediment pore water (Fig. 2d).
Plant characteristics and plant composition are summarized in Fig. 3.
Sparganium angustifolium plants had a significantly higher mean shoot dry weight
and mean shoot length (483.8 mg and 97.2 cm) compared to the isoetid plant
species, including Lobelia dortmanna (59.2 mg and 5.9 cm), Littorella uniflora
(28.2 mg and 7.0 cm) and Isoëtes lacustris (91.7 mg and 11.3 cm). Carbon and N
concentration of the shoot did not significantly differ between S. angustifolium and
the three investigated isoetid plant species. However, the C content in I. lacustris
was significantly lower compared to S. angustifolium. Sparganium angustifolium
contained significantly higher concentrations of P and Ca compared to L. dortmanna
while the other isoetid species showed intermediate concentrations. As a result,
the C:N ratio of S. angustifolium did not significantly differ from the isoetids.
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However, the C:P ratio of the shoot was significantly lower in S. angustifolium as
compared to L. dortmanna while the other isoetid species had intermediate C:P
ratios. Also the N:P ratio of S. angustifolium was significantly lower compared to
L. dortmanna and L. uniflora while I. lacustris showed an intermediate ratio. There
were no significant differences in other elements analyzed including K, Fe, Mg, Al,
and S (results not shown).
Effect of experimental liming on establishment of S. angustifolium
Due to addition of Ca and Mg carbonates, the experimentally limed plots had a
significantly higher total concentration of Ca, Mg, and C in the sediment compared
to the unlimed plots. Redox potential in the limed plots was lower compared to the
reference plots. There was no significant difference in the concentration of other
elements (the mean iron concentration was 269 μmol g DM-1) or in the amount of
organic matter which was relatively low (6%, results not shown). The sediment
pore water in the limed plots developed significantly higher concentrations of CO2,
HCO3-, Ca, Mg, Fe, and Mn during the experimental period (Fig. 4). After the last
liming event, HCO3- and CO2 increased especially strongly. At that time the NH4+

Fig. 2 Scatter plots between parameters in the sediment pore water of isoetid-vegetated
Norwegian softwater lakes that strongly vary between locations without S. angustifolium (open
circels) and with S. angustifolium (closed circles).
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concentration also increased strongly for a few years. There were no significant
differences for other elements. Floating leaves of S. angustifolium appeared in the
limed plots in 2001. No seedlings of S. angustifolium were found outside the plots.
Eco-physiological experiment: effect of increased carbon supply to the
roots of S. angustifolium
During the experimental period, the CO2 concentration in the closed glass chambers
varied between 1171 ± 87 μmol L-1 (CO2-rich) and 200 ± 18 μmol L-1 (CO2-poor)
at a pH of 6.4 ± 0.07 and 6.1 ± 0.18 respectively. pH increased compared to the
media used (pH 5.0) very likely due to CO2 uptake by the roots (CO2 in media
was 1920 and 240 μmol L-1 respectively). The mean CO2 concentration in the
flowing water layer was equally low (34 ± 8.6 μmol L-1 and 21 ± 7.2 μmol L-1
respectively) between the two treatments. The NH4+ concentrations in the glass

Fig. 3 Shoot characteristics and shoot composition of S. angustifolium (sampled at locations
in isoetid-vegetated lakes) and several isoetid plant species (sampled at isoetid-dominated
lakes without S. angustifolium). Spa =S. angustifolium (n =9); Lob =Lobelia dortmanna (n =10);
Lit =Littorella uniflora (n =3); Iso =Isoëtes lacustris (n =10). Mean values + standard error (in
vertical bars) are given. Means with a same letter do not significantly differ (GLM, univariate
analysis with Tukey’s hsd post-hoc test).
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Fig. 4 Composition of the overlying water column (open squares) and of the sediment pore
water in reference (open circles) and limed plots (closed circles) of Lake Dybingen (µmol L-1).
Mean values (± standard error as vertical bars) are given. P-values between sediment pore water
chemistry of limed and reference plots are given (GLM, repeated measures analysis). Plots were
limed with dolocal in 1994, 1995, 1997 and 1998 (1 kg m-2). S. angustifolium appeared in 2001.
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chambers varied between 22.0 ± 2.9
(CO2-rich) and 29.0 ± 3.1 (CO2-poor)
μmol L-1 (results not shown). The results
(Fig. 5) show that a high CO2 availability
in the root medium, eventually led to a
significantly higher production of floating
leaves produced by the seedlings in time
(P =0.038) and enabled a significantly
higher biomass accumulation of the roots
(P =0.013) and the shoots (P =0.045).
CO2 flux experiment: uptake of CO2
by roots of S. angustifolium
Results of CO2 measurements in
closed chambers showed no decline in
concentration of CO2 in the chambers
with artificial plants (Fig. 6). In contrast,
CO2 concentration decreased significantly
over time in compartments with roots of
S. angustifolium (P =0.006), and after
eight days almost all CO2 had been
consumed.

Discussion
Occurrence of S. angustifolium in
softwater lakes

Fig. 5 Effects of an increased DIC availability
in the root medium on the production of
floating leaves (GLM, repeated measures
analysis) and the relative biomass (% DM)
(GLM, univariate analysis) (n =6) of S.
angustifolium. [CO2] in CO2-rich root medium
=1920 µmol L-1; [CO2] in CO2‑poor root
medium =240 µmol L-1; [CO2] in water layer
=20 µmol L-1. 100 % DM =125 mg; *, P <0.05;
**, P <0.01. Mean values + standard error (in
vertical bars) are given.

The alkalinity and the concentration of
HCO3- were both significantly higher at
locations in isoetid-vegetated softwater
lakes with occurrence of S. angustifolium
compared to locations in isoetid‑dominated softwater lakes without this species.
Alkalinity can be generated in anaerobic sediments as a result of microbial
reduction reactions under a low redox potential (Baker et al., 1986; Cook et al.,
1986; Schindler, 1986, 1988). Results of the field survey showed that the redox
potential in the sediments at locations with S. angustifolium was significantly lower
compared to the sediments at locations without S. angustifolium. This might have
been caused by the higher abundance of isoetids on the sandy sediments which
will have been accompanied by higher radial oxygen losses (Wium-Andersen and
Andersen, 1972b; Sand-Jensen et al., 1982; Pedersen et al., 1995) maintaining
an elevated redox potential.
Internal alkalinity generation in softwater lakes is usually dominated by
biological reduction of nitrate and sulphate, which serve as electron acceptors
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in the anaerobic breakdown of organic matter (Baker et al., 1986; Cook et al.,
1986; Schindler, 1986, 1988). However, concentrations of sulphate and nitrate in
the investigated Norwegian softwater lakes are very low, and a regional survey
carried out in 1995 showed that surface water sulphate and nitrate concentrations
remained constant throughout the year and did not differ between inlets and
outlets of the lakes indicating no net microbial reduction (Lucassen et al., 1995).
Concentrations of reduced (dissolved in sediment pore water) iron strongly
correlated with the redox potential in the sediments as well as with HCO3- and
CO2 concentrations in sediment pore water. Remarkably, the locations with
S.  angustfolium were all characterized by a reduced redox state and concomitant
increased iron and inorganic carbon (HCO3-, as well as CO2) concentrations,
although mean total iron concentrations in the bulk sediment were the same as
for locations without S. angustifolium. Since iron is present in relatively large
amounts in the sediments of the Norwegian lakes, iron reduction seems to play a
much more important role in alkalinity generating microbial reduction processes
compared to sulphate and nitrate. In sediments dominated by isoetid species, iron
remains in the oxidised state, forming a potentially important alternative electron
acceptor in these systems following a possible reduction of the sediment.
Next to alkalinity and HCO3-, the concentration of CO2 in the sediment pore
water was also significantly higher in the sediments vegetated by S. angustifolium
as compared to relatively organic-poor sediments dominated by isoetids. The
carbon equilibrium between HCO3- and CO2 is strongly shifted towards CO2 below
a pH of 6.5 (Golterman, 1969). The pH in the investigated lakes was 5.0–5.5
which means that 88–96% of the total inorganic carbon produced in the sediment
accumulated as CO2.
The production of biomass in
Norwegian lakes is strongly limited
by the availability of nutrients and
carbon. Theoretically, oxidation of the
sediment might enhance decomposition
as oxygen is a very strong electron
acceptor. However, the low nutrient
availability as well as the low buffer
capacity of the sediment will strongly
hamper microbiological breakdown of
organic matter. It is well known, for
instance, that decomposition of organic
matter is inhibited in slightly acidic water
-1
Fig. 6 Development of the CO2 concentration (buffering capacity below 0.5 meq L )
in root medium compartments with artificial compared to alkaline water (Leuven
roots (n =8) and in root compartments and Wolfs, 1988; Kok and van de
with roots of intact S. angustifolium plants Laar, 1990; Brouwer et al., 1999). The
(n =8) (mean plant dry mass at t =0 was
2.1 ± 1.1 mg). Mean values ± standard error decomposition rate of organic matter
(in vertical bars) are given (GLM, univariate strongly correlates with the internal pH
of the detritus. Bicarbonate neutralizes
analysis).
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the decay-inhibiting acids produced during mineralization, resulting in an
increased mineralization of organic matter (McKinley and Vestal, 1982; Brock
et al., 1985; Kok et al., 1992a, 1992b). As long as breakdown of organic matter is
dominated by aerobic processes virtually no alkalinity will be generated. Anaerobic
decomposition, however, results in the generation of alkalinity and, although
oxygen is a more powerful electron acceptor, may stimulate the decomposition of
organic matter, especially in very oligotrophic, low productive environments.
Besides the higher availability of dissolved inorganic carbon, the concentrations
of NH4+ and P were also significantly higher in the sediment pore water of the
locations with occurrence of S. angustifolium. This may be at least partly caused by
an enhanced mineralization under more alkaline conditions. Apart from enhancing
organic matter breakdown, phosphate could also be mobilized because of the
reduction of iron(III)‑(hydr)oxides and iron(III)-phosphate complexes, resulting
in the release of adsorbed P (Patrick and Khalid, 1974; Smolders et al., 2006). The
lower redox potential in the relatively organic-rich lakes will have resulted in lower
nitrification rates which, together with the increased mineralization rates, will have
contributed to the higher ammonium concentrations in the sediment pore water of
the relatively organic-rich softwater lakes vegetated by S. angustifolium.
In all investigated lakes the water column was equally poor in carbon and
nutrients, so it is likely that growth of S. angustifolium mainly depended upon
differences in the quality of the sediment and sediment pore water. The fact that
water quality did not differ significantly between the two lake types will very
likely be the effect of the low water residence time of the lakes in this region
(Kaste et al., 2003) minimizing the interacting effect of sediment processes on the
water layer (Wetzel, 2001).
A higher nutrient availability very probably favors the growth of S. angustifolium
as, having a much higher shoot biomass production (Fig. 3), this species will have
a higher nutrient demand in contrast to isoetids. Comparison of the plant tissue
composition of the isoetid plant species and S. angustifolium, indicated that shoot
material of S. angustifolium was relatively rich in P and Ca compared to the three
isoetid plant species indicating a relatively high P demand of S. angustifolium
(Fig. 3). The C:N ratio in S. angustifolium did not significantly differ with any
of the three isoetid plant species. There were however significant differences in
the C:P and N:P ratios between the plant species. The C:P mass ratio in the
shoot of S. angustifolium was significantly lower compared to the C:P mass
ratio in L. dortmanna, while L. uniflora and I. lacustris showed intermediate
C:P mass ratios. The N:P mass ratio in S. angustifolium was significantly lower
than in L. dortmanna and L. uniflora, while I. lacustris showed an intermediate
N:P mass ratio. Since a C:N mass ratio above 33.5 is considered indicative of
nitrogen limitation (Gerloff and Krombholz, 1966), nitrogen will not have limited
growth of S. angustifolium (C:N ± 15) on organic-rich sediments. The critical
C:P ratio is between 134 and 154 (Colman et al., 1987) indicating that growth of
S. angustifolium on organic‑rich sediments as well as growth of the investigated
isoetid plants species on sandy sediments was likely to be limited by phosphorus.
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Observations of the experimentally limed plots
In the experimentally limed plots in Lake Dybingen dissolution of Ca and Mg
carbonates occurred, seen from the increasing concentrations of HCO3-, Ca2+ and
Mg2+ in the sediment pore water (Fig. 4). pH of the sediment pore water in the
limed plots did not increase which is a phenomenon that is more often observed
following moderate liming of soils as a consequence of the exchange of Ca2+-ions
with H+-ions from the soil adsorption complex. Aerobic decomposition of organic
matter contributes to calcite dissolution in surficial sediments of freshwater lakes.
Organisms excreting organic acids and CO2 locally decrease the pH of the sediment
stimulating dissolution of carbonates (Cai et al., 1995; Martin and Sayles, 1996;
Müller et al., 2003). The dissolution of calcite can additionally be stimulated in
acid water by reaction of H+ with the limed sediment interface (Compton et al.,
1989; Lucassen et al., 1999).
The higher alkalinity following carbonate dissolution, probably resulted in
increased oxygen consumption and more reducing conditions in the sandy
sediment. This appeared from the lower redox potential in the limed plots compared
to the unlimed plots at the time S. angustifolium invaded the plots in 2001. As
the sediments of the two investigated location types contained equal amounts of
total Fe and Mn, the decrease in redox potential will have been responsible for the
significant higher concentrations of reduced Fe and Mn in the sediment pore water
following increased Fe and Mn reduction rates (Fig. 4).
Roelofs et al. (1994) showed that the redox values of isoetid dominated
sediments can strongly decrease due to liming, and suggested that increased
mineralization rates in the limed sediment, due to a better buffering of the
sediment, are responsible for a higher oxygen demand in the sediment. Moreover,
isoetid species tend to respond to increased availability of CO2 by a decreased root
biomass and an increased shoot biomass (Roelofs et al., 1994; Smolders et al.,
2002). All isoetid species present in the limed plots developed a significantly lower
root:shoot ratio (results not shown). Therefore, changes in the morphology of the
isoetid plant species might have led to lower oxygen releases contributing to a
lower redox potential in the sediment. As a result of the lower degree of oxidation,
iron reduction rates are increased whereas nitrification (and coupled denitrification)
rates are decreased resulting in the observed higher concentrations of reduced Fe,
PO43-, and NH4+. This will lead to a positive feedback, further decreasing root to
shoot ratios and thus radial oxygen losses.
In 2006, eight years after the last liming event, concentrations of HCO3-, Ca2+,
and Mg2+ started to decrease again to pre-liming values. Apparently, most of
the dolocal precipitated in the sediment during the period 1994–98 was depleted
resulting in a decrease in alkalinity. As a result, concentrations of reducing
components (Fe2+ and Mn2+) and nutrients in the sediment pore water started
to decrease. Re-oxygenation of the sediment will have been accelerated by the
isoetids that were still present on the limed plots (Wium-Andersen and Andersen,
1972b). As concentrations of NH4+ have already declined to pre-liming values, it
is to be expected that S. angustifolium will not expand further in future or might
even disappear from the limed plots.
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Synthesis
The littoral zones of Norwegian softwater lakes are generally dominated by isoetids
that oxidise the sediment by having high radial oxygen losses at the roots. As a
consequence, alkalinity generating reduction processes in the sediment top layer
are inhibited. When oxidation of the sediment, for whatever reason, is temporally
decreased, in-lake alkalinity generation, as a result of iron and manganese
reduction results in an increased availability of CO2 and nutrients in the sediment
pore water.
Changes in radial oxygen losses by isoetid species due to changed root to shoot
ratios following increasing sediment inorganic carbon availability (as a result of
liming) may cause such a change. On organic rich, loose sediments, uprooting
events due to wave action may lead to losses of isoetid species decreasing the
oxygenation of the sediments. Next organic sediment might become more easily
depleted of oxygen due to a higher oxygen demand. Indeed, the plots with
S. angustifolium tended to have somewhat higher organic matter contents than
the plots without S. angustifolium, although a large overlap in organic matter
content was observed.
Once sediment conditions are more reductive, S. angustifolium is able to
establish itself in the system. S. angustifolium has the ability to use sediment
CO2 to produce biomass if CO2 concentration in the sediment pore water becomes
sufficiently high. The field study implies that this is the case at CO2 concentrations
>1000 μmol L-1. In contrast to isoetid species, S. angustifolium invests most of its
energy in shoot production resulting in the production of floating leaves which will
enable additional uptake of atmospheric CO2. This is a very different strategy to
deal with a low CO2 availability in the water column of softwater lakes.
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Chapter 5
Massive uprooting of Littorella uniflora (L.) Asch.
related to sediment organic matter content and
sediment chemistry

Abstract
The Littorella uniflora vegetation was massively uprooted in a Dutch softwater lake
during storms in spring 2008. Large L. uniflora plants floated on the water surface
and eventually died. To study the underlying mechanisms for this event, floating
as well as still rooted L. uniflora plants together with sediment and sediment
pore water along a gradient of increasing sediment organic matter content were
sampled. The results show that uprooting was related to the root:shoot ratio (R:S)
of L. uniflora, which was about 0.3 for uprooted and ≥0.5 for still rooted plants. For
plants with low R:S ratios, the high buoyancy proved to be no longer sufficiently
counteracted by the anchorage of the roots in the sediment. The decrease in
R:S ratio of still rooted plants was related to a higher shoot biomass production
at higher sediment organic matter content and pore water CO2 availability.
Increased P-availability could also be related to development of lower R:S ratios.
Comparison of organic sediments vegetated with and without plants indicated that
the disappearance of isoetids from the sediments by uprooting may bring the lake
into an alternative stable state with anaerobic sediments and increased nutrient
availability in the sediment and the overlying water. This could eventually promote
the expansion of faster-growing macrophytes, whereas isoetids such as L. uniflora
are unlikely to be able to re-colonize the system.

P. Spierenburg, E.C.H.E.T. Lucassen, A.F. Lotter and J.G.M. Roelofs
Submitted to Aquatic Sciences
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Introduction
By having a major influence on the nutrient cycle, submerged macrophytes are
important components in aquatic ecosystems. For instance, high abundances of
macrophytes may help to keep a lake in a clear water state, e.g. by reducing
nutrient availability to phytoplankton (Scheffer, 2004). Moreover, in softwater
lakes the submerged macrophytes are believed to have a high impact on nutrient
cycling. The submerged macrophyte communities in oligotrophic, carbon limited
softwater lakes are often dominated by species with an isoetid growth form, such
as Littorella uniflora (L.) Asch., Lobelia dortmanna L., Eriocaulon aquaticum (Hill)
Druce, and Isoëtes spp. L. (Murphy, 2002). Isoetid macrophyte species possess
several morphological and physiological adaptations that help them dealing with the
low carbon availability, including the utilization of sediment CO2 (Wium-Andersen,
1971; Roelofs et al., 1984; Boston et al., 1987; Raven et al., 1988; Madsen
et al., 2002), the possession of a Crassulacean Acid Metabolism (CAM) (Keeley,
1998), and the recycling of photo-respired CO2, captured in their extensive lacunal
system (Richardson et al., 1984; Raven et al., 1988). The roots of isoetids are
highly permeable for oxygen, resulting in a high Radial Oxygen Loss (ROL) towards
the sediment (Sand-Jensen and Prahl, 1982; Sand-Jensen et al., 1982). Isoetids
are therefore able to oxidize the sediment around the roots, often extending to
the whole rhizosphere (Wium-Andersen and Andersen, 1972b; Tessenow and
Baynes, 1975; Andersen et al., 2006). The oxygen release by isoetid roots is
greatly affecting sediment chemistry, for instance by the constant oxidation of
Fe(II) and Mn(III) and their potential co-precipitation with phosphates, forming
highly insoluble Fe(III) or Mn(IV) phosphate complexes (Boström et al., 1988;
Christensen and Andersen, 1996; Christensen et al., 1997). When the rhizosphere
is completely oxidized, Fe(III)-phosphates accumulate in general below the root
zone, becoming unavailable for most rooted macrophytes (Tessenow and Baynes,
1975). Phosphate is, however, still available for several isoetids species, which
commonly live in symbiosis with Vesicular-Arbuscular-Mycorrhizea (VAM) (Wigand
et al., 1998). Precipitation of phosphates in the sediment will also reduce the P-flux
from the sediment to the overlying water. Besides the reduction in P-availability,
the high ROL by isoetids might also affect nitrogen availability for other rooted
macrophytes by promoting nitrification of ammonium to nitrate. Most macrophytes
prefer the uptake of ammonium to nitrate, and many submerged macrophytes are
unable to produce enough nitrate-reductase to take up sufficiently high amounts
of nitrate to fulfil their nitrogen demand (Melzer, 1980; Schuurkes et al., 1986).
On the contrary, isoetids do have a nitrate dominated nitrogen utilization (Roelofs
et al., 1984; Schuurkes et al., 1986; Risgaard-Petersen and Jensen, 1997).
Diurnal changes in oxygen production by isoetids result in lower ROL and lead
to zones with alternating oxidized and reduced sediment. Within this zone the
coupling between nitrification and denitrification can cause substantial losses of
nitrogen from the system, leading to low nitrogen availability in the lake system
(Olsen and Andersen, 1994; Risgaard-Petersen and Jensen, 1997). Owing to
these mechanisms that keep nutrient availability low, isoetid vegetations can be
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stable over very long periods.
A loss of the isoetid vegetation might have cascading effects on softwater lakes,
possibly leading to an alternative stable state characterized by anoxic sediments,
relatively high nutrient availability in the sediment and surface water, and elodeid
dominated macrophyte communities or a phytoplankton dominated system.
During the past century, isoetid vegetations declined considerably in many
European countries and North America as a result of eutrophication, carbon
enrichment, acidification, and the effects of liming to counteract acidification
(e.g. Grahn, 1977; Roelofs, 1983; Roelofs et al., 1984; Lucassen et al., 1999;
Pedersen et al., 2006). Moreover, accumulation of organic matter might also
threaten isoetids. High accumulation of organic matter can bury the slow growing
isoetids or provide faster-growing rooted macrophytes with nutrients. On top of
this, high organic matter content is also thought to be related to the development
of low root:shoot (R:S) ratios of isoetids (e.g. Sand‑Jensen and Søndergaard,
1979; Robe and Griffiths, 1992; Andersen and Andersen, 2006b). Low R:S
ratios might prove to be a disadvantage for isoetids since the plants have a high
buoyancy caused by the extensive system of air-filled lacunae. Normally, this is
counterbalanced by the anchorage of the large root system that isoetids possess.
Decreasing R:S might cause reduced anchorage in the sediment relative to a
greater buoyancy, increasing the risk of plants for being uprooted (Raven et al.,
1988; Smolders et al., 2002), and could be an important mechanism in the
reduction of isoetid vegetation. Until now this phenomenon has received little
attention, and little data is available on this. During regular spring storms (24 h
mean wind speed 7.5-9.9 m s-1, KNMI, 2009) in March 2008 in the Dutch softwater
Lake Beuven, L. uniflora plants were massively uprooted and formed large floating
mats, that were eventually blown towards the lake shores (Fig. 1). This event
provided a good opportunity to study and quantify the relation between uprooting
of L. uniflora and morphological characteristics. Moreover, the impact of sediment
chemistry on the R:S ratio of L. uniflora has been assessed and is compared to the
R:S of the uprooted L. uniflora.

Methods
Lake Beuven (51°24’00”N, 5°38’44” E, 23 m a.s.l.) is the largest softwater lake in
the Netherlands (about 80 hectares) and one of the few Dutch lakes still holding
large stands of endangered isoetid species, including L. uniflora and L. dortmanna.
The lake has slightly acidic (pH 5.9) oligotrophic (0.4 µmol L-1 PO4) surface waters
with relatively low carbon concentrations (115 µmol L-1). Due to high summer
precipitation rates, the summer water level was relatively high during the past
5 years, which led to enhanced organic matter accumulation in the sediments.
At the end of March 2008, floating, fresh, and intact specimens of L. uniflora
plants were randomly collected by hand. In addition, patches of still rooted
L. uniflora were collected along a transect from minerogenic to organic sediments
(from open water to Phragmites vegetation) at five sampling points located at
a distance of 7.5 m from each other and at a water depth of 0.8 to 1.0 m.
97

Chapter 5

Patches of plants were gently sampled without damaging the roots by use of a
rack. Subsequently, between 30 and 63 (mean 53) plants were collected at every
sampling point.
After careful cleaning, the maximum root and shoot length (cm) and the
number of leaves of every individual plant were determined. After the separation
of roots and shoots, the dry mass (DM in g, 70 °C, 24 h) was determined. For
elemental analysis of the shoots and roots, the samples were first ground in
stainless steel jars in a ball mill (Retsch, MM301, Haan, Germany). For carbon and
nitrogen analyses, 5 shoots or roots originating from the same sample point were
randomly pooled, after which approximately 3 mg of the ground material was
weighed in pressed tin cups. The measurement was conducted using an elemental
analyser (Carlo Erba, NA1500, Thermo Fisher Scientific, Waltham, MA, U.S.A.).
For the determination of shoot and root phosphorus content, the material of 5-10
individuals was pooled and ground to obtain approximately 100 mg material,
which was digested for 17 min in 4 mL 65 % HNO3 and 1 mL 30 % H2O2 in a Ethos
D Microwave (Milestone, Sorisole, Lobardy, Italy) (Kingston and Haswell, 1997).
The elemental concentrations within the digestives were measured by use of an
ICP‑OES (see below).

Fig. 1 Floating mats of Littorella uniflora, Lake Beuven, 3 months after the plants were uprooted
during spring storms (pictures: P. Spierenburg).
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At every plant sampling site four samples of undisturbed sediments were taken
by use of a PVC tube (diameter 8 cm). Additionally, four unvegetated sediment
samples were taken from a site where L. uniflora became uprooted in the previous
years (J.G.M. Roelofs, personal observation). Fresh sediments were used for
analysis of the NaCl-extractable NH4+ and NO3-. For this, 17.5 g FM was shaken
with 50 mL 0.01M NaCl for 1 hour at 100 rpm. Plant available sediment phosphorus
was extracted according to the bicarbonate method (Olsen-P, Olsen et al., 1954).
The remaining sediments were dried within a day (105 °C, 24 h), after which the
organic matter content was determined by loss on ignition (550 °C, 4 h, Heiri
et al., 2001). For elemental analysis, 200 mg dried (105 °C, 24 h) and ground
sediment was digested in a similar way as the plant material.
At every sampling point the sediment redox potential (Eh in mV) was determined
in situ in the upper 5-10 cm of undisturbed sediments, using a multimeter (p901,
Consort, Turnhout, Belgium), a platinum electrode, and an Ag/AgCl reference
electrode (Metrohm, Herisau, Switzerland). The measured values were corrected
for the reference electrode used. Moreover, sediment pore water was collected
anaerobically using ceramic cups (Eijkelkamp, Agrisearch, Giesbeek, The
Netherlands) that were installed in the upper 10 cm of undisturbed sediments.
The pore water was sucked out by connecting the cups to glass bottles (30 mL)
in which a vacuum was created prior to sampling. After sampling, pore water
pH was determined in the laboratory using a titration workstation (TitraLab 840,
Radiometer analytical SAS, Villeurbanne, France) with a double Ag/AgCl reference
pH electrode (Orion 9156BNWP, Thermo Scientific, USA). Pore water Dissolved
Inorganic Carbon (DIC) was immediately measured by the use of an infrared
carbon analyzer (Advance Optima, ABB, Cary, NC, U.S.A.). Based on the pH and
DIC concentrations the CO2 and HCO3- content of the pore water was calculated
according to Stumm and Morgan (1996).
For the total elemental composition (P, Ca, K, S, Al, Fe, Mg, Mn, Si, and Zn) of
the sediment pore water, the Olsen-P extract, and the sediment and plant material
digestives, the samples were measured using an ICP-OES (model IRIS Intrepid
II XDL, Thermo Fisher Scientific, Waltham, MA, U.S.A.). The sediment pore water
NH4+, NO3- and PO43- content was analysed by the use of an Auto Analyser system
(model III, Bran & Luebbe, Nordstedt, Germany) using a salicylate method for
NH4+, a hydrazine sulphate method for NO3- (NO2-), and a ammonium molybdate
method for PO43-.
Statistics
All statistical analyses were performed in the program SPSS 16.0 for Windows
(SPSS inc., Chicago, IL, U.S.A.). Normality was tested using a Kolmogorov‑Smirnov
test, homogeneity of variance was tested using Levene’s test. An one-way ANOVA
was used to test the differences in plant root and shoot DM and the R:S ratios
per sediment. To test the overall difference between sediments a MANOVA
was used. Differences in individual sediment variables were tested by use of
one‑way ANOVA, followed by a post hoc test (Tukey HSD or Games-Howell). The
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34.46 ± 2.06

2.46 ± 0.22

19.30 ± 0.40

26.65 ± 1.13

5.22 ± 0.23

1.58 ± 0.05

9.01 ± 0.37

0.95 ± 0.06

33.12 ± 2.59

-71.25 ± 2.10

Sediment

Sample location

-46.25 ± 3.47

*Sediment TN as sum of NaCl extractable ammonium and nitrate (+nitrite).

-1

-1

1.56 ± 0.04

<0.0005

TP (mmol L-1)
0.43 ± 0.05

0.10 ± <0.01

Olsen-P (mmol L-1) <0.0005

-1

1.94 ± 0.09

Org. cont. (% DM) <0.0005

<0.0005 13.75 ± 20.73

Redox (mV)

1

ANOVA*

Parameter

b

c

b

c

cd

c

b

bc

b

b

bc

b

c

b

0.49 ± 0.01

0.58 ± 0.02

6.92 ± 0.20

35.65 ± 1.02

41.22 ± 1.25

1.01 ± 0.13

17.72 ± 0.75

32.94 ± 1.03

7.95 ± 0.28

1.61 ± 0.12

9.83 ± 0.29

1.57 ± 0.09

62.45 ± 1.19

-45.25 ± 8.53

5

b

c

b

c

d

d

ab

d

c

b

c

c

d

b

1.14 ± 0.02

1.46 ± 0.01

7.01 ± 0.06

18.92 ± 0.24

32.21 ± 0.42

1.25 ± 0.05

29.5 ± 0.29

29.99 ± 0.20

5.40 ± 0.24

3.34 ± 0.10

8.52 ± 0.18

3.07 ± 0.02

59.13 ± 0.34

-96.25 ± 12.09

6

d

d

b

b

bc

d

c

d

b

c

bc

d

d

b

Table 1 Sediment characteristics at the sampling sites. The column denoted with ‘ANOVA’ shows the P-value of an one-way ANOVA. The letters
in superscript show homogeneous groups between sediments (posthoc, Tukey HSD or Games-Howell, P <0.05). All sediments except sediment
6 were densely vegetated with Littorella uniflora. Org. cont. = Organic matter content of the sediment.
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<0.0005 381.64 ± 32.50

0.001 320.68 ± 26.02

TIC (µmol L )

CO2 (µmol L-1)

<0.0005 110.29 ± 15.19

<0.0005

<0.0005

<0.0005 40.72 ± 2.22

Ca (µmol L-1)

Al (µmol L )

Fe (µmol L-1)

Mg (µmol L-1)

-1

Mn (µmol L )

-1

0.007

<0.0005 78.63 ± 0.89

1.81 ± 0.34

3.24 ± 0.34

2.58 ± 0.26

ns

K (µmol L )

S (µmol L-1)

-1

160.21 ± 6.24

0.003 13.86 ± 1.69

NO3 (µmol L )

-1

<0.0005 50.45 ± 6.33

-

NH4+ (µmol L-1)

2.97 ± 0.73

<0.0005 64.31 ± 5.99

-1

TN (µmol L )

PO431 (µmol L-1)

0.004

<0.0005

TP (µmol L )

4.70 ± 0.53

<0.0005 60.96 ± 15.70

-1

HCO3- (µmol L-1)

5.62 ± 0.12

<0.0005

-1

pH

1

ANOVA*

Parameter

Table 1 Continued

a

a

a

ac

a

ab

ab

a

a

ab

a

a

a

a

ab

1.46 ± 0.11

29.82 ± 1.76

3.07 ± 0.44

4.35 ± 0.36

85.49 ± 21.48

82.23 ± 2.40

125.76 ± 4.08

22.75 ± 2.73

19.42 ± 3.51

42.17 ± 5.84

2.24 ± 0.28

3.38 ± 0.52

46.62 ± 17.93

355.61 ± 5.53

402.24 ± 23.24

5.42 ± 0.14

2

a

a

a

b

a

b

b

b

abc

ab

abc

a

ab

a

a

Sample location
4

2.21 ± 0.71

37.22 ± 3.26

6.76 ± 0.93

3.79 ± 0.38

74.90 ± 4.10

64.18 ± 6.60

139.54 ± 7.39

2.72 ± 0.37

19.07 ± 2.60

21.80 ± 2.77

1.36 ± 0.23

2.83 ± 0.38

94.47 ± 9.54

321.10 ± 20.31

415.57 ± 26.70

5.85 ± 0.04

a

a

ab

bc

a

a

a

b

c

a

bc

a

a

a

bc

0.85 ± 0.05

28.23 ± 0.14

8.72 ± 0.80

4.54 ± 0.40

56.55 ± 1.63

77.46 ± 1.36

122.32 ± 2.94

8.77 ± 1.66

31.19 ± 4.44

32.16 ± 7.62

1.64 ± 0.55

1.73 ± 0.27

44.99 ± 3.13

526.47 ± 59.97

571.45 ± 58.66

5.32 ± 0.07

Sediment pore water

3

a

a

bc

b

a

ab

a

ab

bc

a

c

a

bc

ab

a

2.60 ± 0.47

39.36 ± 3.71

17.46 ± 1.69

5.05 ± 0.33

78.33 ± 4.74

68.75 ± 2.87

132.54 ± 7.36

8.71 ± 3.00

42.06 ± 6.11

50.77 ± 6.69

1.15 ± 0.30

2.04 ± 0.27

77.76 ± 7.20

546.95 ± 66.14

624.72 ± 61.43

5.54 ± 0.08

5

ab

a

d

b

a

ab

a

a

ab

a

c

a

c

bc

ab

7.01 ± 2.36

65.03 ± 8.42

12.63 ± 0.97

1.53 ± 0.15

189.50 ± 22.38

27.02 ± 2.23

138.78 ± 7.28

6.75 ± 5.42

124.83 ± 2.10

131.60 ± 3.77

3.83 ± 0.39

4.34 ± 0.40

285.42 ± 31.94

514.75 ± 17.91

800.16 ± 43.92

6.12 ± 0.04

6

b

b

c

a

b

c

a

c

d

b

b

b

bc

c

c
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relationship between R:S and the maximum root and shoot length, as well as the
number of leaves were determined using a Kruskal-Wallis test followed by several
Mann-Whitney tests. To prevent Type I error inflation, a Bonferroni correction
was used, implying that the tests were performed against a 99.7 % confidence
interval (P <0.003). The relationship between the R:S ratio of rooted plants and
sediment characteristics was tested with Pearson correlations. Many sediment
characteristics showed high correlations with R:S. To get more information on the
structuring of sediment variables on the plant variables, multiple regressions with
forward selection and forced entry were carried out.

Results
Sediments
The chemical and physical sediment properties are given in Table 1, pp.100-101.
Sediments 1 to 5 are arranged from minerogenic to organic sediments, all having
L. uniflora growing on them. With increasing organic matter content the total
concentrations of most elements in the sediment tended to increase. In addition,
the redox potential decreased with increasing organic matter (Table 1, ANOVA).
Sediment pore water CO2 concentrations increased with increasing organic matter
content, while HCO3- did not change significantly. From the other pore water
measurements the TP, Fe, and Al increased together with the organic matter
content. The other measured pore water variables mostly differed significantly
between sediments, but are not related to the sediment organic matter content in a
simple way. All sediments differed from each other as shown in a MANOVA analysis
(P =0.022). In general many sediment characteristics were highly correlated with
each other, showing correlation coefficients (r) between 0.7 and 0.9. Only the
concentration of pH, TN, K, and Mg in the pore water showed a lower correlation
with the other parameters (r <0.2-0.7). Sediment number 6 was different from
the others in that it did not hold L. uniflora anymore. This sediment had a similar
organic matter content (59 %) as the most organic sediment with L. uniflora
vegetation present (sediment 5). The bare sediment had higher concentrations
for Olsen-P, Ca, Mn, Zn, and total NaCl extractable-TN compared to the vegetated
sediments. This was also true for TN, NH4+, Ca, S, HCO3-, and Mg concentrations
in the sediment pore water.
Plants

Shoot and root
The root and shoot dry mass (DM in g) and the R:S (mass) ratio of L. uniflora are
presented in Fig. 2. The maximal leaf and root length and the number of leaves
are shown in Table 2.
The R:S ratio was significantly different per sediment type (ANOVA, P <0.0005).
Although the R:S ratio of L. uniflora growing on sediments 1 to 3 did not differ,
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Table 2 Maximum leaf and root length (cm) and number of leaves (# leaves) of Littorella uniflora
growing in sediment 1-5 or of floating L. uniflora. Kruskal-Wallis tests showed a significant effect
(<0.005) on all three variables. Homogeneous groups are denoted per variable by similar letters
(Mann-Whitney tests with Bonferroni correction on Type I error inflation; differences were
accepted at P <0.003)

Sampling site

Maximal Length
Root

Sediment 1
Sediment 2
Sediment 3
Sediment 4
Sediment 5
Floating

5.82 ± 0.18
5.16 ± 0.13
6.18 ± 0.22
7.67 ± 0.22
9.16 ± 0.24
5.47 ± 0.17

# leaves
Shoot

Shoot
a
b
a
c
d
ab

5.36 ± 0.13
6.83 ± 0.16
8.19 ± 0.38
11.21 ± 0.25
13.81 ± 0.35
13.80 ± 0.29

a
b
c
d
e
e

3.58 ± 0.14
3.70 ± 0.11
2.70 ± 0.15
3.57 ± 0.14
3.76 ± 0.15
4.96 ± 0.15

a
a
b
a
a
c

plants growing on sediments 4 and 5 as well as the floating plants showed
statistical significantly lower R:S ratios. These differences were mainly the result
of increased shoot biomass, and not due to a lower root biomass. Only the root
DM of floating L. uniflora was significantly lower compared to the roots of plants
from sediments 2, 4 and 5 (Fig. 2).
The R:S ratio decreased with increasing sediment organic matter content and

Fig. 2 Mean (± SE) shoot (white bars) and root (shaded bars) biomass (in g DM, left y-axis), and
the root:shoot (mass) ratio in circles (right y-axis) of Littorella uniflora growing on the different
sediments (1-5) or of the uprooted plants (F). The letters denote statistical homogeneous groups
within a series (One-way ANOVA, Tukey HSD).
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Table 3 Pearson correlation between Littorella uniflora root:shoot ratios and the measured
sediment characteristics, * =significant at the P <0.05 level, ** =significant at the P <0.01 level.
Correlation coefficients (r) below 0.2 are in grey font; correlation coefficients above 0.5 are in
bolt font.

Pore water
Parameter

r

TIC (µmol L )
CO2 (µmol L-1)
HCO3- (µmol L-1)
pH
Redox (mV)
Organic matter content (% DM)
Si (µmol L-1)
Fe (µmol L-1)
Al (µmol L-1)
TP (µmol L-1)
PO42- (µmol L-1)
Olsen-P (µmol L-1)
TN (µmol L-1)
NH4+ (µmol L-1)
NO3- (µmol L-1)
K (µmol L-1)
S (µmol L-1)
Ca (µmol L-1)
Mg (µmol L-1)
Mn (µmol L-1)

Sediment
P

r

P

-0.528 **
-0.535 **

-1

ns
0.290 **
0.345 **
-0.303
-0.464
-0.402
0.430
0.359

**
**
**
**
**

ns
ns

ns
0.185
0.284
0.127
0.330

ns
ns

-0.505
0.515
-0.504
-0.475
-0.437

**
**
*
**

**
**
**
**
**

-0.404 **
-0.413 **
**
-0.383
-0.446
-0.300
-0.422
-0.145

**
**
**
**
*

was correlated to many sediment characteristics, but most strongly to pore water
CO2 and TIC followed by the organic matter content and sediment Fe content
(Table 3, Fig. 3). No significant correlation was found between the R:S ratio and
pore water nitrogen (TN, NH4+), HCO3-, and pore water Mg and Mn content.
Based on the relatively high correlation with L. uniflora R:S, multiple
regressions were conducted with pore water CO2 and sediment organic matter
content. Sediment Olsen-P and extractable-TN were added to this analyses since,
based on literature, these also could have an effect on the R:S ratio of L. uniflora.
The results of the multiple regressions are given in Table 4. Pore water CO2 levels
always explained the highest amount of the variance, whereas none of the other
sediment variables could significantly improve the regression model. When CO2
was removed as a variable, other variables like, extractable-TN, Olsen-P, and
the organic matter content explained a major part of the variance in the R:S of
L. uniflora.
In general, the roots of L. uniflora had little amounts of root plaque. Only on
104

Massive uprooting of Littorella

Fig. 3 Regression of Littorella uniflora root:shoot ratio (R:S, mass, ± SE) to sediment and pore
water properties (mean ± SE). The regression lines are calculated for the R:S ratios and properties
of sediment 1-5. The grey point shows the (artificial) combination of the uprooted Littorella R:S
and the properties of the sediment 6 without Littorella vegetation.
sediments 3-5 some minimal iron plaque was observed, with the highest plaque
formation on roots of plants from sediment 3.
The number of leaves was mostly between 3 and 4 and was not strongly
related to the sediment organic matter content, concentration of CO2 in the pore
water, or sediment Olsen-P (Table 2). Only plants which grew on sediment 3 had
significantly less leaves, while the number of leaves of the uprooted L. uniflora
was significantly higher.

Nitrogen and phosphorus content
Plant nitrogen and phosphorus content of L. uniflora shoots and roots are given
in Fig. 4. The L. uniflora nitrogen content ranged from 1.6-5.0 % DM in roots and
2.3‑3.4 % DM in shoots and phosphorus content ranges from 0.09‑1.23 % DM
in roots and 0.13-0.30 % DM in shoots. Both the tissue nitrogen and phosphorus
content differed significantly with sediment type (ANOVA, Tukey HSD and
Games‑Howell, P <0.01). Both the tissue N and P content increased on more
organic sediments. Only the N and P content of plants, which grew on sediment 3
deviate from this trend and showed relatively low tissue N and P content.
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Table 4 Multiple regressions on sediment variables (sediment Olsen-P in µmol L-1, sediment
NaCl extractable-TN in µmol L-1, sediment organic matter content (Org. content) in % DM, and
pore water CO2 in µmol L-1) against root:shoot ratio (R:S, mass) of Littorella uniflora that grew on
sediments 1-5. Var 1 and Var 2 show the variables put into the regression models.
Order of input sediment variables
Var 1
Var 2
Entry method
All measured variables
Olsen-P
Total N
Olsen-P
CO2
Olsen-P
Org. content
Total N
CO2
Total N
Org. content
Org. content CO2

Forward selection
Forced entry
Forced entry
Forced entry
Forced entry
Forced entry
Forced entry

R
0.535
0.415
0.535
0.522
0.537
0.506
0.536

Model performance
ANOVA Constant Var 1
<0.0005
<0.0005
<0.0005
<0.0005
<0.0005
<0.0005
<0.0005

<0.0005
<0.0005
<0.0005
<0.0005
<0.0005
<0.0005
<0.0005

Var 2

CO2 = <0.0005*
0.423
0.083
0.773 <0.0005
0.015 <0.0005
0.336 <0.0005
0.693 <0.0005
0.483
0.001

* After forward selection only CO2 was entered in the regression model.

Discussion
Substantial amounts of L. uniflora were uprooted in Lake Beuven during the spring
of 2008, resulting in thinned L. uniflora patches or even bare sediments. Similar
uprooting events were also observed elsewhere in the Netherlands (Smolders
et al., 2002). The risk of uprooting was related to the organic matter content and
sediment chemistry, resulting in low root:shoot (R:S) ratios. Isoetids possess an
extensive air lacunae system, making up 30-50 % of the leaf volume, to enable
the high internal flux of O2 to the roots and CO2 to the shoots (Robe and Griffiths,
1998; Madsen et al., 2002). These lacunae provide the plant with relatively high
buoyancy, counteracted by the anchorage in the sediment offered by the generally,
high root biomass, reflected in high R:S ratios. High R:S ratios of 0.5 to even
>1 are often reported for isoetids, although minimal R:S ratios of 0.2 can also
be found (Søndergaard and Sand-Jensen, 1979; Sand-Jensen and Prahl, 1982;
Roelofs et al., 1994; Bagger and Madsen, 2004). When the R:S ratio decreases,
the upward force will increase relatively to the resistance offered by the roots in
the sediments. If the R:S of isoetids becomes too low, the plants might easily
get uprooted, float to the water surface, and eventually die. For Lake Beuven it
was shown that this happened on organic sediments when R:S ratio approached
0.3. The sampled L. uniflora plants, still rooted in the sediments always showed
R:S ratios ≥0.5 (Fig. 2).
The decrease in R:S ratio was mainly caused by increasing shoot biomass due
to the production of longer leaves, and only a slight decrease in root biomass. The
uprooted L. uniflora also had more leaves, indicating that mainly promotion of shoot
growth rather than reduction in root biomass caused the lowering of R:S ratios. The
R:S ratios of the sampled L. uniflora plants were strongly affected by the sediment
type. L. uniflora R:S ratios showed a decreasing trend with increasing sediment
organic matter content. A reduction in R:S of aquatic plants on more organic
and fertile sediments has already been reported for L. uniflora (Sand-Jensen and
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Fig. 4 Nitrogen (circles) and phosphorus (triangles) content (% DM) of Littorella uniflora shoots
(closed symbols) and roots (open symbols) sampled from sediments 1 to 5 and from floating,
uprooted plants (F). The letters denote statistically homogeneous groups within the shoot or
root samples (ANOVA: P <0.001, Tukey HSD and Games-Howell: P <0.01).
Søndergaard, 1979; Robe and Griffiths, 1992; Andersen and Andersen, 2006b),
and Isoetës macrospora (= I. lacustris) (Boston and Adams, 1987). The elevated
risk of uprooting due to low R:S ratios in relation to increasing sediment organic
matter content was already suggested by Smolders et al. (2002). However, the
best of our knowledge no field investigations have been reported on this.
Presumable the quantity of sediment organic matter in itself, will not explain
the observed relation with L. uniflora R:S, rather the organic matter quality, i.e. the
constituents of the organic matter, and indirect effects on the sediment chemistry
will cause the plant morphology to react. It is expected that variables linked to the
amount of organic matter such as the carbon, nitrogen and phosphorus availability
and the sediment redox-potential will affect the plant R:S ratio. In this study pore
water CO2 (and TIC) concentrations showed the highest correlation with the R:S
ratio (Table 4). Multiple regression models indicate that CO2 is best explaining the
variance in R:S ratios of L. uniflora, while no other variable could add additional
explanatory power to the regression model. However, the multicollinearity between
several sediment characteristics may result in an underestimation of the effects
of the other variables than CO2. Still, the R:S ratio of L. uniflora was relatively
constant for plants that grew on sediments 1 to 3, with increasingly higher organic
matter content, whereas the R:S ratio of plants from sediments 4 and 5 were
notably lower, showing a substantial drop in R:S ratio compared to the plants of
sediments 1 to 3. The main difference between these two sediments groups was
again the pore water CO2 level, which was relatively stable around 320‑355 µmol
L-1 for sediments 1 to 3 and elevated to 525-545 µmol L-1 in sediments 4 and 5.
This again strengthens the idea that the CO2 concentrations in the pore water
were of importance to the R:S ratio. The nutrient concentrations on the other
hand already increased substantially between sediments 2 and 3, but here no
decrease in the R:S ratio has been observed, suggesting that nutrient availability
was less related to the decrease in R:S ratios of L. uniflora.
A relationship between pore water CO2 and R:S ratios of isoetids has been
reported, for instance, by Baattrup-Pedersen and Madsen (1999), Madsen
et al. (2002), and Bagger and Madsen (2004) and is linked to the pore water
CO2 utilization by isoetids that comprises up to 95 % of the carbon uptake of
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L. uniflora (Sand-Jensen and Søndergaard, 1978). The acquired pore water CO2 is
transported to the shoot by diffusion through the air lancunae system in the roots
and shoots (Madsen et al., 2002). Due to the relatively high diffusion resistance,
the CO2 flux from the roots to the shoots is limited. If sufficient CO2 for positive
net photosynthesis at the leaf apex should be attained, the diffusion rate of
CO2 will consequently set restrictions to the maximum leaf length (Madsen and
Sand‑Jensen, 1991). The CO2 diffusion rate towards the leaf is strongly affected
by the steepness of the CO2 gradient from the roots to the shoots. Thus, at higher
pore water CO2 availability, a steeper gradient is present and longer maximal leaf
lengths can be obtained without a loss in net photosynthetic activity. Because
the leaves of L. uniflora are relatively permeable for CO2, high concentrations of
CO2 in the water surrounding the leaves could release some of the restrictions
on leaf length imposed by low internal CO2 diffusion rates. High aquatic CO2
concentrations can, therefore, also lead to increased leaf lengths and decrease
R:S ratios (Andersen et al., 2006). It is, however, unlikely that the overlying water
at the sampling points in Lake Beuven had a different CO2 content. The observed
differences in L. uniflora R:S ratios are, therefore, most likely related to the pore
water CO2 level, which implies that the uptake of sediment CO2 is still important
as a carbon source for photosynthesis of L. uniflora, growing in water with about
115 µmol CO2 L-1.
Sediment phosphorus and, to a lesser extend, sediment extractable-TN content
are highly correlated to the organic matter content and pore water CO2 levels. It is,
therefore, not surprisingly that these sediment characteristics also correlate with
the L. uniflora R:S ratio, although with lower correlation coefficients (Table 3).
Increasing nutrient (N, P) levels could also be partly responsible for decreasing
R:S ratio (Sand‑Jensen and Søndergaard, 1979; Sand-Jensen et al., 2005). A
higher nutrient availability can enable an increase in shoot growth, without the
need to extend the root biomass for nutrient acquisition. This argument would
only hold if at least shoot production were nutrient limited. Based on the root
and shoot tissue nitrogen content (Fig. 3), however, L. uniflora production is not
expected to have been nitrogen limited. The tissue nitrogen content is in the range
of non-nitrogen limited L. uniflora (3.3 %N, Christiansen et al., 1985). Besides in a
study reported by Robe and Griffiths (1994) L. uniflora was not limited by nitrogen
(as NO3-) at very low pore water levels of 0.6 µmol L-1. In our study pore water
NO3- levels always exceeded this low level. This implies that in Lake Beuven the
higher nitrogen availability with increasing sediment organic matter content does
not affect the R:S of L. uniflora. The production of the sampled L. uniflora could,
however, have been phosphorus limited. The tissue phosphorus content is below
reported values of 0.28 % for phosphorus-limited L. uniflora (Christiansen et al.,
1985). With the exception of sediment number 3, a clear relationship is found
between R:S ratios and Olsen-P (Fig. 3). The decoupling between R:S ratios and
Olsen-P in sediment 3 might be related to some minor plaque formation, reducing
P-availability to plants (Christensen et al., 1998; Christensen and Wigand, 1998).
The increase in sediment phosphorus availability with sediment organic
matter content could have been related to the decrease in the L. uniflora R:S
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ratios. Nutrient availability will have greater effects on R:S of isoetids growing on
nutrient poor sediments. For instance in SW Norway, isoetids were growing on
nutrient poor, highly organic sediments (up to 33 % DM) with relatively high pore
water CO2 levels (up to 923 µmol L-1), but R:S ratios of L. uniflora were still high
(between 1 and 1.25). When the sediment nutrient availability rose, resulting from
high decomposition rates after liming, also lower R:S ratios (0.3) were observed
(Roelofs et al., 1994). Nutrient availability can also indirectly affect isoetid R:S
ratios since in natural sediments the pore water CO2 levels are usually related
to nutrient availability. High nutrient availability generally promotes microbial
activity generating CO2 (Wetzel, 2001). Accordingly, microbial respiration might
be hampered at low sediment nutrient availability (Smolders et al., 2002).
Increased sediment organic matter content results in higher oxygen
consumption by the sediments, mainly resulting from high decomposition rates.
When sediments become too reductive, the major oxygen sink they provide causes
problems in maintaining the aerobic metabolism in the roots, which in turn can lead
to root mortality. One way to counteract too high oxygen leakage to the sediment
is to reduce the root biomass (Colmer, 2003). In a study of Sand-Jensen et al.
(2005) L. dortmanna was grown on increasingly organic and reducing sediments.
The root production became lower when growing on organic sediments. However,
also shoot formation was lower, implying a reduction in total biomass. In our study
total biomass was higher for plants that grew on organic-rich sediments and did
not suffer from high root mortality or reductions in production due to the oxygen
depletion in the highly organic sediments. Furthermore, highly reductive sediments
might decrease phosphorus uptake due to lower vesicular‑arbuscular‑mycorrhizea
activity (Sand-Jensen et al., 2005). This is, however, not expected to have played
an important role since the shoot tissue phosphorus content was in general higher
when the plants grew on more organic sediments, suggesting that net phosphorus
availability was still higher in the more organic and reductive sediments.
Next to the R:S ratio, the sediment structure will be of importance for the risk
of uprooting. With increasing organic matter content, the sediment water content
generally increases and the sediment density decreases. Such highly organic, soft
sediments provide less support for the roots of L. uniflora, making them even
more vulnerable for uprooting (Schutten et al., 2005).
Cascading effects
Once isoetids are massively uprooted they are no longer able to oxidize the
sediments, leading to changes in the sediment chemistry. This could lead to
cascading effects resulting in an alternative stable lake state devoid of isoetids.
Without the oxygen input by isoetids, reduction of oxidized Fe(III)-phosphates
and Mn(IV)-phosphates will release phosphates into the sediment pore water,
increasing phosphorus availability for rooted macrophytes (Fig. 5). This has
been observed in a southwest Norwegian softwater lake where removal of L.
dortmanna resulted in increased phosphorus and Fe(II) availability in the pore
water (Smolders et al., 2002). Moreover, a higher phosphorus flux to the overlying
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Fig. 5 Cascading effects of uprooting of isoetids from organic-rich sediments. (a) Situation with
still rooted isoetids oxidizing the sediment and (b) after uprooting of isoetids (e.g. during storms)
related to the lowered root:shoot ratio in organic-rich sediments with elevated CO2 levels.
Modified after Smolders et al. (2002), OM = organic matter, for details see text.
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water is expected as the phosphorus is no longer captured in the sediment by
co‑precipitation with Fe(III), Mn(IV) or oxy-hydroxides (Boström et al., 1988;
Christensen and Andersen, 1996). In the absence of isoetids the nitrogen loss due
to the coupling of nitrification and denitrification will be minimal, which on longer
time scales can result in a build up of nitrogen concentrations within the sediments.
In accordance with this, the nutrient content of the sampled bare sediments in
Lake Beuven were twice as high compared to the L. uniflora vegetated sediments
with an equal organic matter content. The bare sediments with a high nutrient
content can form a suitable substrate for faster growing macrophytes, such as
the elodeids C. hamulata and M. alterniflorum. Especially when the aquatic CO2
levels become relatively high, elodeid species can invade or massively expand
in softwater lakes (Spierenburg et al., 2009). Once these species successfully
dominate the softwater lakes, re-colonisation with isoetids will become difficult
since at sufficient nutrient availability the slow growing isoetids will be inferior
competitors. Moreover, the germination success of isoetids is hampered on
reductive, anoxic sediments (Farmer and Spence, 1987; Arts and van der Heijden,
1990; Bellemakers et al., 1996). The sediment oxidation by isoetids themselves
might overcome this problem, but the disappearance of these plants, for instance
by uprooting, will lead to anoxia in highly organic sediments. Hence isoetids,
notably the species that fully rely on sexual reproduction such as L. dortmanna,
are prevented to re-colonise the bare sediments by seed dispersal. Finally, in
Lake Beuven the high biomass of uprooted L. uniflora was blown to the shores,
where it formed thick mats, gradually decomposing over time. Locally, these
mats provided a major input of organic matter and nutrients to the littoral zone.
This could threaten the submerged plants in the littoral zone by buryial and local
nutrient-enrichment of the sediment.
In summary, in Lake Beuven massive uprooting of L. uniflora was related to
declining R:S ratios due to elevated levels of CO2 and nutrients in organic‑rich
sediments. With the uprooting of L. uniflora, the sediments are no longer oxidized
by these plants, which will result in reductive, anoxic sediments where previously
retained nutrients become available again. This could promote invasion and/or
massive expansion of faster-growing macrophytes and reduce the sexual
reproduction of isoetids, which can result in their complete disappearance. To
protect the endangered isoetid vegetation it is, therefore, of importance to prevent
the accumulation of nutrient rich organic matter in sediments or to remove these
highly organic sediments from the system.
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Algemene inleiding en samenvatting

Aantasting van isoëtide vegetatie
Het in dit proefschrift opgenomen onderzoek richt zich op de invloed van
koolstofdioxide op de samenstelling van de waterplantengemeenschap in
zachtwatermeren. Zachtwatermeren, ook wel zwak gebufferde meren genoemd,
komen veelvuldig voor in boreale en gematigde klimaatzones en op grotere hoogte
in de (sub)tropen. Deze meren zijn voedselarm, hebben een lage buffercapaciteit
(lage alkaliniteit) en bevatten zeer lage hoeveelheden koolstof in het water.
Koolstof is een belangrijke grondstof voor planten, die tijdens de fotosynthese
wordt opgenomen en vastgelegd. Landplanten kunnen hierbij gebruikmaken van
het vele koolstofdioxide (CO2) in de lucht, terwijl ondergedoken waterplanten
in zachtwatermeren zijn aangewezen op de zeer lage hoeveelheden in water
opgeloste CO2 (<40 µmol CO2 L-1). Hierdoor wordt het leven in zachtwatermeren
voor waterplanten bemoeilijkt en zijn deze meren vaak gedomineerd door langzaam
groeiende, gespecialiseerde waterplanten met een zogenaamde ‘isoëtide’ groeivorm
(zie hieronder). Gedurende de afgelopen eeuwen zijn veel van deze isoëtide
vegetaties door vermesting en verzuring van het water verdwenen. Daarnaast
zijn gedurende de laatste decennia isoëtiden in verschillende zachtwatermeren
overwoekerd door snelgroeiende waterplanten met een elodeïde groeivorm (zie
hieronder). Gebaseerd op de ecologische eigenschappen van deze elodeïden zal
dit niet veroorzaakt zijn door vermesting of verzuring. Een betere verklaring kan
wellicht gevonden worden in de verrijking van het water met CO2. Gezien de
schaarste van koolstof in de meeste zachtwatermeren zal CO2 waarschijnlijk de
samenstelling van de waterplanten kunnen beïnvloeden.
Isoëtiden
Isoëtiden zijn waterplanten uit verschillende taxonomische klassen en families,
met een vergelijkbare groeivorm. Isoëtide planten hebben dikke, stijve bladeren
of stengels, in een rozet geplaatst en hebben een uitgebreid wortelstelsel. Enkele
soorten binnen deze groep zijn Isoëtes spp. (biesvaren, figuur 1, bladzijde 11),
Littorella uniflora (oeverkruid), Lobelia dortmanna (waterlobelia) en Eriocaulon
aquaticum. De naam isoëtide is afgeleid van het genus Isoëtes, zo vernoemd
door Linneaus in 1751. Isoëtes komt van het Griekse ‘ἵσος ετος’ (isos etos) dat
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‘gelijk jaar’ betekent en waarschijnlijk refereert aan het feit dat de bladeren
het hele jaar groen blijven. Isoëtide waterplanten zijn gespecialiseerd aan het
leven in zachtwatermeren en hebben hiervoor enkele belangrijke aanpassingen.
Ten eerste hebben ze een lage groeisnelheid, dat de vraag naar koolstof en
andere voedingsstoffen beperkt. Ten tweede kunnen isoëtiden, in tegenstelling
tot de meeste planten, CO2 opnemen uit de bodem. De CO2-concentraties in het
poriewater van de waterbodem zijn tot honderd keer hoger dan in de waterlaag.
Het door de wortels opgenomen CO2 kan via een uitgebreid holtesysteem in
de wortels en bladeren vervoerd worden naar de plaats van fotosynthese in de
bladeren. Deze holtes worden ook gebruikt om gerespireerd (uitgeademd) CO2 van
de planten zelf op te vangen voor hergebruik. Een derde belangrijke aanpassing
van isoëtiden is het Crassulacean Acid Metabolisme (CAM) dat het voor de planten
mogelijk maakt om CO2 gedurende dag én nacht op te nemen om het in het licht
voor de fotosynthese te gebruiken. Ten vierde lekken de wortels van isoëtiden
relatief veel zuurstof naar de bodem, wat een hoog radiaal zuurstof verlies (Radial
Oxygen Loss of ROL) tot gevolg heeft. Hierdoor oxideren de normaal zuurstofloze
waterbodems in de wortelzone en vaak tot een stuk daaronder, met grote
chemische veranderingen, in het voordeel van de isoëtiden, tot gevolg. Zo wordt
de beschikbaarheid van de voedingsstoffen fosfor en stikstof voor waterplanten
beperkt. Isoëtiden hebben hier relatief weinig last van door hun lage behoefte
aan voedingsstoffen, en doordat ze ook samenleven met Vesicular‑Arbuscular
Mycorrhizae (VAM), schimmels die onder andere de opname van fosfor door de
planten verbeteren. Deze schimmels kunnen alleen leven in geoxideerde bodems
en zijn hiervoor afhankelijk van de hoge ROL van isoëtiden.
Elodeïden
De groeivorm van de elodeïden is vernoemd naar het genus Elodea (waterpest)
en bestaan uit ondergedoken waterplanten met lange rechtopstaande stengels,
lineaire bladeren geordend in kransen. Elodeïden hebben een relatieve hoge
groeisnelheid en kunnen vaak de gehele waterkolom vullen met hun stengels en
bladeren. De elodeïden die voornamelijk kunnen voorkomen in zachtwatermeren
zijn Myriophyllum alterniflorum (teer vederkruid, Figuur 2, bladzijde 13) en
Callitriche hamulata (gehaakt sterrekroos), hoewel Elodea nuttallii (smalle
waterpest) hier ook kan voorkomen. Elodeïden hebben, in vergelijking met
isoëtiden, over het algemeen een voorkeur aan water met een iets hogere
alkaliniteit (buffercapaciteit) en meer voedselrijke waterbodems. In tegenstelling
tot isoëtiden kunnen elodeïden alleen CO2 opnemen uit de waterkolom en niet uit
de bodem. Van M. alterniflorum en C. hamulata is bekend dat zij niet voorkomen
in voedselrijk water. Waarschijnlijk doordat ze in deze situatie teveel last hebben
van algen in het water en op de bladeren.
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Toenemende CO2-beschikbaarheid
In dit proefschrift wordt onderzocht wat de invloed van toenemend CO2 in
zachtwatermeren kan zijn op de samenstelling van de voorkomende waterplanten.
Maar hoe kan de CO2-beschikbaarheid toenemen in deze systemen? Zoals
weergegeven in Figuur 3, bladzijde 15, kunnen verschillende processen lijden
tot hogere CO2-concentraties. De belangrijkste route voor CO2-toename loopt via
opgelost organisch koolstof (Dissolved Organic Carbon of DOC) dat zich in het
bodemwater van het land rond een meer bevindt. Dit DOC kan een meer bereiken
als het wordt meegevoerd door uitspoelend of afspoelend water van het land
naar het meer, bijvoorbeeld na een regenbui. Eenmaal in het meer kan DOC
worden afgebroken tot CO2 onder invloed van zonlicht of microbiële activiteit. In
verschillende onderzoeken in het noorden van Amerika en noordwest Europa is
aangetoond dat de concentraties DOC in meren sterk is toegenomen gedurende
de laatste decennia. Bijvoorbeeld in Groot Brittannië zijn de DOC-concentraties in
zachtwatermeren in 2003 bijna verdubbeld ten opzichte van de periode 1988-1993.
Gezien de sterke relatie tussen DOC en CO2 betekent dit ook een grote toename
in CO2-beschikbaarheid. De grote toename in DOC in meren wordt voornamelijk
toegeschreven aan klimaatverandering en menselijke invloeden. De toenemende
temperatuur, toenemende CO2-concentraties in de lucht, veranderingen in
neerslagpatronen en veranderingen in waterniveau kunnen bijvoorbeeld allen
zorgen voor hogere DOC toevoer naar meren.
Doelstelling, opbouw en samenvatting
De hoofddoelstelling van dit proefschrift is het bestuderen van de potentiële effecten
van veranderende CO2-beschikbaarheid op de waterplantengemeenschap in
zachtwatermeren. Belangrijke vragen hierbij zijn of toenemende CO2‑concentraties
het voortbestaan van isoëtide vegetaties kunnen bedreigen, wat de belangrijke
mechanismen hierbij zijn en bij welke CO2-concentraties de schadelijke effecten
te verwachten zijn.
In hoofdstuk 1 worden mogelijke oorzaken van de invasie van de elodeïd
Callitriche hamulata ten koste van isoëtiden in een Noors zachtwatermeer
onderzocht in een palaeo-ecologische studie. Uit een analyse van waterplantresten
(zaden, sporen, pollen en weefselresten) in de waterbodem blijkt dat dit meer
in ieder geval gedurende de laatste 200 jaar gedomineerd werd door Isoëtes
echinospora en Isoëtes lacustris. Echter vanaf ongeveer 1970 verschijnt
C. hamulata in het meer en verdingt lokaal de isoëtide vegetatie. Met behulp van
kiezelalgen (diatomeeën) zijn de fosfaat gehaltes en zuurgraad van het meer voor
de afgelopen 200 jaar gereconstrueerd. Hieruit blijkt dat deze over de gehele
periode bijna niet veranderden en vermesting (fosfaat verrijking) en verzuring
niet de oorzaak konden zijn voor de verschijning en lokaal massale uitbreiding van
C. hamulata. Het is aannemelijk dat een toename in CO2 een belangrijke oorzaak
kan zijn voor deze ontwikkeling.
Dit is verder onderzocht in hoofdstuk 2 waarin het effect van
CO2‑beschikbaarheid op de groei en overleving van C. hamulata en Myriophyllum
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alterniflorum experimenteel is bepaald. De twee elodeïden zijn gekweekt bij
vier verschillende CO2-concentraties en twee waterbodem types, verschillend in
voedselrijkdom. Bij de laagste CO2-concentratie van 20 µmol L-1, een niveau dat
regelmatig aangetroffen wordt in onaangetaste zachtwatermeren, konden beide
elodeïden niet overleven. Bij verhoogde CO2-waarden van >40-50 µmol L-1 konden
beide soorten overleven en groeien. Een bijna maximale groei werd bereikt bij
CO2-concentraties van rond 100 µmol L-1. Daarnaast is een meer voedselrijke
bodem een voorwaarde voor uitbundige groei. Deze resultaten ondersteunen dat
verhoogde CO2-concentraties een voorwaarde zijn voor de invasie en uitbreiding
van elodeïde soorten in zachtwatermeren.
Zoals eerder vermeld, wordt de waterbodem in aanwezigheid van isoëtiden
geoxideerd waardoor de voedselbeschikbaarheid (fosfaat en stikstof) voor
wortelde waterplanten afneemt. Dit kan een groot effect hebben op de overleving
en groeisnelheid van elodeïden in zachtwatermeren. Dit effect in combinatie
met de rol van CO2 is beschreven in hoofdstuk 3. Een competitie-experiment is
uitgevoerd waarbij M. alterniflorum geplant werd tussen verschillende dichtheden
Littorella uniflora (0, 553 en 1775 planten m-2). In de aanwezigheid van L. uniflora,
ongeacht de dichtheid, verminderde de groei van M. alterniflorum voor de helft.
Bij CO2-concentraties >90 µmol L-1 kon M. alterniflorum echter wel overleven en
groeien. Bijna maximale groei werd bereikt bij 200 µmol CO2 L-1. Dit impliceert dat
M. alterniflorum bij verhoogde CO2-beschikbaarheid ook een isoëtide gedomineerd
meer succesvol kan koloniseren.
In hoofdstuk 4 is het verschijnen van de waterplant Sparganium angustifolium
(drijvende egelskop) in zachtwatermeren onderzocht. Deze soort verscheen na
bekalken van zuidwest Noorse zachtwatermeren, en was gerelateerd aan relatief
hoge CO2 (en HCO3-) en voedingsstoffen concentraties in het poriewater van
de waterbodem. Experimenten met S. angustifolium tonen aan dat deze soort
een hogere groei en massa kon bereiken wanneer de CO2-concentraties rond de
wortels verhoogd werden. Nader onderzoek wees uit dat S. angustifolium, net als
isoëtiden, CO2 uit de waterbodem kan opnemen en zo drijfbladeren kan vormen.
De drijfbladeren maken het vervolgens mogelijk om CO2 in de lucht op te nemen.
Het holtesysteem in isoëtide waterplanten geeft deze planten een hoge
drijfkracht waardoor deze planten gevoelig zijn voor opdrijven, zoals beschreven in
hoofdstuk 5. In dit hoofdstuk is de massale ontworteling, gevolgd door opdrijven
van L. uniflora in een Nederlands ven bestudeerd. De ontwortelde planten hadden
ten opzichte van nog gewortelde planten een hogere bladmassa, terwijl de
wortelmassa gelijk of kleiner was. Hierdoor was het drijfvermogen van de planten
hoger, terwijl de verankering ongewijzigd of verminderd was en de planten
makkelijk ontworteld konden worden tijdens reguliere lentestormen. De productie
van relatief veel blad was gerelateerd aan een hoog organischstof-gehalte van de
waterbodem en daarmee verhoogde CO2- en voedingsstoffen-concentraties in het
poriewater. Zoals blijkt uit de resultaten van hoofdstuk 3 kan het verdwijnen van
de isoëtide L. uniflora de invasie van elodeïden vergemakkelijken.
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Het onderzoek beschreven in dit proefschrift maakt duidelijk dat
CO2‑beschikbaarheid in water en poriewater een belangrijke structurerende
factor is voor de samenstelling van de waterplanten in zachtwatermeren. De
gespecialiseerde langzaam groeiende isoëtide vegetatie zal zichzelf moeilijk
kunnen handhaven als door toenemende CO2-beschikbaarheid elodeïden het
meer kunnen koloniseren. Verwacht wordt dat CO2-concentraties vanaf ongeveer
60 µmol L-1 voldoende zijn voor elodeiden om te overleven en te groeien. Deze
toename in CO2 wordt voornamelijk gestuurd door verandering in het klimaat en
menselijke invloeden als bijvoorbeeld bekalken.
Bovendien is niet alleen de CO2 in het water maar ook de CO2 in het poriewater
van de waterbodem van belang. Hoge CO2-concentraties in het poriewater kunnen
veroorzaken dat isoëtiden ontwortelen en afsterven, terwijl het Sparganium
angustifolium de mogelijkheid geeft zicht succesvol te vestigen. De hoeveelheid
CO2 in het poriewater is voornamelijk afhankelijk van het organischstof-gehalte
in de waterbodem en de intensiteit van de afbraakprocessen. Ophoping van
organisch materiaal door verkeerd waterniveaubeheer of het activeren van de
afbraak door bekalken zijn de voorbeelden die in dit proefschrift behandeld zijn.
Door de grote invloed die isoëtiden op de chemie van de bodem hebben zal
het verdwijnen van deze vegetatie grote gevolgen hebben voor het ecosysteem.
Wanneer de isoëtiden de waterbodem niet meer oxideren kunnen grote
hoeveelheden voedingsstoffen beschikbaar worden in zowel de nu zuurstofloze
waterbodem als in het overliggende water. Indien de hoeveelheid vrijkomende
voedingsstoffen groot genoeg is kan het meer vermesten en uiteindelijk door algen
gedomineerd worden. Hierdoor onstaat een alternatief stabiele situatie waarbij er
(bijna) geen waterplanten meer in het meer te vinden zijn. Dit zal op zijn beurt
weer grote gevolgen voor al het leven in het meer hebben. Een terugkeer naar
een isoëtide gedomineerd systeem zal in deze situatie zeer moeilijk zijn door
de langzame groei van deze groep en door een zeer laag voortplantingssucces
van zaad-vormende isoëtiden, waarvan het zaad niet of zeer slecht ontkiemt op
zuurstofloze bodems. Het is daarom van groot belang om de isoëtide vegetatie
te beschermen. Dit kan bijvoorbeeld door voor het beheer van zachtwatermeren
maatregelen te ontwikkelen die de invoer van DOC en CO2 naar het meer beperken
en die de ophoping en afbraak van organisch stof in de waterbodems voorkomen.
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