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Summary

Summary
Isoetids are small evergreen submerged macrophytes commonly inhabiting the littoral zone of pristine
softwater lakes. In NW Europe, this vegetation community has suffered a substantial reduction as a conse‐
quence of habitat deterioration due to acidification, eutrophication, alkalinisation and/or water table regu‐
lation. The objective of this thesis was to determine the main factors affecting isoetid vegetation, with em‐
phasis on not only surface water but also porewater and sediment characteristics, and to investigate how
these factors affect isoetid eco‐physiology.
The identification of the main factors affecting isoetid vegetation was accomplished by an extensive
data collection in NW European softwater lakes, while in‐situ experiments and lab experiments were used
to test how these factors (mainly oxygen availability) affected isoetid eco‐physiology (i.e. photosynthesis,
germination, growth, survival, biomass).
The combined studies showed that not only surface water but also porewater and sediment characteris‐
tics play a crucial role on isoetid vegetation. Low sediment oxygen availability, in particular, was one of the
main factors adversely affecting isoetid vegetation. Oxygen availability in the sediment depended on both
sediment mineralisation rates (oxygen demand) and isoetid performance (oxygen production). Healthy
dense isoetid populations flourish on sediments with refractory organic matter, while scattered populations
have difficulties to survive on sediments with highly labile organic matter.
The adverse impacts of high sediment oxygen demand on isoetids have substantial management impli‐
cation. As a first step, the high sediment oxygen demand must brought down and this can be done by ap‐
plying existing management tools such as removal of the accumulated organic top layer. Then, to preserve
the low sediment oxygen demand, the next step must involve a successful recolonization of isoetids be‐
cause the extensive radial oxygen loss from the roots maintains the oxic conditions of the sediment. This
study has shown that the process of recolonization may be stimulated in two ways: i) by increasing seedling
survival from an existing seed bank by lowering the water table or ii) by transplanting adult plants if there is
no viable seed bank.
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Dansk referat
Isoetider er små stedsegrønne ferskvandsplanter, som ofte dominerer littoreal‐zonen i næringsfattige
blødvandede søer. I Nordvesteuropa er denne vegetationstype i kraftig tilbagegang på grund af
habitatødelæggelse, forsuring, eutrofiering og/eller alkalinisering. Formålet med denne PhD‐rapport var at
undersøge forskellige faktorers indvirkning på isoetidvegetationen med særlig vægt på
porevandsammensætningens og sedimentsbiogeokemiens betydning for isoetidernes øko‐fysiologi.
Nøglefaktorer for isoetidernes overlevelse blev undersøgt ved omfattende dataindsamling i
nordvesteuropæiske søer i kombination med in‐situ og laboratorieforsøg (primært med ilttilgængelighed),
hvor deres øko‐fysiologiske respons (fotosyntese, spiring, vækst, overlevelse og biomasse) blev undersøgt.
Studierne viste, at ikke blot vandfasen men også porevand og sedimentbeskaffenhed og særligt
ilttilgængeligheden er vigtig for isoetidernes fordeling og overlevelse. Ilttilgængeligheden afhænger af
mineraliserings‐raten i sedimentet og af isoetidernes kontinuerte ilttab til sedimentet i dagtimerne. Således
trives tætte isoetidbestande på sedimenter med omsætteligt organisk stof, mens spredte individer
overlever dårligt på samme sedimenttype.
Den negative indvirkning af forhøjet sedimentiltforbrug på isoetider er en nøgleparameter for
restaurering af søer. Ved at fjerne det øverste mest organiske lag, som akkumuleres under eutrofe forhold
kan sedimentiltforbruget nedbringes. Efterfølgende er det vigtigt at få genetableret
grundskudsvegetationen, så deres omfattende iltning fra rødderne kan sikre vedvarende iltede forhold.
Denne undersøgelse viste, at rekolonisering stimuleres ved: i) vandstandesænkning, da det øger overlevelse
af isoetider fra den eksisterende frøbank eller ii) udplantning af isoetider, hvis der ikke er nogen reel
frøbank.

11

Summary

Resum
Els isoètids són petits macròfits submergits que s’acostumen a trobar al litoral de llacs poc alcalins. Al NE
d’Europa, aquesta vegetació ha patit una gran reducció a conseqüència de la deterioració del seu hàbitat
com a resultat de l’acidificació, l’eutrofització i/o l’alcalinització. L’objectiu d’aquesta Tesi era determinar
quines són les principals variables que afecten les poblacions d’ isoètids, tenint en compte les característi‐
ques de l’aigua superficial, l’aigua intersticial i el sediment; i investigar com aquestes variables afecten la
seva ecofisiologia.
La identificació de les principals variables que afecten les poblacions d’ isoètids van ser determinades
gràcies a una extensiva col∙lecció de dades; mentre que experiments in‐situ i al laboratori van ser utilitzats
per investigar com aquestes variables (principalment la disponibilitat d’oxigen) afecten l’ecofisiologia (foto‐
síntesis, germinació, creixement, supervivència, biomassa) dels isoètids.
La combinació dels estudis va mostrar que tant les característiques de l’aigua superficial com l’aigua in‐
tersticial i el sediment juguen un paper important en les poblacions d’ isoètids. Especialment, la manca
d’oxigen al sediment va ser identificada com una de les principals variables que negativament els afecten.
La disponibilitat d’oxigen al sediment depèn d’ambdós, de la taxa de descomposició de la matèria orgànica
al sediment (consum d’oxigen) com de l’estat de la població d’ isoètids (producció d’oxigen). Denses pobla‐
cions d’ isoètids poden viure en sediments refractants mentre que poblacions poc denses tindran dificultats
per sobreviure a sediments làbils.
Tenint en compte els efectes negatius que tenen els sediments amb una alta demanda d’oxigen sobre
els isoètids, és necessari aplicar diferents mesures de gestió. En primer lloc, és essencial reduir l’alta de‐
manda d’oxigen al sediment per exemple mitjançant l’extracció de matèria orgànica acumulada a la super‐
fície d’aquest. En segon lloc, per tal de preservar una baixa demanda d’oxigen, és necessari assegurar la
colonització d’ isoètids, doncs així poden mantenir el sediment òxic gràcies a la pèrdua d’ oxigen a través de
les seves arrels. En aquest context, aquesta Tesi mostra com la colonització d’ isoètids pot ser estimulada
de dues maneres: a) incrementant la supervivència de les plàntules procedents de l’existent banc de llavors
gràcies al decreixement del nivell de l’aigua o b) trasplantant plantes adultes quan el banc de llavors no és
viable.
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Introduction
Shallow oligotrophic softwater lakes are carbon
(C), phosphorus (P) and nitrogen (N) limited sys‐
tems (Smolders et al. 2002) characterised by low
buffer capacity, alkalinity below 1000 µM, and
dissolved calcium (Ca) of less than 75 µM in the
water column (Arts 2002; Murphy 2002). Soft‐
water lakes tend to be fed by rain or ground wa‐
ter; so their water level is highly subjected to pre‐
cipitation and evaporation rates. Ranging from
small vernal rock pool to large lakes (Lake Ladoga,
in Europe), the size of softwater lakes can greatly
vary from few meters to several kilometres.
Moreover, they can be found worldwide; while
vernal rock pools are commonly found in areas
with a Mediterranean type of climate (Keeley and
Zedler 1998), soft water lakes are widely spread in
areas with humid continental, oceanic and even
subarctic climates (Rørslett 1991). However, most
of them have a general characteristic; their littoral
zone is commonly dominated by isoetids. Isoetids
are evergreen slow growing macrophytes with
leaves in a rosette that are connected to a large
gas permeable root system (Fig. 1; Hutchinson
1975).

Fig. 1 Isoetid macrophytes flourish in shallow oligotrophic softwater
lakes.

Isoetids, as stress‐selected plants with the low‐
est growth and mortality rates among aquatic
species (Grime 1977; Nielsen and Sand‐Jensen
1991), are highly adapted to pristine softwater
systems but also very susceptible to the deteriora‐
tion of their habitat. Isoetids are considered bio‐
logical indicators of pristine clear‐water lakes and
have a high priority in national and internal as‐
sessments of lake quality and biodiversity such as
the European Water Directive Framework (Moss
et al. 2003; Stelzer et al. 2005). Isoetids have dra‐
matically decreased as a consequence of acidifica‐
tion, eutrophication, alkalinisation and/or water
table regulation of the lakes, especially in regions
with intense agricultural activity and high popula‐
tion density (Arts 2002; Murphy 2002).
To preserve, protect and recover former
isoetid populations, it is essential to identify the
main threats involved in their die‐back. Several
studies have focused on how surface water pa‐
rameters affected isoetid population (Rørslett
1991; Vestergaard and Sand‐Jensen 2000;
Pedersen et al. 2006), however only few have
highlighted the importance of the sediment and
pore water parameters on isoetid population
(Smolders et al. 2002; Gacia et al. 2009).
Isoetids closely interact with the sediment by
their big gas permeable root system. On one hand,
most carbon dioxide (CO2) for plant photosynthe‐
sis is derived from the rich CO2 source in the
sediment and not from the lake water (Wium‐
Andersen 1971; Søndergaard and Sand‐Jensen
1979; Winkel and Borum 2009). This is possible
thanks to high gas permeability of root surfaces
compared to leaf surfaces and fast intra‐plant gas
transport via air‐filled lacunae. On the other hand,
the lack of oxygen (O2) barriers along the whole
length of isoetids’ roots (Møller and Sand‐Jensen
2008) facilitates the diffusion of photosyntheti‐
cally produced O2 to the sediment (Sand‐Jensen
1982; Pedersen 1995).
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aerobic nitrifiers with anaerobic denitrifiers
(Fig. 3; Risgaard‐ Petersen and Jensen 1997).

Fig. 2 The oxidation of the sediment by radial oxygen loss from isoe‐
tid roots allows aerobic decomposition of the sediment organic mat‐
ter.

Isoetids benefit from sediment oxidation be‐
cause the oxidation of otherwise anoxic sediment
increases sediment derived CO2, enhances the
availability of nitrate (NO3‐) over ammonium
(NH4+), and enables the existence of vesicular ar‐
buscular mycorrhiza which seems to require O2 to
survive (Harley and Smith 1983; Tanner and
Clayton 1985). Firstly, sediment oxidation pro‐
motes the aerobic mineralisation of the organic
matter in the sediment resulting in CO2 that can
be directly used by isoetids for photosynthesis
(Fig. 2; Pulido et al. 2010). Secondly, sediment
oxidation promotes microbial nitrification and so,
increases NO3‐ availability which isoetids in par‐
ticular because they have a NO3‐ dominated nitro‐
gen utilization in contrast to most other aquatic
plants (Fig. 3; Roelofs et al. 1984). Thirdly, oxic
conditions enable the symbiosis between roots
and mycorrhiza, promoting efficient uptake of P
even at very low concentrations (Fig. 4;
Søndergaard and Laegaard 1977; Wigand et al.
1998; Baar et al. 2011). Moreover, sediment oxi‐
dation promotes oligotrophic conditions prevent‐
ing other faster growing species with higher nutri‐
ents requirements to overgrow the slow growing
isoetids. The oxidation of the sediment by isoetids
accelerates the loss of inorganic N since the oxida‐
tion of an otherwise anoxic rhizosphere couples
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Fig. 3 The oxidation of the sediment by radial oxygen loss from
isoetids roots couples nitrification and denitrification.

Finally, sediment oxidation also reduces P avail‐
ability in iron (Fe) or manganese (Mn) rich systems
since P is bound to oxic Fe or Mn and precipitates
as insoluble Fe(III)‐ and Mn(V)‐ phosphates (Fig 4;
(Andersen and Olsen 1994; Christensen et al.
1997). Therefore, oxidation of the sediment re‐
sults in high availability of CO2 and NO3‐ for the
isoetids, while the general nutrient level is kept
sufficiently low to prevent overgrowth of faster
growing plants (Smolders et al. 2002).

Fig. 4 The oxidation of the sediment by radial oxygen loss from
isoetids roots allows the symbiosis with mycorrhiza and promotes the
3‐
precipitation of PO4 .
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However, in sediments with high oxygen con‐
sumption, isoetids get exposed to anoxic condi‐
tions because of the lack of barriers along the
root. Microorganism uses O2 to aerobically de‐
compose the organic matter of the sediment and
highly labile organic matter causes high oxygen
demand and will potentially result in damage of
the plant tissue. Tissue hypoxia or anoxia de‐
creases vascular translocation (Sorrell 2004), pho‐
tosynthetic efficiency and plant growth (Pulido
and Borum 2010), and can even cause mortality of
aquatic macrophytes (Sand‐Jensen et al. 2005;
Raun et al. 2010). In addition, under anoxic condi‐
tions, plants may get exposed to reduced phyto‐
toxins such as sulphide (S2‐) which also damages
plant performance (Koch and Mendelssohn 1989;
Goodman et al. 1995; Holmer and Storkholm
2001).
The availability of O2 in the sediment of soft‐
water lakes is highly dependent on both the ability
of isoetids to oxidise the sediment and the oxygen
demand of the sediment. Oxygen availability will
be high in refractory sediments with healthy
dense isoetid populations and low in highly labile
sediments with scattered isoetids (Pulido et al.
unpublished a). Therefore, this thesis focused on
how oxygen availability affects isoetid eco‐
physiology and vice‐versa.
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Aim of the thesis and chapter synopsis

The objective of this thesis was to determine the
main factors threatening isoetid vegetation taking
into account not only surface water but also
porewater and sediment characteristics, and spe‐
cially to investigate how sediment O2 availability
affects isoetid eco‐physiology and vice‐versa.
The identification of the main factors affecting
isoetid vegetation was accomplished by an exten‐
sive data collection in NW European softwater
lakes, while in‐situ experiments and lab experi‐
ments were used to test how sediment O2 avail‐
ability affected isoetid eco‐physiology (i.e. photo‐
synthesis, germination, growth, survival, biomass).
The main results and conclusion of these studies
are briefly explained in the next section.

Chapter synopsis
The following chapters are a compilation of stud‐
ies base on sediment O2 availability in relation to
sediment mineralisation and plant O2 release.
The first part of this thesis, first five chapters,
determined the main factors affecting isoetid
vegetation in NW European softwater lakes, and
investigated how sediment oxygen availability af‐
fects isoetid eco‐physiology and vice‐versa. While
the second part, last 3 chapters, showed how
closely related are sediment and isoetid oxygen
dynamics in SW Australian rock pools; and the im‐
portance of physiological and morphological adap‐
tations to this environment.
1. NW European softwater lakes
Chapter 1 identifies the most important environ‐
mental factors that influence the vegetation com‐
position and more specifically determine the
presence and abundance of the isoetid Lobelia
dortmanna in NW European softwater lakes. The
importance of the geographical position, surface
water, porewater and sediment variables on vege‐

tation composition was determined by sampling
41 littoral sites in The Netherlands, Denmark,
West Norway and East Norway distributed over
1200 km. Latitude was the single most important
variable determining vegetation composition.
Higher latitude in the transect from The Nether‐
lands to Norway was accompanied by higher L.
dortmanna abundance. The importance of lake
position was supported by a significant decline of
the similarity of vegetation composition with in‐
creasing distances between pair of lakes (Fig 1).
However, prediction of vegetation composition
improved when not only the geographical position
but also surface water (alkalinity), porewater
(PO43‐, redox potential) and sediment variables
(lability of organic matter and Fe:P) were included
in the analysis. Higher surface water alkalinity and
porewater PO43‐ concentrations were accompa‐
nied by lower L. dortmanna abundance. Con‐
versely, high redox potentials were found in sites
with high L. dortmanna abundance. The potential
role of alkalinity, redox potential and lability of
organic matter on the isoetid community was fur‐
ther investigated by laboratory and in situ experi‐
ments.
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Fig. 1 Bray‐Curtis similarity versus distance among sites. ● =
within a region (r = ‐0.41***); o = within Norway (r = ‐0.25
**); ■ = Norway‐Denmark or Denmark‐The Netherlands (r = ‐
0.17 **); Δ = Norway‐The Netherlands (r = ‐ 0.67 ***). r;
Spearman´s correlation. * P < 0.05; **P < 0.01; ***P < 0.001;
ns > 0.05.
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The combined effect of quantity and lability of
sediment organic matter on biomass and risk of
uprooting of two isoetids was studied in chapter
2. Both species, Echinodorus repens and Littorella
uniflora, were exposed to four gradients of sedi‐
ment organic matter contrasting in quantity and
lability, by mixing four natural lakes sediments
with sand (Fig. 2). All plants survived, they showed
no signs of stress, and they were able to oxidise
the sediment regardless of its type. The experi‐
ment demonstrated that when plants are able to
sufficiently oxidise the sediment, the increase in
organic matter may result in higher isoetid bio‐
mass as the positive effects of higher CO2 produc‐
tion by sediment mineralisation outweigh the
negative effects of low oxygen concentrations in
more organic sediments. However, sediment or‐
ganic matter can adversely affect isoetid survival
by promoting uprooting of plants in sediments
with high water content. Small concentrations of
organic matter (in this experiment up to 15% )
resulted in high sediment cohesion and conse‐
quently increased plant anchoring strength, while
higher concentrations of organic matter resulted
in too high water content, low cohesion, and sub‐
sequently a decline in plant anchoring strength.
Thus, to predict isoetid population performance it
is essential to consider the content of organic
matter and also the lability and the physical char‐
acteristics of the sediment.

Fig. 2 Massive uprooting of Littorella uniflora plants after a storm
event in Lake Beuven, The Netherlands.
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Fig. 3. Actual photosynthetic efficiency of individual Lobelia dort‐
manna as a function of water quality and plant density treatments.
Means (n = 4, SD) of actual photosynthetic efficiency of individual
Lobelia dortmanna at different surface water qualities (“Control”,
“Alkalinity” and “Sulfate + alkalinity”) and plant densities (L = “Low”,
M = “Medium”, H = “High”) are shown. Differences were tested by
Kruskal‐Wallis and Dunn’s multiple comparison tests. Values with the
same letter did not statistically differ.

Both, alkalinity and sulphate can potentially
increase sediment mineralisation, the former by
neutralizing decay‐inhibiting acids and the latter
by acting as an alternative electron acceptor. The
consequences of increased sediment mineraliza‐
tion on isoetids depend on the ability of isoetids
to oxidize the rhizosphere via radial O2 loss. The
objective of chapter 3 was to investigate how al‐
kalinity and sulphate affect the isoetid L. dort‐
manna, and if negative effects could be alleviated
by high plant density that would result in high ra‐
dial O2 loss. The objective was achieved by expos‐
ing three L. dortmanna densities to three surface
water treatments: i) elevated alkalinity, ii) a com‐
bination of both elevated alkalinity and sulphate
and iii) a control situation. Elevated sulphate and
alkalinity affected L. dortmanna and resulted in
substantial tissue damage, decreased biomass and
lower actual photosynthetic efficiency (Fig. 3)
probably as a consequence of both tissue anoxia
and sulphide intrusion. Sulphide intrusion and an‐
oxia under high sulphate and alkalinity were indi‐
cated by the low sediment redox potential, high
total S in tissues, and low tissue δ34S signal. The
study demonstrated that an increase in sulphate
and alkalinity can dramatically affect L. dort‐
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provided by adult plants. Low isoetid densities
facilitated the recruitment of seedlings that ap‐
peared in relatively high diversity. However high
seedling mortality resulted in low yearling diver‐
sity. In conclusion, isoetid density not only affects
sediment but also isoetid recruitment via germina‐
tion as well as seedling survival.

Actual photosynthetic efficiency

manna, causing a reduction or even the total dis‐
appearance of L. dortmanna populations. Plant
density increased sediment redox potential and
partly alleviated the negative effects caused by
the combination of high sulphate and alkalinity
(Fig. 3). The effects of isoetid density on sediment
characteristics and subsequently on plant per‐
formance were further investigated in an in situ
experiment.
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Fig. 4 Seedling density as a function of isoetid density. Seed‐
ling density of L. dortmanna two year after the start of the
experimented, at “Zero” (n = 4), “Low” (n = 3) and “High” (n =
4) density of isoetids are shown as means ± SE. Differences
among treatments were tested by Mann‐Whitney test. Values
with the same letter do not differ significantly at 95% CI.

Effects of isoetid density on recruitment of
seedlings and yearlings (one year old plant) and
the resulting plant diversity are examined in chap‐
ter 4. Three isoetid densities were created by ma‐
nipulating natural isoetid stands in a pristine soft‐
water lake. Thinning of dense isoetid populations
significantly increased seedling recruitment of the
key species L. dortmanna (Fig. 4). The reduction in
isoetid density likely reduced the competition
pressure by increasing light availability, space and
nutrients, without compromising the quality of
the sediment; the sediment remained oxic regard‐
less of isoetid density. Yearling recruitment was
not density dependent. Although at high isoetid
density, seedling recruitment was low, the survival
of the seedlings was high. The high seedling sur‐
vival is likely to be caused by the sheltering effect

Fig. 5 Actual photosynthetic efficiency versus sediment redox
(Eh). Plots are means (SD) of actual photosynthetic efficiency
(n = 4) versus the means of sediment redox (n = 4). Linear
regression line (▬) and the 95% confidence intervals (‐‐‐); y =
2
0.0003075x + 0.3273; r = 0.74; P value < 0.01.

The oxidation of the sediment by water ta‐
ble regression could help the recovery of isoetids.
Isoetids tolerate temporal water table fluctua‐
tions, since in natural environments, isoetids in‐
habiting the littoral zone of shallow soft water
lakes tend to get air‐exposed during periods of
high evaporation and low precipitation. However,
few studies have determined how water table
fluctuations affect isoetid germination and seed‐
ling survival. In chapter 5, the effect of water level
on seed germination and seedlings performance
(i.e. actual photosynthetic efficiency, length, and
survival) of L. dortmanna was tested. Seeds were
germinated at two water levels (waterlogged or
completely inundated) on four different lake
sediments. Water level did not significantly affect
germination rate; seeds germinated under all
conditions (overall mean germination = 72%).
Nevertheless, waterlogged conditions allowing
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shoot emergence significantly increased seedling
survival and actual photosynthetic efficiency, and
both were positively correlated to sediment redox
potential (Fig. 5). The oxidation of the sediment by
modification of the water level of lake shores can
facilitate the survival of L. dortmanna seedlings.
Therefore, temporal lowering of water tables, by
facilitating seedling survival, seems a potential
restoration measure in degraded softwater lakes
with a viable seed bank.
2. SW Australian vernal rock pools
Isoetes australis is small aquatic macrophytes with
3‐6 leaves distributed in a 2‐d fashion much like a
Chinese fan (Fig. 6). The leaf bases of I. australis
tend to be buried in the sediment and are white in
contrast to the light exposed green tips and I. aus‐
tralis is a major component of the underwater
flora in vernal rock pools in Western Australia.
Surface water chemistry (i.e. O2, CO2, pH) of vernal
rock pools tend to be highly influenced by plant
activity because of the low volume to surface wa‐
ter ratio.

Fig. 6 Habitat of Isoetes australis (a), uprooted specimen (b), and leaf
with sporangium (c).
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Fig. 7 In situ O2 dynamics in a leaf of Isoetes australis, the sediment of
the rhizosphere and the water column (a) and incident light and
temperature (b) over a diurnal cycle in a granite vernal pool. O2 mi‐
croelectrodes were inserted into a leaf lacuna of a fully expanded
leaf, into the sediment (10 mm depth) and at canopy height in the
water column. Water column CO2 concentrations fluctuated con‐
versely to the intra plant pO2; maximum dawn CO2 concentration was
‐1
270 µmol L while minimum late afternoon CO2 concentrations could
‐1
be as low as 3 µmol L based on pH, alkalinity and temperature
(Stumm & Morgan, 1996).

In chapter 6, in situ measurement of O2 dy‐
namics were followed in leaves of I. australis, the
shallow sediment and the water column in granite
rock pools. The potential importance of white leaf
bases to underwater net photosynthesis and ra‐
dial O2 loss to the sediment was investigated in
laboratory experiments. Sediment O2 concentra‐
tions were closely related to intra‐plant O2 fluc‐
tuations and the resulting diurnal amplitude was
3‐fold higher in the sediment than in water col‐
umn (Fig. 7). In regions close to plants, sediment
did not turn anoxic during night time, probably
because O2 consumption was limited by the finite
volume of sediment, which in turn was equal to
the entire rhizosphere from which O2 is leaking
from the roots during the day. The white achloro‐
phyllous leaf bases (34% of the surface area of the
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shoots) enhanced by 2.5‐fold rates of underwater
net photosynthesis by the green portions pre‐
sumably by increasing the surface area for CO2
entry. The leaf base could also contribute to loss
of O2 to the sediment since there was no indica‐
tion of cuticle and it had rates of water loss as
compared to the green tips. Thus, this chapter
demonstrated how closely sediment O2 availability
is related to plant biomass and how the buried
bases of the leaves can act as a point of entry for
CO2 and exit for O2.
While low oxygen can hamper isoetids by re‐
sulting in internal tissue anoxia, high oxygen con‐
centrations can lower the photosynthetic effi‐
ciency by promoting photorespiration resulting
from the oxygenase activity of RuBisCo. Photores‐
piration is especially pronounced when high O2
concentrations are coupled to low CO2 which may
often occur in vernal rock pools. Chapter 7 tests if
the possession of CAM, as carbon concentration
mechanism, can increase underwater photosyn‐
thesis and suppress photorespiration for I. aus‐
tralis. Leaves high or low in malate were evaluated
for underwater net photosynthesis and apparent
photorespiration at a range of CO2 and O2 concen‐
trations. Leaves with high CAM activity maintained
higher underwater net photosynthesis, particu‐
larly at low external CO2 concentrations, and had
lower apparent photorespiration, particularly
when the O2 concentration was increased. Thus
chapter 7 demonstrated the benefit of CAM pho‐
tosynthesis in plants inhabiting rock pools as CAM
enables higher rates of underwater net photosyn‐
thesis over large O2 and CO2 concentration ranges,
via increased CO2 fixation and suppression of
photorespiration.
The objective of chapter 8 was to communi‐
cate the main scientific findings of chapter 6 and 7
to aquatic plant enthusiasts. Chapter 8 introduces
vernal rock pools as nature´s own nano aquarium
to aquatic plant hobbyists. The environmental
conditions associated with Australian vernal rock
pools were described together with the associated

vegetation and fauna. The diurnal changes in wa‐
ter column CO2 concentration was explained and
linked to plant adaptations such as CAM photo‐
synthesis. Finally, the potential use of plants from
vernal rock pools in the aquarium hobby was dis‐
cussed considering both the high plant require‐
ments and the potential risk of the plants acting as
invasive species.
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Conclusions and implications
The above introduced chapters conclude that:
3‐
• Latitude, surface water alkalinity, and both porewater PO4 and redox potential are the main
environmental variables determining the vegetation community in NW European softwater lakes.
• To determine organic matter effects on isoetid performance it is required to consider the lability and
the physical characteristics of sediment organic matter.
• High alkalinity and sulphate can seriously hamper low dense L. dortmanna populations by decreasing
photosynthetic efficiency, growth and survival.
• Plant density by increasing the oxygen bulk alleviates the negative effects associated to sediment
mineralisation such as tissue anoxia or exposure to phytotoxins.
• Thinning of dense isoetid populations increases L. dortmanna seedling recruitment by decreasing
competition.
• Air exposure facilitates the survival of L. dortmanna seedlings.
• pO2 in I. australis leaves is closely related to pO2 in vernal rock pools sediments.
• The white achlorphyllous leaf base of I. australis act as an important point of entry for CO2 and for
exit of O2, with the surrounding sediment
• CAM increases substantially under water photosynthesis and decreases greatly photorespiration in I.
australis.
The adverse impacts of high sediment oxygen demand on isoetids have substantial management
implication:
• To protect the remained isoetid population in NW Europe it is essential to stop impacts that will
potentially result in high sediment oxygen consumption such as loading of nutrients, filtration of
alkaline or rich sulphate waters, and/or increase of the water table.
• To restore isoetid populations high sediment oxygen demand must be brought down and this can be
done by applying existing management tools such as removal of the accumulated organic top layer.
• To preserve the low sediment oxygen demand, the next step must involve a successful recolonization
of isoetids because the extensive radial oxygen loss from the roots maintains the oxic conditions of
the sediment.
• Recolonization of isoetids can be promoted i) by increasing seedling survival from an existing seed
bank by lowering the water table or ii) by transplanting adult plants if there is no viable seed bank.
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Improved prediction of vegetation composition in NW European
softwater lakes by combining location, water and sediment chemistry
Cristina Pulido, Kaj Sand‐Jensen, Esther C.H.E.T. Lucassen, Jan G.M. Roelofs, Klaus P. Brodersen
and Ole Pedersen1
C. Pulido (cpperez@bio.ku.dk), K. Sand‐Jensen, K. P. Brodersen and O. Pedersen, Freshwater Biological Laboratory, Department of Biology, University
of Copenhagen, Helsingørsgade 51, DK‐3400 Hillerød, Denmark.‐ E.C.H.E.T Lucassen, B‐WARE Research Centre, Radboud University Nijmegen,
Toernooiveld 1, 6525 ED, Nijmegen, The Netherlands.‐ J.G.M. Roelofs, Department of Aquatic Ecology and Environmental Biology, Institute for Water
and Wetland Research, Radboud University Nijmegen, Heyendaalseweg 135, 6525 AJ, Nijmegen, The Netherlands.

Isoetids, as indicators of pristine softwater lakes, have a high priority in national and international (European
Water Directive Framework) assessments of ecological lake quality. Our main goal was to identify the most
important environmental factors that influence the composition of plant communities and specifically determine
the presence and abundance of the isoetid Lobelia dortmanna in NW European softwater lakes. Geographical
position and composition of surface water, porewater, sediment and plant communities were examined in 39
lakes in four regions (The Netherlands, Denmark, West Norway and East Norway) distributed over a 1200 km long
distance. We confirmed that lake location was accompanied by significant changes in environmental variables
between NW European lakes. Lake location was the single most important determinant of vegetation
composition and it had significant individual contributions independent of the coupling to environmental
variables. This influence of location was supported by a significant decline of community similarity with
geographical distance between pairs of lakes at regional, inter‐regional and international scales. Combining the
geographical position with environmental variables for surface water, porewater and sediment significantly
improved prediction of vegetation composition. Specifically, the combination of latitude, surface water alkalinity,
porewater phosphate and redox potential offered the highest correlation (BIO ENV correlation 0.66) to
vegetation composition. This complex analysis can also account for high sediment variability in the littoral zone of
individual lakes and offer better predictions of vegetation composition when lake water chemistry is relatively
homogeneous among lakes within regions.

Pristine oligotrophic softwater lakes in Northern
Europe and North America are dominated by a
submerged vegetation of isoetids in the shallow
littoral zone (Hutchinson 1975). Isoetids have
small leaves in a rosette and well‐developed roots
from a short stem and extensive air channels
allowing efficient intra‐plant transport of O2 and
CO2 between roots and leaves (Pedersen et al.
1995). Most CO2 for plant photosynthesis is
derived from the richer CO2 source in the
sediment and not from the lake water (Wium‐
Andersen 1971; Søndergaard and Sand‐Jensen
1979) thanks to high gas permeability of root
surfaces compared to leaf surfaces and fast intra‐

plant gas transport. Isoetids are evergreen, stress‐
selected plants (Grime 1977) of the lowest growth
and mortality rates among aquatic species
(Nielsen and Sand‐Jensen 1991). While these traits
are essential adaptations to clear‐water lakes low
in inorganic nutrients and carbon they also make
the isoetid vegetation very susceptible to
acidification, alkalinisation, eutrophication or
brownification of the lakes from human impact
(Arts 2002; Murphy 2002).
The isoetids have experienced profound
restrictions in their distribution particularly in
lowland regions with intense agricultural activity
and high population density (Roelofs 1983).
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Depending on the exact type and intensity of
stressor(s), key isoetid species such as Lobelia
dortmanna, Littorella uniflora and Isoetes spp.
have declined or disappeared entirely and have
been replaced by nutrient‐demanding, fast‐
growing algae and rooted species (Sand‐Jensen et
al. 2000; Arts 2002). Being indicators of pristine
clear‐water lakes, the isoetid vegetation and the
rare species it includes, have a high priority in
national assessments of lake quality and
biodiversity and international evaluation of high
ecological quality such as the European Water
Directive Framework (Moss et al. 2003; Stelzer et
al. 2005). Our main goal here was, therefore, to
identify the most important environmental factors
that influence the vegetation composition and
specifically determine the presence and
abundance of L. dortmanna, which is the type
species among isoetids of the most pristine
oligotrophic lakes (Arts et al. 1989).
Species distribution and abundance is
influenced by the geographical setting of lakes and
locally by water and sediment quality within the
lakes (Rørslett 1991; Smolders et al. 2002).
However, the combined influence of geographical
location, water quality and sediment quality has
not been tested as yet. Many studies have related
water quality (e.g., light attenuation, alkalinity,
pH, nutrient concentrations) to the vegetation of
softwater lakes (Toivonen and Huttunen 1995;
Pedersen et al. 2006; McElarney et al. 2010), but
only few have considered the influence of
sediment type and geographical setting (Duarte
and Kalff 1987; Rørslett 1991; Crow 1993). The
geographical location should be important for the
presence of species and the composition of
communities because it determines the
vegetation history within regions, in addition to
climate, geology and compositions of major ions.
We, therefore expect the presence and
abundance of individual plant species to vary
between regions for historical reasons unrelated
to water and sediment chemistry. Species
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richness, nonetheless, appears to be predictable
for Scandinavia as well as for the individual
countries from variables such as water alkalinity
(conductivity), pH, water clarity and lake area
(Rørslett 1991), while species composition and
relative abundance are expected to vary among
regions.
Lake waters are mixed regularly and most
physico‐chemical properties are easy to
characterize for the entire system based on a few
samples. Sediment parameters, in contrast, are
site specific and more difficult to analyze and
apply as an integrative measure. This can explain
why surface water variables (Vestergaard and
Sand‐Jensen 2000a) and not sediment variables
(Smolders et al. 2002; Gacia et al. 2009) have been
used extensively in multivariate analysis to predict
composition of the submerged plant community.
However, porewater chemistry and sediment
characteristics can have a strong impact on
growth and survival of rooted plants in general
and isoetid species in particular (Raun et al. 2010).
Isoetids have roots in close association with
mycorrhiza fungi (Søndergaard and Laegaard
1977) and derive virtually all of their CO2 and
inorganic nutrients via the roots from the
sediments (Christiansen et al. 1985). When labile
organic matter accumulates in surface sediments,
isoetid species face reduced growth, lower
survival and greater risk of uprooting (Møller and
Sand‐Jensen 2010; Pulido et al. 2010), but the
performance of non‐isoetid species is also
restricted in highly organic sediments (Barko and
Smart 1983; Raun et al. 2010). Hence, to better
understand and predict the impact of
environmental variables, we here include
porewater chemistry and sediment properties
together with lake water chemistry in multivariate
analyses to predict the distribution and presence
of submerged species in oligotrophic softwater
lakes. To evaluate the consequence of
geographical setting, we analysed 39 lakes in four
regions (The Netherlands, Denmark, West Norway
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During three summers (2007, 2008, and 2009) 48
littoral sites randomly selected (water depth 0.5
m), were sampled in 39 softwater lakes where L.
dortmanna is present or has been present not
long ago. The data set included 9 Dutch lakes (9
sites; one site was sampled in each lake), 12
Danish lakes (13 sites; Lake Hampen was sampled
at two sites) and 18 Norwegian lakes (26 sites;
because two sites were sampled in Lake Dybingen,
three sites in Lake Barstad and Haptajorna and
four sites in Lake Fagervatn). Vegetation
composition as relative cover of species within a 2
m2 plot was determined in 41 sites, while L.
dortmanna abundance was determined in all 48
sites. Abundance was transformed to Van der
Maarel´s scale (Appendix 1). Geographical position
(latitude and longitude), surface water,
porewater, sediment, and vegetation data were
collected from each site (Table 1‐ Appendix 2).

considered less variable over time and more site
specific than water analysis.
Porewater (‐pw) samples were collected
without air contact from the rhizosphere (5 cm
depth) using ceramic lysimeter cups. Porewater
was extracted by connecting the soil moisture
samplers to 60‐mL syringes, exposed to under‐
pressure and subsequently transferred to air‐tight
glass bottles. Samples were analysed for pH, DIC,
NO3, NH4 and PO4, Fe, K, Mn, Ca, Cl, Mg, Na, S and
Si as in Pulido et al. (2010). Redox potential was
measured (during field work) by a redox
combination electrode. The electrical potentials
measured were converted to redox potentials
relative to the standard hydrogen potential
measured (Eh) by adding the reference and
correcting for temperature and porewater pH.
Sediment (‐sed) cores (10 cm in diameter and
15 cm in depth) were withdrawn from the
rhizosphere, placed in zip blog bags, and kept cold
(approx. 4˚C) until further analysis. Water content,
density, organic matter content, plant available
NO3, NH4 and P, total C, N, P, Fe, Ca, Mn, Mg, Na,
and Si, and mineralisation rates (CO2 and CH4+
production) under anaerobic conditions were
measured as in Pulido et al. (2010).

Surface water, porewater and sediment

Statistical analysis

Surface water (‐sw) was collected in glass bottles,
kept at 4 ˚C and analysed within a week at
Radboud University for alkalinity, Fe, K, Mn, Ca, Cl,
Mg, Na, S, and Si as in Pulido et al. (2010).
Bicarbonate (HCO3) was calculated as total
inorganic C (DIC) minus free CO2 and CO3 derived
from pH. DIC was measured by an infrared gas
analyzer after converting DIC to CO2 by addition of
acid. Certain elements (NO3, NH4, PO4, and CO2)
and pH, were not included in the subsequent data
analysis because they are highly variable in time.
Thus, timing of sampling could hide or cause non‐
reproducible differences among sites. Instead,
porewater NO3, NH4, PO4, CO2 and pH were

To determine which combination of a maximum of
four environmental variables that could best
account for the variability of vegetation
composition (n = 41) and L. dortmanna abundance
(n = 48) species data were first analysed by non‐
metric multidimensional scaling (NMDS, Clarke
1993) by the program package PRIMER (Clarke
and Warwick 1994). Community similarities were
calculated using the Bray‐Curtis similarity
coefficient (Bray and Curtis 1957) directly on the
data. The nonparametric Spearman rank
correlations among distance matrices on four log
transformed environmental variables (single and
in combination) and similarity matrices on specie

and East Norway) distributed over a 1200 km long
distance.

Material and methods
Sites and vegetation
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Table 1 Environmental variables. The most relevant surface water, porewater and sediment variables are given as means, maxima, and minima for all sites with Lobelia dortmanna
abundance data, and for the four geographical regions considered in the analysis, East Norway, West Norway, Denmark, The Netherlands.

Latitude
Longitude
Surface water
Alkalinity (µM)
Fe (µM)
Mn (µM)
Ca (µM)
Cl (µM)
Na (µM)
Si (µM)
Porewater
PO4 (µM)
Fe (µM)
Mn (µM)
Ca (µM)
Mg (µM)
S (µM)
Redox (mV)
Sediment
NH4 (µM FS)
Mg (µM FS)
Fe : P (molar ratio)
CO2 (µmol CO2 L‐1h‐1)
CH4 (µmol CH4 L‐1h‐1)
Ca (µM FS)

All sites
n = 48
Mean
Max
55.1
59.8
32.0
11.9

Min
51.4
5.2

East Norway
n=8
Mean Max
59.0
59.8
9.2
11.9

234.1
67.3
21.0
203.8
266.1
135.3
43.7

Min
58.4
8.4

West Norway
n = 18
Mean
Max
58.4
58.5
6.3
6.5

1977.5
29.5
1.1
1019.5
774.4
716.7
226.6

1.0
bd
bd
11.7
41.2
27.4
1.1

88.6
2.9
0.2
26.5
80.4
80.1
32.2

30.3
156.3
41.4
291.4
66.9
43.9
86.0

6.9
784.8
173.2
1263.0
287.2
512.8
293.7

bd
0.1
0.1
30.9
12.8
9.9
‐72.0

232.0
83.4
166.7
3.3
3.4
34.4

4115.5
152.5
37.4
14.5
9.8
286.5

0.1
0.8
0.4
1.1
bd
0.5

Min
58.4
6.0

Denmark
n = 13
Mean Max
56.1
56.5
9.4
9.7

Min
55.6
8.8

The Netherlands
n=9
Mean Max
Min
51.6
52.4
51.4
5.5
7.0
5.2

111.0
4.9
0.3
41.5
99.7
100.5
48.6

53.5
1.4
0.1
14.9
69.2
65.3
9.3

92.9
2.6
0.2
25.6
219.1
207.6
19.2

219.2
29.5
0.4
79.3
445.0
377.6
28.9

1.0
0.3
bd
17.2
41.2
27.4
1.6

768.6
1.4
0.3
384.7
511.7
469.9
62.4

1977.5
7.7
1.1
1019.5
774.4
716.7
226.6

88.9
bd
0.1
23.5
247.4
212.5
2.1

205.7
5.9
0.5
71.5
213.5
193.2
7.5

1199.0
17.5
0.7
497.3
597.2
468.2
23.5

46.1
1.1
0.2
11.7
98.8
88.0
1.1

0.7
27.8
1.9
106.2
35.0
77.6
na

1.9
104.8
10.3
236.3
97.3
296.5
na

0.1
0.1
0.3
30.9
12.8
19.0
na

0.4
109.4
1.7
154.2
64.2
54.1
59.5

3.6
784.8
8.1
588.0
134.9
213.9
134.6

bd
0.2
0.1
49.2
27.4
12.2
9.8

2.4
27.0
28.0
559.1
121.3
144.5
62.1

6.9
232.3
173.2
1263.0
287.2
512.8
293.7

0.4
0.7
0.4
35.7
20.3
22.9
‐72.0

na
37.8
3.1
136.5
58.5
34.2
107.7

na
71.5
10.3
592.6
183.2
87.1
160.9

na
12.5
0.5
36.0
27.0
9.9
87.2

144.0
42.3
6.0
na
na
27.7

377.9
113.2
11.8
na
na
45.7

26.0
4.6
2.7
na
na
7.1

268.2
69.6
9.8
6.8
0.5
87.4

1005.5
152.5
37.4
14.5
5.3
286.5

11.3
0.9
1.9
1.1
bd
2.1

368.2
5.2
4.1
4.9
2.0
11.7

4115.5
17.1
17.4
14.0
9.8
48.3

8.3
0.8
0.4
1.3
bd
0.5

183.4
16.7
13.0
5.1
1.1
24.3

434.0
85.0
20.5
9.7
5
142.0

0.1
2.1
3.5
2.5
bd
3.2

‐1 ‐1

bd = Below detection limit; Fe < 0.0054µM; Mn < 0.004 µM; PO4 <0.1 µM; CH4 < 0.1 µmol CH4 L h
na = not available
FS = Fresh sediment
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associations were tested with the BIOENV
procedure (Clarke and Ainsworth 1993). PRIMER
do not accept missing values, therefore we filled
the lack of data by medians when necessary. In
order to cope with geographical patterns the
groups were classified according to their inter‐
distances measured as the physical distance based
on GPS data. The significance of differences of
groupings were tested using one‐way ANOSIM
analysis (P < 0. 001). Graphs were drawn with
Prism 5.01. Environmental variables were
individually correlated by Spearman´s rank
correlation.

Results
Multiple and single determinants of vegetation
composition
The combination of latitude, surface water
alkalinity, porewater phosphate and redox
potential offered the highest correlation (0.66) to
vegetation composition when all sites and
environmental data were included in the
multivariate analysis (Table 2). Latitude describes
the geographical position of the lake and, thus,
the overall climate, geology and historical
development of the vegetation, the landscape and
the land use. Besides the direct effect, latitude can
be expected to have indirect effects through
significant correlations to several chemical
variables in surface waters and sediments (Table
3). Higher latitude in the transect from The
Netherland, over Denmark to Norway was
accompanied by falling concentrations of alkalinity
and Ca in surface waters and PO4, Ca and Mg in
porewater due to less carbonate and clay minerals
in the soils surrounding the lakes and less
agricultural application of phosphorus (Table 3).
Alkalinity of surface waters is mainly
determined by HCO3 and because it manly derives
from dissolution of carbonate and clay minerals at
relatively high soil pH many macro‐ions in surface

water and porewater were positively correlated to
alkalinity (e.g. Ca, Mg, Na), while Fe was
negatively related because iron minerals mainly
undergo dissolution at low soil pH. Phosphate in
the sediment porewater is a measure of the
nutrient status of the lake, while sediment redox
potential measures the availability of oxygen and
other electrons acceptors. Low redox potential
under reducing conditions may constrain root
development.
When only one parameter was considered at a
time in the BIO ENV analysis, latitude gave the
highest correlation (0.47) with vegetation
composition, followed by porewater PO4 (0.40),
surface water alkalinity (0.40), and sediment
redox potential (0.37, Table 4).
Water, porewater and sediment as determinants
of plant composition
One main objective was to test if introduction of
porewater and sediment parameters alone or in
combination with surface water parameters could
offer the same or better predictions of plant
composition in multivariate analyses. When only
surface water was considered the combination of
alkalinity, Ca, Si and Mn provided the highest
correlation (0.54, Table 2.b). When only
porewater was considered, the combination of
PO4, Ca, S, and redox potential provided the best
and slightly higher correlation to vegetation cover
(0.55, Table 2 c) than water parameters. Finally,
when only general sediment variables were
considered the correlation coefficient decreased
(0.35, Table 2 d). The production rate of CO2 and
CH4 in sediment under anoxia is a measure of
organic matter lability. Organic matter lability with
the Mg content and phosphorus availability
(expressed as the quotient of total iron to total
phosphorus) were the best sediment predictors of
vegetation composition. Overall, the variables
(and inter‐correlated variables in parentheses)
showing the highest correlations to vegetation

35

Chapter 1

Table 2 The best combination of four environmental variables in BIO ENV analysis is
correlated to vegetation composition or Lobelia dortmanna abundance. Correlation
coefficients are shown in bold.
Type of analysis; sites and env. variables

n

Vegetation composition
a) All sites, all env. variables

41

b) All sites, only surface water

41

c) All sites, only porewater

41

d) All sites, only sediment

41

e) East Norwegian sites, all env. variables

8

f) West Norwegian sites, all env. variables

18

g) Danish sites, all env. variables

13

Lobelia dortmanna abundance
h) All sites, all env. variables

48

i) East Norwegian sites, all env. variables

8

j) West Norwegian sites, all env. variables

18

k) Danish sites, all env. variables

13

Correlation coefficient
Env. variables
0.662
Latitude, alkalinity‐sw, PO4‐pw, redox‐pw
0.541
Alkalinity‐sw, Ca‐sw, Si‐sw, Mn‐sw
0.554
PO4‐pw Ca‐pw, S‐pw, redox‐pw
0.348
CO2‐sed, CH4‐sed, Mg‐sed, Fe : P‐sed
0.603
Longitude, Cl‐sw, Ca‐sed, Mn‐pw
0.608
Fe‐sw, Fe‐pw
0.540
Alkalinity‐sw, PO4‐pw, redox‐pw
0.559
Latitude, PO4‐pw
0.518
Na‐sw, NH4‐sed, Mg‐pw, Mn‐pw
0.319
Fe‐sw, Fe‐pw
0.651
PO4‐pw

n = number of sites used in the analysis; env. variables = environmental variables; sw = surface
water; pw = porewater; sed = sediment; CO2‐sed and CH4‐sed = production of CO2 and CH4 ,
respectively, by sediment mineralisation; NO3‐sed and NH4‐sed = plant available NO3 and NH4
respectively.

composition were: alkalinity (Ca, Mg), phosphorus
porewater concentrations and availability in
sediments (Fe:P quotient), and sediment
reduction status and decomposition rate (redox
potential, CO2 and CH4 production). Consideration
of all environmental variables in water, porewater
and sediment offered the highest correlation,
while surface water or porewater variables alone
had almost the same correlation (Table 2 a‐d).
Distance between lakes and vegetation similarity
Bray‐Curtis similarity of vegetation composition
between all pairs of lakes was significantly
negatively correlated to distance between the
lakes at both regional, inter‐regional and inter‐
national scales (Fig. 1). Similarity between lakes

36

varied greatly from very low to the highest values
at regional scales, while the variation of similarity
gradually declined at inter‐regional and inter‐
national scales because the highest similarities
vanished. At the regional scale, the similarity in
vegetation composition varied more between
pairs of Danish lakes than lakes in East Norway in
accordance with greater environmental variability
(e.g. alkalinity, PO4) in the Danish lakes (Table 1).
The four geographical regions differed significantly
(ANOSIM; P > 0.001).
Environmental determinants of vegetation
composition at regional scales
The variation in vegetation composition should be
sensitive to the environmental gradients realized
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Table 3 Spearman´s correlations coefficient among latitude,
surface water alkalinity, porewater PO4 and redox potential
and the most relevant surface water, porewater and
sediment variables.
Alkalinity
‐0.41 **
0.56 ***

PO4
‐0.38 *
0.56 ***

Redox
‐0.14 ns
‐0.33 *

‐0.42 **
‐0.20 ns
0.76 ***
0.61 ***
0.61 ***
0.13 ns

0.43 **
‐0.14 ns
0.13 ns
0.45 **
0.18 ns
0.19 ns
0.05 ns

‐0.20 ns
0.24 ns
‐0.06 ns
‐0.28 ns
‐0.03 ns
‐0.04 ns
‐0.15 ns

0.43 **
‐0.01 ns
0.47 *
0.39 *
0.45 *
0.28 ns
‐0.2 ns

0.01 ns
0.36 *
0.34 *
0.23 ns
0.29 ns
‐0.37 *

‐0.07 ns
‐0.41 **
‐0.42 **
‐0.28 ns
0.24 ns
‐0.37 *

‐0.15 ns
‐0.23 ns
‐0.55 ***
‐0.20 ns
0.16 ns
‐0.14 ns

‐0.37 *
0.02 ns
0.01 ns
‐0.28 ns
‐0.14 ns
‐0.07 ns

0.03 ns
‐0.04 ns
0.14 ns
0.05 ns
‐0.08 ns
‐0.20 ns

*** P < 0.001; ** P < 0.01; * P <0.05; ns not significant

Table 4 BIO ENV correlation coefficients for the selected
environmental variables. BIO ENV correlation coefficients are
shown for selected environmental variables in relation to
vegetation composition and Lobelia dortmanna abundance
similarity matrixes.
Environmental variable
BIO ENV correlation coefficient
Vegetation composition (n = 41)
Latitude
0.467
Alkalinity
0.401
PO4‐pw
0.402
Redox ‐pw
0.370
Lobelia dortmanna abundance (n = 48)
Latitude
0.516
Alkalinity
0.128
0.207
PO4‐pw
Redox‐pw
0.194

Bray- Curtis similarity (%)

Latitude
Latitude
Longitude ‐0.18 ns
Surface water
Alkalinity
‐0.41 **
Fe
0.38 *
Mn
‐0.01 ns
Ca
‐0.48***
Cl
‐0.61 ***
Na
‐0.61 ***
Si
0.28 ns
Porewater
PO4
‐0.38 *
Fe
0.00 ns
Mn
‐0.52 ***
Ca
‐0.49 ***
Mg
‐0.42 **
S
‐0.14 ns
Redox
0.14 ns
Sediment
NH4
0.38 *
Mg
0.43 **
Fe : P
0.14 ns
0.18 ns
CO2
CH4
‐0.09 ns
Ca
0.39 *

100

80

60

40

20

0
0

200

400

600

800

1000

1200

Distance (Km)

Fig. 1 Bray‐Curtis similarity versus distance among sites. ● =
within a region (r = ‐0.41***); o = within Norway (r = ‐0.25
**); ■ = Norway‐Denmark or Denmark‐The Netherlands (r = ‐
0.17 **); Δ = Norway‐The Netherlands (r = ‐ 0.67 ***). r;
Spearman´s correlation. * P < 0.05; **P < 0.01; ***P < 0.001;
ns > 0.05.

within regions. Thus, when only East Norway was
considered, the combination of longitude, Cl in
surface waters , Ca in sediments and Mn in
porewater showed the highest correlations to
vegetation composition (Table 2 e). In West
Norway, Fe in surface water and porewater
showed the highest correlations (Table 2 f). In
Denmark, the combination of surface water
alkalinity, porewater PO4 and redox potential
offered the highest correlation to vegetation
composition (Table 2 g) in accordance with the
pattern for the entire international dataset (Table
2 a) and the fact that environmental variability
was also strongest among Danish lakes (Table 1).
Only two sites in The Netherlands were too few to
perform the necessary analysis.
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Fig. 2 Lobelia dortmanna versus environmental variables in sites with vegetation composition data. Lobelia dortmanna abundance
(left hand; shown by scatter plots) and presence‐absence (right hand; shown by box and whiskers indicating medians, 25 and 75%
percentiles and range) versus surface water alkalinity (a, b), porewater PO4 (c, d), porewater redox potential (e, f) and porewater
total S (g, h; n = 4). Spearman´s correlation was used to correlate L. dortmanna abundance and Mann‐Whitney‐U test was used to
test differences for presence‐absence: *P < 0.05; **P < 0.01; ***P < 0.001; ns > 0.05.

38

Chapter 1

Environmental variables in relation to presence
and abundance of L. dortmanna
With all sites included, the combination of latitude
and porewater PO4 gave the highest correlation to
abundance of the key isoetid species, L.
dortmanna (Table 2 h). At the regional scale in
Norway
unexpected
combinations
of
environmental variables showed the highest
correlations (i.e., Na and Mg in surface water and
sediment NH4 in East Norway; Fe in surface water
and sediment porewater in West Norway; Table 2
i, j). For Danish sites porewater PO4 showed the
highest correlation to L. dortmanna abundance
(Table 2 k).
To establish the positive or negative influence
of those significant predictor variables that
appeared in the BIO ENV analysis, we examined
their individual relationship to the presence and
abundance of L. dortmanna (Fig. 2). Significant
negative correlations were observed for surface
water alkalinity and porewater PO4 and significant
positive correlations for higher latitude and
sediment redox potential.

Discussion
Latitude, environmental variables and vegetation
composition
Latitude was the single variable that correlated
most strongly to species composition of
submerged communities and abundance of the
key isoetid species, L. dortmanna. Although the
importance of lake location for species richness is
widely recognized (Duarte and Kalff 1987; Crow
1993; Gacia et al. 1994) only two studies (Rørslett
1991; Gacia et al. 1994) have verified the
importance of lake location for the presence and
abundance of isoetid species in softwater lakes.
Gacia et al. (1994) studied the influence of altitude
in The Pyrenees, while Rørslett (1991) evaluated
the influence of both altitude and latitude in

Scandinavia. In both studies as well as in the
present study (Table 2), relative abundance of
isoetids increased with higher altitude or latitude
within temperate regions accompanied by falling
temperature, shorter growth season, lower
alkalinity and lower nutrient status of the lakes.
Still, we found latitude to be the strongest single
determinant of vegetation composition and
abundance of L. dortmanna, though combining
latitude with alkalinity of surface water and PO4
and redox potential of porewater produced the
strongest overall prediction.
Even within regions, lake location could be the
strongest determinant of vegetation composition
(i.e. longitude within East Norway; Table 2 e). The
presence and abundance of L. dortmanna was
significantly higher in the two Norwegian regions
than in Denmark and The Netherlands compared
with other isoetid species typical of oligotrophic
softwater lakes (Appendix 1). The studied lake
sites in The Netherlands did not differ significantly
in alkalinity from the Norwegian sites (Mann‐
Whitney‐U test) and location appeared to have a
significant
independent
contribution
to
distribution and abundance of isoetids (Table 1,
2). Also, the presence and abundance of L. uniflora
was significantly higher in The Netherlands,
Denmark and West Norway than in East Norway
compared with L. dortmanna probably reflecting
the more Atlantic distribution of L. uniflora in
contrast to the more boreal distribution of L.
dortmanna (Appendix 1, Hylander 1955). In The
Netherlands, L. dortmanna is close to its southern
continuous distribution limit (Arts and den Hartog
1990) and populations here are more susceptible
to extinction than Norwegian populations. If
global warming progresses this difference will be
accentuated as L. dortmanna may fall outside its
distribution range in The Netherlands while West
and East Norway may fall in the centre of the
future distribution. The number of Lobelia lakes in
The Netherlands is already so low that the
likelihood of recovery after disappearance of yet
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another L. dortmanna population is very low
whereas the recruitment potential is high in
Norway where L. dortmanna is widespread. The
higher human impact in Dutch lakes should
further restrain recovery here.
Several previous studies have demonstrated
the main role of water alkalinity and trophic state
as predictors of species distribution in lakes
(Srivastava et al. 1995; Vestergaard and Sand‐
Jensen 2000a; Pedersen et al. 2006). Species
richness increases significantly with alkalinity
because more tall‐growing species capable of
using HCO3 for photosynthesis exist in the species‐
rich group of tall elodeid growth form
(Vestergaard and Sand‐Jensen 2000b). In contrast,
isoetid species tend to decline with rising alkalinity
not because alkalinity per se is harmful to isoetids
(Seddon 1965) but because tall elodeids thrive
better at higher HCO3 concentrations and tend to
overgrow isoetids. Submerged plant species
richness in general and isoetid species richness in
particular are negatively related to phosphate
concentrations in surface waters (Vestergaard and
Sand‐Jensen 2000a; Smolders et al. 2002;
Pedersen et al. 2006). The isoetid, L. dortmanna, is
particularly successful in nutrient‐poor softwater
lakes since it is highly efficient in using sediment‐
derived CO2 and attaining sufficient PO4 because
of slow growth, low nutrient requirements in the
tissue and cooperation with mycorrhiza fungi in
the sediments for nutrient retrieval (Wigand et al.
1998). Therefore, alkalisation and eutrophication
that facilitate the faster grow of competitors (e.g.,
phytoplankton, filamentous algae, tall elodeids
and helophytes) can cause the disappearance of L.
dortmanna and other isoetids (Arts 2002).
Alkalinisation of lake waters and enrichment of
sediments with phosphorus and organic carbon
can specifically reduce growth and survival of L.
dortmanna by stimulating mineralisation rates,
nutrient supply to competitors and reducing redox
potentials and oxygen availability in sediments.
This is particularly critical for L. dortmanna
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because of the extraordinarily high dependence of
sediment properties and negligible oxygen uptake
across leaf surface which increases the risk of
tissue anoxia if sediments become deprived of
oxygen during night respiration (Møller and Sand‐
Jensen 2010).
Lake distance and vegetation composition
Considering the importance of lake location (i.e.
latitude and longitude) for vegetation composition
we should anticipate a significant decline of the
similarity of vegetation composition with
increasing distance between pairs of lakes. Indeed
we observed this decline with distance between
lakes within regions, between regions and across
the entire 1200 km latitudinal range (Fig. 1). The
similarity between pairs of lakes varied extensively
at all spatial levels and it was primarily high
similarities that declined with increasing distance
between lakes, while low similarities appeared at
all spatial scales. Some inter‐regional and
international spatial scales were sufficiently large
to produce substantial changes in the presence
and abundance of both common (i.e. L. uniflora
and L. dortmanna) and rare isoetid species (i.e.
Elatine hexandra, Appendix 1). Both the high
variability and low similarity at all spatial scales
are probably a result of our methodological
approach because we determined vegetation
composition in 2 m2 large littoral sites. Such sites
will usually not include all submerged species
within a lake and appreciable dissimilarity can
occur among sites if the lake is large and the
littoral zone highly heterogeneous. Our approach
does have the major advantage, however, that
sample size is constant, shallow littoral sites are
truly comparable among lakes, and species
richness and vegetation composition become
independent of lake surface area, water depth
and bathymetry which would have a strong
influence if the presence and relative abundance
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of submerged species had been integrated for an
entire lake.
Surface water, porewater, sediment and plant
communities
Surface water, porewater or sediment variables
alone offered significant correlations to vegetation
composition, although all variables together
improved the interpretation by combining
predictor variables from both surface water (e.g.
alkalinity), sediment porewater (e.g. PO4, redox
potential) and general sediment properties (e.g.
organic matter lability; Table 2). Thus, the more
complex analysis can offer better predictions of
community structure in lakes particularly in
regions where terrestrial soils and lake water
chemistry are relatively homogeneous (Gacia et al.
2009). In the softwater lakes of the Pyrenean
mountains the isoetid communities (mainly
Isoetes lacustris and I. echinospora) were
associated with higher redox potential and lower
PO4 in the sediments, like in our study (Fig. 2), and
in addition with higher NO3 relative to NH4
because of stimulation of nitrification by oxygen
release from roots.
In our study some unexpected correlations
appeared at regional scales (e.g. lake water Na
and Cl and sediment NH4 in East Norway; Fe in
lake water and sediment porewater in West
Norway, Table 2) and although these correlations
are difficult to explain with our present
knowledge, they raise new hypotheses on plant
distribution which may be worthwhile testing
experimentally in the future. Because species
distribution is sometimes highly heterogeneous
within lake basins, site‐specific physico‐chemical
sediment factors and historical vegetation
development need to be included to account for
the variability of vegetation composition (Pearsall
1929).
To conclude, we have confirmed that lake
location was accompanied by significant changes

in environmental variables between The
Netherlands, Denmark and West and East Norway.
Lake location was the single most important
determination of vegetation composition and it
had
significant
individual
contributions
independent of the coupling to environmental
variables. This influence of location was supported
by a significant decline of community similarity
with geographical distance between pairs of lakes
at regional, inter‐regional and international scales.
Combining latitude with environmental variables
for surface water (e.g. alkalinity), porewater (e.g.
PO4, redox potential) and sediment (e.g. organic
matter lability, Fe:P) significantly improved
prediction of vegetation composition. This
complex analysis can also account for high
sediment variability in the littoral zone of
individual lakes and offer better predictions of
vegetation composition when lake water
chemistry is relatively homogeneous among lakes
within regions.
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Appendix 1. Number of observations and means of the abundance for species shown on Van der Maarel´s scale.

Submerged Isoetids
Elatine hexandra
Eleocharis acicularis
Isoetes echinospora
Isoetes lacustris
Juncus bulbosus
Littorella uniflora
Lobelia dortmanna
Pilularia globulifera
Subularia aquatic
Submerged elodeids
Ceratophyllum demersum
Elodea canadensis
Hippurus vulgaris
Myriophyllum alterniflorum
Potamogeton berchtoldii
Potamogeton gramineus
Potamogeton perfoliiatus
Potamogeton polygonifoliusa
Scirpus fluitans
Sparganium angustifolium
Sparganium emersum
Utricularia intermediate
Utricularia minor
Floating‐leaves
Nuphar lutea
Nuphar pumilum
Nymphaca alba
Polygonum amfibium
Potamogeton natans
Helophytes
Caltha palustris
Carex lasiocarpa
Carex rostrata
Comarum palustre
Drosera intermedia
Eleocharis multicaulis
Eleocharis palustris
Epilobium hirsutum
Equisetum fluviatile
Eriophorum angustifolium
Galium palustris
Glyceria fluitans
Glyceria maxima
Hydrocotyle vulgaris
Juncus effusus
Lysimachia vulgaris
Lycopus europaeus
Mentha aquatica
Menyanthes trifoliata
Myrica gale
Persicaria amphibia
Phragmites australis
Potentilla palustris
Ranunculus flammula
Scirpus lacustris
Submerged mosses
Drepanocladus fluitans
Sphagnum sps
Polytrichum sps
Obs = Number of observations
a = Also has floating leaves
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All sites
(n = 41)
Obs
Mean

East Norway
(n = 8)
Obs
Mean

West Norway
(n = 18)
Obs
Mean

Denmark
(n = 13)
Obs
Mean

The Netherlands
(n = 2)
Obs
Mean

3
2
10
16
19
24
34
1
1

3
3
3
3
4
5
6
8
2

0
0
2
3
7
0
8
0
0

0
0
2
3
3
0
8
0
0

0
0
7
7
8
13
18
0
1

0
0
3
4
6
6
7
0
2

3
2
1
6
3
10
7
0
0

3
3
2
2
2
5
4
0
0

0
0
0
0
1
1
1
1
0

0
0
0
0
5
8
8
8
0

2
4
1
3
1
1
3
1
1
7
3
5
3

2
3
2
4
2
2
2
2
2
3
2
2
5

0
0
0
0
0
0
0
0
0
4
0
2
0

0
0
0
0
0
0
0
0
0
3
0
3
0

0
0
0
0
0
0
0
1
0
2
0
2
3

0
0
0
0
0
0
0
2
0
2
0
2
5

2
4
1
3
1
1
3
0
1
1
3
1
0

2
3
2
4
2
2
2
0
2
5
2
2
0

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0

8
1
1
5
5

5
7
9
3
3

5
1
0
0
0

4
7
0
0
0

2
0
1
0
1

6
0
9
0
7

1
0
0
5
3

2
0
0
3
1

0
0
0
0
1

0
0
0
0
3

1
4
8
2
1
1
7
1
8
2
1
1
1
4
1
2
2
2
1
3
1
11
1
9
2

5
3
3
4
2
7
3
2
3
2
2
5
9
2
2
3
3
3
7
4
3
5
2
3
6

0
3
4
1
1
0
0
0
1
2
0
0
0
0
0
1
0
0
1
2
0
0
0
0
0

0
2
4
3
2
0
0
0
3
2
0
0
0
0
0
2
0
0
7
2
0
0
0
0
0

1
1
2
1
0
0
1
0
5
0
0
1
0
0
0
0
0
0
0
0
0
2
0
2
0

5
5
2
5
0
0
5
0
3
0
2
5
0
0
0
0
0
0
0
0
0
4
0
5
0

0
0
2
0
0
0
5
1
1
0
0
0
1
2
1
0
1
2
0
1
0
7
1
7
2

0
0
2
0
0
0
2
2
3
0
0
0
9
3
2
0
2
3
0
9
0
5
2
2
6

0
0
0
0
0
1
1
0
0
0
0
0
0
2
0
1
1
0
0
0
1
1
0
0
0

0
0
0
0
0
7
3
0
0
0
0
0
0
2
0
3
3
0
0
0
3
5
0
0
0

1
4
1

1
6
2

0
2
0

0
4
0

0
0
0

0
0
0

0
1
1

0
9
2

1
0
0

1
0
0
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Appendix 2. Environmental variables. Surface water, porewater and sediment variables are given as means, maxima, and minima for all sites with Lobelia dortmanna abundance data, and for the four geographical regions
considered in the analysis, East Norway, West Norway, Denmark, The Netherlands.
All sites
East Norway
West Norway
Denmark
The Netherlands
n = 48
n=8
n = 18
n = 13
n=9
Mean
Max
Min
Mean
Max
Min
Mean
Max
Min
Mean
Max
Min
Mean
Max
Min
Surface water
HCO3 (µM)
89.4
1863.0
0.4
4.0
11.3
1.1
9.5
69.5
0.4
551.1
1863.0
10.2
96.3
738.0
7.3
K (µM)
155.6
69.9
bd
na
na
na
9.3
34.3
2.7
24.6
51.8
3.6
17.8
69.9
bd
Mg (µM)
22.3
164.4
9.6
14.3
20.4
9.6
26.2
51.0
18.4
84.1
157.7
29.9
35.5
164.4
15.2
S (µM)
28.3
276.7
13.1
25.7
28.8
19.7
25.5
40.1
18.4
134.4
276.7
27.6
31.9
97.7
13.1
Porewater
pH
7.1
7.4
4.6
5.7
6.2
5.2
6.1
7.0
5.2
6.3
7.4
4.6
5.5
6.8
5.0
CO2 (µM)
541.3
3689.9
187.2
1211.6
3410.4
414.8
728.4
1816.1
187.2
756.6
2507.0
199.3
2115.0
3689.9
463.9
832.2
2404.6
9.1
237.8
503.3
33.0
449.3
1255.4
52.0
1117.6
2404.6
9.1
410.5
1610.6
56.2
HCO3 (µM)
NO3 (µM)
300.7
256.2
bd
20.5
79.8
0.9
23.7
256.2
0.3
2.1
10.8
bd
5.2
6.0
3.6
36.6
318.7
0.2
62.1
145.7
3.5
16.7
116.8
0.2
84.8
318.7
2.8
151.7
225.3
6.5
NH4 (µM)
K (µM)
20.7
338.1
1.6
17.4
38.8
7.9
17.0
84.1
1.6
98.0
338.1
23.6
25.3
48.5
7.3
Cl (µM)
342.4
1218.2
54.6
131.1
191.8
54.6
244.6
475.5
105.3
641.7
1218.2
259.3
202.2
525.0
71.0
Na (µM)
197.4
2406.7
42.4
105.2
175.4
42.4
268.2
423.4
160.3
559.0
807.7
214.9
428.8
2406.7
101.7
Si (µM)
126.8
395.8
42.1
182.2
390.4
117.7
201.2
368.1
80.6
125.6
339.5
47.1
186.9
395.8
42.1
Sediment
WC (%)
21.8
91.5
10.8
51.9
63.5
23.0
42.1
91.5
10.8
28.7
83.2
11.9
51.2
89.5
19.3
‐1
Density (Kg L )
21.3
1.6
0.1
0.5
0.9
0.3
0.9
1.6
0.1
0.9
1.2
0.1
0.7
1.1
0.1
OM (%)
7.9
68.9
0.3
29.2
68.6
5.3
13.3
62.5
0.4
3.3
27.1
0.3
22.2
68.9
0.8
C : N (molar ratio)
339.4
50.6
12.7
28.7
50.6
19.5
21.0
33.6
13.7
21
31.5
12.7
22.3
29.4
13.3
C : N*OM (%)
2681.1
3488.6
3.8
838.0
3473.5
103.3
279.3
2100
5.5
69.3
853.6
3.8
494.7
2026.0
10.6
‐1
14428.6
1285.7
bd
428.6
1000
71.4
285.7
1000
0
0
71.4
857.1
357.1
1286
bd
N (µmol N g )
110.1
1027.5
12.9
193.4
334.1
93.9
274.5
1027.5
43.3
161.8
495.3
12.9
140.2
210.3
69.0
NO3 (µM FS)
Olsen‐P
410.6
2278.4
bd
1311.3
2001.3
549.2
746.2
2278.4
bd
189.4
388.0
27.2
69.0
149.7
5.2
P (µM FS)
16.6
182.3
0.5
13.3
20.1
8.3
49.0
182.3
0.6
11.2
34.8
5.0
7.0
41.9
0.5
27.4
220.2
782.0
5.0
55.8
397.6
1.8
98.2
593.1
4.0
Fe (µM FS)
87.1
782.0
1.8
78.0
141.5
Ca (µM FS)
34.4
286.5
0.5
27.7
45.7
7.1
87.4
286.5
2.1
11.7
48.3
0.5
24.3
142.0
3.2
Mn (µM FS)
19.7
7.4
0.1
1.3
2.5
0.5
1.6
3.5
0.1
2.3
7.4
0.1
1.0
4.8
0.1
Na (µM FS)
4.9
70.3
bd
na
na
na
15.2
70.3
bd
6.4
10.7
1.3
4.2
22.8
bd
S (µM FS)
27.0
225.3
0.1
47.9
157.2
4.0
18.9
166.6
0.1
34.4
225.3
0.8
25.2
99.3
2.8
Si (µM FS)
34.6
234.4
1.2
14.6
25.8
6.0
66.6
233.7
1.2
5.7
9.2
1.9
59.3
234.4
2.9
bd= Below detection limit; K < 0.0310 µM; NO3 < 0.2 µM; Na <0.0087 µM
na = Not available
WC = Water content
OM = Organic matter
FS = Fresh sediment
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SUMMARY
1. Despite real improvement in the water quality of many previously eutrophic
lakes, the recovery of submerged vegetation has been poor. This lack of recovery is
possibly caused by the accumulation of organic matter on the top layer of the sediment,
which is produced under eutrophic conditions. Hence, our objective was to study the
combined effects of quantity and lability of sediment organic matter on the biomass
of Echinodorus repens and Littorella uniflora and on the force required to uproot plants of
L. uniflora.
2. Lake sediments, rich in organic matter, were collected from four lakes, two with healthy
populations of isoetids and two from which isoetids had disappeared. The four lake
sediments were mixed with sand to prepare a range of experimental sediments that
differed in quantity and lability of sediment organic matter. Two isoetid species, E. repens
and L. uniflora, were grown in these sediments for 8 weeks. Sediment quality parameters,
including elemental composition, nutrient availability and mineralisation rates, were
determined on the raw sources of sediment from the lakes. Porewater and surface water
were analysed for the chemical composition in all mixtures. At the end of the experiment,
plants were harvested and their biomass, tissue nutrient concentration and (for L. uniflora)
uprooting force were measured.
3. For both species, all plants survived and showed no signs of stress on all types of
sediment. The biomass of E. repens increased as the fraction of organic matter was
increased (from 6 to 39% of organic content, depending upon sediment type). However, in
some of the sediment types, a higher fraction of organic matter led to a decline in biomass.
The biomass of L. uniflora was less responsive to organic content and was decreased
significantly only when the least labile sediment source was used to create the gradient of
organic matter. The increase in shoot biomass for both species was closely related to higher
CO2 concentrations in the porewater of the sediment. The force required to uproot
L. uniflora plants over a range of sediment organic matter fitted a Gaussian model; it
reached a maximum at around 15% organic matter and declined significantly above
that.

Correspondence: Cristina Pulido, Freshwater Biological Laboratory, Department of Biology, University of Copenhagen,
Helsingørsgade 51, DK-3400, Hillerød, Denmark. E-mail: cpperez@bio.ku.dk
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4. Increasing organic matter content of the sediment increased the biomass of isoetid
plants, as the positive effects of higher CO2 production outweighed the negative effects of
low oxygen concentration in more (labile) organic sediments. However, sediment organic
matter can adversely affect isoetid survival by promoting the uprooting of plants.
Keywords: CH4 production, CO2 production, sediment mineralisation, softwater lakes, uprooting

Introduction
In the northern hemisphere, the vegetation of softwater lakes is often dominated by isoetid species such
as Lobelia dortmanna L., Littorella uniflora (L.) Aschers
and Isoëtes spp.; hence, these lakes are often referred
to as isoetid lakes (Rørslett & Brettum, 1989). Isoetid
lakes are oligotrophic ecosystems with very clear
water and are characterised by low concentrations
and availability of dissolved inorganic carbon
(HCO
3 + CO2 <1 mM) in the water column (Arts,
2002). This low C availability in the water column
limits the growth of elodeids, which use bicarbonate,
leading to the dominance of isoetids that are specialised in using sediment-derived CO2 for photosynthesis (Wium-Andersen & Andersen, 1972a; Murphy,
2002; Madsen & Sand-Jensen, 1991; Spierenburg et al.,
2009; Winkel & Borum, 2009).
Isoetids have several morphological and physiological adaptations enabling efficient uptake and use of
sediment-derived CO2. They form rosettes and have a
large gas permeable biomass belowground (Raven
et al., 1988). Air-filled lacunae occupy a large proportion of the plant volume and ensure rapid diffusion of
CO2 and O2 between above- and belowground tissues
(Sand-Jensen, Prahl & Stokholm, 1982; Smits et al.,
1990). Thus, oxygen produced by photosynthesis
diffuses from shoots to roots and enters the rhizosphere via radial oxygen loss (ROL) (Sand-Jensen
et al., 1982; Pedersen, Sand-Jensen & Revsbech, 1995).
ROL from isoetid roots promotes mineralisation of the
sediment and immobilisation of P, because P is bound
to oxidised Fe in iron-rich sediments (Wium-Andersen & Andersen, 1972b; Smolders, Lucassen & Roelofs, 2002). In addition, ROL promotes nitrification of
ammonium in the oxidised rhizosphere, which benefits species that take up N mainly in the form of
nitrate, such as isoetids (Sand-Jensen et al., 1982;
Roelofs, Schuurkes & Smits, 1984), but it also leads
to net losses of N in isoetid vegetation via enhanced
denitrification (Risgaard-Petersen & Jensen, 1997).

Therefore, isoetids are key ‘‘chemical engineers’’ that
help maintaining oligotrophic water and sediment
conditions in addition to high water transparency.
In the 20th century, eutrophication, along with
acidification and alkalinisation, has led to the disappearance of isoetids in many softwater lakes (Roelofs,
1983; Roelofs et al., 1984; Arts et al., 1989; Arts, 2002).
Eutrophication promoted mass development of fastgrowing submerged macrophytes, increased epiphyton and plankton blooms, decreased light penetration
and eventually caused the loss of isoetids (Roelofs,
1983; Roelofs, Brandrud & Smolders, 1994; Arts, 2002).
Degradation of isoetid vegetation in lakes led to a
decrease in sediment mineralisation rates as oxidation
was no longer enhanced by ROL from isoetid roots
(Smolders et al., 2002). This decrease in mineralisation,
coupled with increased sedimentation of detritus
from macrophytes and phytoplanktons, led to the
accumulation of labile organic matter in the top layer
of the sediment (Brouwer & Roelofs, 2001). This might
explain the final disappearance of isoetids and ⁄ or the
lack of their recovery (Sand-Jensen, Borum & Binzer,
2005), despite a real improvement in water quality has
been achieved (Jeppesen et al., 2005; Sand-Jensen
et al., 2008). Therefore, we investigated the effect of
sediment organic matter on isoetids.
The impact on isoetids of slowly degrading refractive organic matter in the sediment probably differs
from that of highly labile material, and thus, it is
essential to distinguish between the quantity and
lability of sediment organic matter (Verhoeven, 1986).
Mineralisation of refractive organic matter (for example terrestrial leaf litter and peat) may serve as a slow
but steady source of CO2 and inorganic nutrients to
the porewater, that isoetids are able to exploit (Smolders et al., 2006). As decomposition is slow, oxygen
loss from the roots is sufficient to keep the rhizosphere oxidised (Wium-Andersen & Andersen, 1972b)
and, thus, protect against reduced phytotoxins. However, as the lability of sediment organic matter
increases (for example through the sedimentation of
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phytoplankton or detritus from fast-growing macrophytes), oxygen consumption may eventually exceed
ROL from the plant roots, leading to microbial
fermentation and production of phytotoxins in the
near rhizosphere (Armstrong & Armstrong, 2001;
Pedersen, Binzer & Borum, 2004). Thus, even low
amounts of highly labile sediment organic matter may
have adverse effects on isoetids (Moyle, 1945; SandJensen et al., 2005; Raun, Borum & Sand-Jensen, 2010),
whereas the plants may actually benefit from high
concentrations of refractive sediment organic matter
(Sand-Jensen & Søndergaard, 1979; Roelofs et al., 1984;
Lenssen et al., 1999). In addition to adverse chemical
effects, high sediment organic matter also affects the
physical properties of the sediment by increasing its
water content and, thus, decreasing its cohesion,
potentially increasing the risk of uprooting.
Our aim was to examine how the quantity and
lability of sediment organic matter affects biomass
and uprooting of two isoetid species, Echinodorus
repens Lam. Kern and Reichg and L. uniflora. We
expected that enrichment of sandy, oligotrophic sediments with organic matter would stimulate sediment
mineralisation and consequently also nutrient availability and oxygen demand of the sediment. Therefore, we hypothesised that organic matter would
initially increase isoetid biomass until the negative
effects of oxygen stress outweighed the positive
effects of the higher nutrient availability. At organic
fractions above that, isoetid biomass would then
decrease and plants might even die. Such a decrease
in plant biomass was expected at relatively low
organic matter concentrations when labile organic
sediment was used and at high concentrations when
refractive organic matter was used. Additionally,
organic matter would decrease the cohesive forces of
the sediment because of the higher water content, and
thereby the force necessary to uproot L. uniflora
plants.

Methods
Sediments from four lakes, differing in lability of the
organic content, were mixed with sand from a
mesotrophic lake, here named as ‘‘Control’’, to
prepare gradients of organic matter. Each gradient
consisted of seven mixtures created by mixing ‘‘Control’’ sediment with 0, 5, 12.5, 25, 50, 75 and 100%
volume of fresh lake sediment. Lake sediments, rich in

3

organic matter, were collected from two lakes in
Southern Norway, Fagervatnet and Hunsdalvatn, and
from two lakes in The Netherlands, Sarsven and
Broekse Wielen I. In the Dutch lakes, all isoetids have
disappeared over the last few decades as a consequence of eutrophication (Brouwer & Roelofs, 2001).
In the Norwegian lakes, Hundsdalvatn is dominated
by isoetids, whereas Fagervatnet is a lake where the
isoetid vegetation has declined strongly as a consequence of yearly liming (Roelofs et al., 1994). Here,
lake sediments are named taking into account their
CO2 production (a measure of lability) as ‘‘Low’’
(£15 lmol CO2 L)1 h)1) collected in Fagervatn, ‘‘Medium 1’’ and ‘‘Medium 2’’ (>15 <20 lmol CO2 L)1 h)1)
collected in Hundsdalvatn and Sarsven, respectively,
and ‘‘High’’ (>20 lmol CO2 L)1 h)1) collected in
Broekse Wielen I (Table 1; Fig. 1). Each gradient was
replicated three times resulting in a total of 84
cylindrical aquaria (13 cm in diameter and 30 cm
high) that were filled with sediment (1 L).
The artificial water column mimicked Dutch softwater lakes and had 1500 lM of Na+, 500 lM of SO2
4 ,
2+

500 lM of HCO3 , 500 lM of Ca and 1000 lM of
Cl). Plants were collected from Lake Banen (The
Netherlands, 51�16¢N, 05�48¢E), and three individuals
of E. repens (8.2 ± 3.5 mg DM m)2; mean ± SD) and
three individuals of L. uniflora (18.3 ± 4.5 mg
DM m)2; mean ± SD) were planted in each aquarium.
The aquaria were placed in a water jacket and
maintained at 19 ± 1 �C by means of a recirculation
chiller (Neslab Merlin M-75; Thermo Scientific, Newington, NH, U.S.A.). Irradiance was 200 lmol m)2 s)1
and was provided by six Philips-type HP 400 W
lamps (Hortilux-Schréder, Monster, The Netherlands)
at a photoperiod of 14 h.
Before the experiment, a representative subsample
of plants and sediments was characterised to define
the initial conditions. Plants were characterised by
determining dry shoot and root mass. Then, the plants
were planted and completely submerged in artificial
lake water.

Sediment analyses
The ‘‘Control’’ and treatment lake sediments (‘‘Low’’,
‘‘Medium 1’’, ‘‘Medium 2’’ and ‘‘High’’) used to
create the four gradients of organic matter were
characterised as follows. Organic content was measured as loss on ignition (5 h at 550 �C). Density was
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Table 1 Sediment, porewater and plant characterisation of the sand (‘‘Control’’) and four lake sediments (‘‘Low’’, ‘‘Medium 1’’,
‘‘Medium 2’’ and ‘‘High’’) used to create the mixtures

Lake Name
Latitude
Longitude
Sediment
NO�
3 (lM FS)
NHþ
4 (lM FS)
P (lM FS)
C:N (M)
N:P (M)
Eh initial (mV)
Eh final (mV)
Porewater
CO2 (lM)
NO�
3 (lM)
NHþ
4 (lM)
PO3�
4 (lM)
Plant
Echinodorus repens
C (mol g)1)
N (lmol g)1)
P (lmol g)1)
Littorella uniflora
C (mol g)1)
N (lmol g)1)
P (lmol g)1)

‘‘Control’’

‘‘Low’’

‘‘Medium 1’’

‘‘Medium 2’’

‘‘High’’

Broekse Wielen III
51�43¢N
5�45¢E

Fagervatnet
58�24¢N
6�33¢E

Hunsdalvatn
58�28¢N
8�28¢E

Sarsven
51�16¢N
5�47¢E

Broekse Wielen I
51�43¢N
5�45¢E

ANOVA

353
376
791
11
6
509
611

±
±
±
±
±
±
±

48a
11c
37a
1d
1b
29a
92a

72
294
58
22
21
222
339

±
±
±
±
±
±
±

44b
92c
8d
0b
2b
11c
87b

37
622
210
24
18
262
261

±
±
±
±
±
±
±

30b
202b
22c
1a
2b
13b
56b

35
393
335
20
39
128
247

±
±
±
±
±
±
±

38b
120c
54bc
0c
2b
8e
51b

65
1072
309
23
80
170
265

±
±
±
±
±
±
±

41b
50a
5b
2ab
61a
8d
65b

***
***
***
***
**
***
***

299
14
169
1

±
±
±
±

158b
37
93ac
0c

229
2
91
0

±
±
±
±

59b
0
10c
0c

378
1
274
0

±
±
±
±

158ab
0
25b
0c

507
1
169
9

±
±
±
±

404ab
0
5a
3b

701
1
281
32

±
±
±
±

250a
0
45ab
12a

*
ns
*
***

27 ± 3b
2187 ± 412bc
189 ± 20b

31 ± 1a
2525 ± 76ab
239 ± 68a

30 ± 2ab
2848 ± 156a
162 ± 17bc

32 ± 0a
1988 ± 85bc
245 ± 23a

30 ± 1ab
1883 ± 36c
113 ± 15c

*
**
***

32 ± 1c
1773 ± 203a
137 ± 25b

33 ± 1b
1526 ± 85bc
87 ± 7c

34 ± 0a
1643 ± 175ab
66 ± 15c

31 ± 0e
1286 ± 124cd
180 ± 25a

31 ± 0e
1128 ± 64d
81 ± 4c

***
***
***

þ
Initial fresh sediment (FS) concentrations of plant available NO�
3 , NH4 and P (n = 3); C:N and N:P (n = 4);
initial and final redox potentials (Eh) as an average of four sediment depths (n = 3); initial porewater concentrations of CO2,
3�
þ
NO�
3 , NH4 and PO4 (n = 3); final C, N and P content of E. repens and L. uniflora shoots (n = 3). Data are shown as means ± SD.
Means with the same letter do not differ significantly at 95% CI. A N O V A was used to test differences among sediments as indicated
by *P £ 0.05, **P £ 0.01, ***P £ 0.001, ns: ‡0.05.

measured after drying 45 mL of fresh sediment for
24 h at 105 �C. This enabled us to express all concentrations as per L fresh sediment. Total C and N
concentrations of the sediments were determined
using a CNS analyser (type NA 1500; Carbo Erla
Instruments, Milan, Italy).
þ
Plant available NO�
3 and NH4 in the sediments
were determined by NaCl extractions using 50 mL of
0.1 M NaCl per 17.5 g of fresh sediment. Plant
available P in the sediments was determined accord3�
ing to Olsen et al. (1954). Nitrate, NHþ
4 and PO4
were measured by colorimetry (Auto Analyser,
model III; Bran & Luebbe, Norderstedt, Germany)
using hydrazine sulphate (Kamphake, Hannah &
Cohen, 1967), salicylate (Grasshoff & Johannsen,
1972) and ammonium molybdate (Henriksen, 1965),
respectively.

To establish the elemental chemical composition of
the sediment, a homogenised (Ball mill MM301, Haan,
Germany) portion of 200 mg dry sediment was
digested in 4 mL HNO3 (65%) and 1 mL H2O2
(30%), using an Ethos D microwave (Milestone,
Sorisole Lombardy, Italy). Analyses of Al, Ca, Fe, K,
Mg, Mn, Na, P, Si, S and Zn from digestates were
carried out using an inductively coupled plasma
emission spectrophotometer (IRIS-OES model Intrepid II XDL; Thermo Fisher Scientific, Waltham, MA,
U.S.A).
Mineralisation rates were used to characterise the
lability of the sediments. Mineralisation rates were
determined under aerobic and anaerobic conditions
over 4 weeks. Glass bottles (100 mL) were filled with
25 g of fresh sediment and 10 mL of deionised water
and sealed with gas-tight rubber stoppers. Aerobic

� 2010 Blackwell Publishing Ltd, Freshwater Biology, doi:10.1111/j.1365-2427.2010.02539.x
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Redox potential was measured using a platinum
electrode and a Metrohm Ag reference electrode
(Metrohm, Herisau, Switserland) connected to
mV ⁄ pH meter (Radiometer Nederland BV, Zoetermeer, The Netherlands). The electrical potentials
measured were converted to redox potentials relative
to the standard hydrogen potential measured (Eh) by
adding the reference (210 mV) and correcting for
temperature and porewater pH.

(a)

“Low”

Sediment organic matter
(%)

Influence of quantity and lability of sediment organic matter on two isoetids

Lability
Fig. 1 Sediment organic matter (a) and lability (b) characterisation of the sand (‘‘Control’’) and four lake sediments (‘‘Low’’,
‘‘Medium 1’’, ‘‘Medium 2’’ and ‘‘High’’) used to create the mixtures. Sediment organic matter (%), and CO2 and CH4 production
(lmol CO2 L)1 h)1 fresh sediment h)1) under oxic and anoxic
conditions of the initial sediments are shown as means ± SD,
n = 4. Means with the same letter do not differ significantly at
95% CI. A N O V A was used to test differences: P £ 0.001 for
sediment organic matter, P £ 0.001 for total CO2 (sum of oxic and
anoxic production) and P £ 0.05 for CH4 production.

conditions were maintained during the 4 weeks,
assuming that the consumption of 1 mol of O2 is
followed by the production of 1 mol of CO2. The
linear CO2 production over the 4 weeks further
supports this assumption. To create anaerobic conditions, the headspace of the bottles was flushed with
N2 for 10 min. The bottles were stored in darkness at
20 �C. Headspace gas samples were taken each week
using 1-mL syringes and were analysed at once for
CH4 and CO2 by infrared gas analysis (Advance
Optima Infrared Gas Analyser, ABB, Cary, NC,
U.S.A.).
Redox potential was measured during the day in
the fresh sediment (before planting and just before
harvesting) at 1.5, 3, 6 and 9 cm depth. Redox
potentials are given as average of the four depths to
provide a general picture of the sediment conditions.

Surface water and porewater analyses
Every 2 weeks, surface and porewater samples were
collected. Porewater samples were collected with
5-cm-long sediment moisture samplers (Rhizon
SMS-5 cm; Eijkelkamp Agrisearch Equipment,
Wageningen, The Netherlands) that were installed
vertically at a depth of 2–8 cm. Porewater was
extracted anoxically by connecting the samplers to
30-mL vacuum serum bottles. The pH of the water
samples was measured using a titration workstation
(TitraLab 840; Radiometer analytical SAS, Villeurbanne, France) with a double Ag ⁄ AgCl reference pH
electrode (Orion 9156BNWP; Thermo Scientific).
3�
Nitrate, NHþ
4 , PO4 , Al, Ca, Fe, Mg, Mn, P, Si, S, Zn,
total inorganic C and pH of surface and porewater
were analysed as mentioned earlier. Surface and
porewater Cl), Na+ and K+ were determined by flame
photometry (Auto Analyser, model III; Bran &
Luebbe).

Plant analyses
Before the experiment, shoot and root dry mass of a
subsample of plants (n = 3 for each plant species) was
measured (24 h at 70 �C). After 54 days, the number
of shoots per species was counted. ‘‘Uprooting force’’
(the force required to uproot individual L. uniflora
plants) was measured using a tensiometer (Tensiometer, Aabenraa, Denmark). Plants were harvested and
shoots, roots and stolons were separated. Dry mass of
each species was determined for each aquarium, and
shoot, root and stolon biomass were expressed as the
final biomass (g DM m)2). Various key elements (Al,
Ca, Fe, K, Mg, Mn, Na, P, Si, S, Zn) in plant tissue
were measured by drying and homogenising (Ball
mill MM301) 50 mg plant material followed by
digestion and chemical analyses, as mentioned earlier.
Carbon and N contents of dried ground plant material

� 2010 Blackwell Publishing Ltd, Freshwater Biology, doi:10.1111/j.1365-2427.2010.02539.x
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were determined using a CNS analyser (type NA
1500; Carlo Erba Instruments, Milan, Italy).

Statistical analyses
Differences in plant, sediment or water parameters
were assessed by univariate A N O V A or by a two-way
analysis of variance (GLM procedure) depending on
the numbers of fixed factors using S P S S 15.0.1 (SPSS
Inc., Chicago, IL, U.S.A.). Differences between treatments were assessed with post hoc tests following
A N O V A . When the requirements of homogeneity of
variance were fulfilled (by Levene’s test), the LSD post
hoc test was used. However, when requirements of
homogeneity of variance were not fulfilled, a Games–
Howell post hoc test was applied. Significance was
accepted at a probability of £0.05. Data were logtransformed where appropriate to improve normality
and homogeneity. Graphs and regression lines were
drawn with PR I S M 5.01 (GraphPad Software, Inc., La
Jolla, CA, U.S.A.).

Results
Sediment
Total organic matter (quantity), measured as loss on
ignition, ranged from 1.4% in the ‘‘Control’’ sediment
to 54.9% in ‘‘Medium 2’’ sediment (Fig. 1a). Lability
of the sediment organic matter was determined by
total C production (CO2 and CH4) of fresh sediment
under oxic and anoxic conditions. Methane never
contributed substantially to total C production and
did not increase from ‘‘Low’’ to ‘‘High’’ lability. In
contrast, CO2 produced under anoxia, increased
significantly with increasing lability of sediment
organic matter and accounted for 31% of the total
CO2 production (Fig. 1b).
The highest concentration of plant available NO�
3
was found in the ‘‘Control’’ sediment (Table 1), which
was also reflected in tissue N content. Nitrate in the
‘‘Control’’ sediment was 5–10 times higher than in
other sediments, which all had similar NO�
3 concentrations. The highest concentration of plant available
NHþ
4 was found in the ‘‘High’’ sediment, being from
two to four times higher than in any other sediment.
The ‘‘Control’’ sediment had highest plant available P
(Olsen-P) and was 2–14 times higher than in the other
sediments. Lowest C:N and N:P molar ratios were

found in the ‘‘Control’’ sediment. The concentration of
most other measured elements, except Si, differed
significantly among sediments (Supporting Information, Table S1).
Sediment Eh was measured after planting and just
prior to harvesting (Table 1). Initially, Eh was significantly different in all sediments, ‘‘Control’’ sediment
being the most oxidised. Prior to harvesting, Eh either
remained the same (‘‘Medium 1’’) or had increased
during the experiment and, by the end, Eh was
effectively the same in all pure sediments (Table 1).

Porewater
3�
Initial CO2, NHþ
concentrations in the
4 and PO4
porewater were significantly different among sediments, whereas initial porewater NO�
3 concentration
did not differ (Table 1). Porewater CO2 ranged from
229 lM in ‘‘Low’’ to 701 lM in ‘‘High’’. Shoot biomass
of E. repens and L. uniflora showed a positive linear
relationship with initial porewater CO2 concentration
(Fig. 3). Although the relationship between E. repens
shoot biomass and initial CO2 concentration had a
higher correlation coefficient (r2 = 0.44) than the
relationship between L. uniflora shoot biomass
(r2 = 0.30), both species were analysed together
because the slope did not differ between species. No
such correlation was found for any other elements
measured.

Plants
All plants survived and appeared healthy on all the
sediments, regardless of organic content. Nevertheless, plant dry mass of E. repens and L. uniflora was
significantly affected by both quantity and lability of
sediment organic matter (Table 2). Quantity of sediment organic matter seemed to have stronger effect on
E. repens plant mass than on L. uniflora. So, quantity of
organic matter significantly affected shoot, root, stolon, shoot to root ratio and total biomass of E. repens
while only stolon mass (and therefore also total plant
mass) was affected for L. uniflora (Table 2).
Echinodorus repens. When sediment of the lowest total
C production (£15 lmol CO2 L)1 h)1; ‘‘Low’’) was
used to generate a gradient of organic matter, quantity
of organic matter significantly affected shoots and
stolons of E. repens (Fig. 2, left-hand column). Root

� 2010 Blackwell Publishing Ltd, Freshwater Biology, doi:10.1111/j.1365-2427.2010.02539.x

54
54

Chapter 2
Influence of quantity and lability of sediment organic matter on two isoetids

7

Littorella uniflora

Echinodorus repens

ad
AB

ab
BC

a

a

a

bc
C

ac
C

a
AB

0

Biomass (g DM m–2)

20

30
20

ab

30
20

10
20

5

ab

bc

a
A

a
AB

a

a

b
AB

9

17

b
B

100 %

75 %

25 %

12.5 %

5%

Initial

“Control”

50 %

cd
CD

d
D

a

a

a

a

a

1

2

5

9

17

26

35

a
A

a
A

a
A

a
A

a
A

a
A

a

a

a

a

a

a

2

4

6

11

16

22

a
A

a
A

a
A

a

a

13

25

39

a
A

a
A

a

a

11

21

Shoot P n.s.
Stolon P n.s.

bc
B

c

ab

Root P *

1

2

Shoot P n.s.
Stolon P *

bab
B

a

a
A

a
A

4

a
AB

a
A

a
AB

a

a

a

1

4

7

bc

c

6

11

abc

abc

a

Root P n.s.

16

a
AB

a
B

a
B

a

a

a

13

25

39

1

22

Shoot P n.s.
Stolon P n.s.
a
AB

a
A

9

a

a
A

a
A

a
A

*

Root P n.s.

Shoot P *
a
Stolon
Pab*
a
A

10
0

a

ab
B

*

10
20

2

Shoot P **
Stolon P *

10
0

35

ab
BC

Root P n.s.

1

10
20

26

a

Root P n.s.

10
0

9a

ab
A

Shoot
d
Stolon
Root

cd

ab

ab
AB

b
ab ab ab b B
AB
AB

ab
AB

ab

a

a

a

4

7

a

a

Root P n.s.

1

54
bb

B

*

Shoot P n.s.
Stolon P n.s.
a
A

a
A

a

a

a
A

a
A

54

a
A

ns

a

Root P n.s.

1

9

a

a

a

3

6

11

“Medium 1”

30

a

a

a

a
A

ab

Lability

10

abc
A

d
A

bcd

“Low”

ab
AB

ab

“Medium 2”

10

20

100 %

75 %

50 %

25 %

12.5 %

5%

Shoot P **
abc
a
Stolon
P **

Shoot P **
Stolon P ***

a

a

a

21

32

44

a

“High”

20

Initial

30

“Control”

Volume of treatment sediment mixed (%)

a
a

Root P n.s.

1

3

6

32

44

Sediment organic matter (%)
Fig. 2 Biomass of Echinodorus repens and Littorella uniflora over four gradients of sediment organic matter. Echinodorus repens and
L. uniflora shoot, root and stolon biomass (g DM m)2) at the beginning of the experiment (initial) and at the time of harvesting (54 days
after) over four gradients of organic matter created by mixing sand (‘‘Control’’) with 5, 12.5, 25, 50, 75 and 100% volume of fresh lake
sediments (‘‘Low’’, ‘‘Medium 1’’, ‘‘Medium 2’’ and ‘‘High’’). The x-axes show the % (w ⁄ w) of organic matter in the sediment as a
result of the seven different mixtures of sand and lake sediment indicated in the upper part of the figure. Gradients are ordered by
lability (increasing from top to bottom) of the lake sediment used to created the gradient, as characterised by the production of CO2
(see text). Data are means ± SD. Means with the same letter do not differ significantly at 95% CI (lower case for shoot and root, upper
case for stolon). A N O V A was used to test differences among sediment mixtures: *P £ 0.05, **P £ 0.01, ***P £ 0.001, ns ‡ 0.05. On
average, E. repens had an initial plant mass of 0.008 g DM increasing to 0.056 g DM at the time of harvesting. For L. uniflora, plant mass
increased from 0.018 to 0.043 g DM.
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Fig. 3 Shoot biomass versus porewater CO2. Means of shoot
biomass (g DM m)2; n = 3) of Echinodorus repens (•) and Littorella
uniflora (m) versus the means of initial porewater CO2 (lM; n = 3)
) and
in sediment mixtures (n = 28). Linear regression line (
the 95% confidence intervals (- - -); y = 0.01158 + 1.57; r2 = 0.33;
P value < 0.0001.

Table 2 Organic matter effects on plant mass

Echinodorus repens
Shoot
Root
Stolon
Shoot to root
Total biomass
Littorella uniflora
Shoot
Root
Stolon
Shoot to root
Total biomass

Quantity

Lability

Interaction

r2

***
***
***
***
***

***
***
***
***
***

*
ns
*
*
ns

0.69
0.59
0.73
0.51
0.71

ns
ns
*
ns
*

***
***
**
***
***

*
ns
ns
ns
ns

0.72
0.40
0.25
0.44
0.66

Effects of quantity and lability of sediment organic matter, and
their interaction, on shoot, root, stolon, shoot to root ratio and
total dry mass of E. repens and L. uniflora. GLM was used to test
differences: *P £ 0.05, **P £ 0.01, ***P £ 0.001, ns: ‡0.05. r2 adjusted.

biomass was not significantly affected but followed
the trend for shoots and stolons. Biomass increased up
to 9% of organic matter and declined at higher
concentrations. When ‘‘Medium 1’’ sediment was
used to generate a gradient of organic matter, quantity
of organic matter significantly affected shoot, stolon
and root biomasses. Here, shoot and stolon biomasses
increased up to 6% of organic matter, whereas root
biomass continued to increase up to 11%. Above these
values, biomass declined to values similar to those of

the ‘‘Control’’ treatment (i.e. pure sand). When
‘‘Medium 2’’ sediment was used, only stolon mass
was affected; stolon biomass increased up to 39% of
organic matter (Fig. 2). Interestingly, when ‘‘High’’
sediment was used to generate a gradient of organic
matter, plant mass was affected in a similar pattern as
when ‘‘Low’’ sediment was used, except that plant
mass did not decline after reaching a maximum at
21% organic matter. In summary, increase in organic
matter stimulated E. repens biomass up to moderate
values of organic content, above which E. repens
biomass declined or remained unaffected (depending
on lake source) by higher concentrations of organic
matter.
To evaluate the effect of the lability of sediment
organic matter on E. repens, total biomass from pure
(i.e. no added sand) ‘‘Low’’, ‘‘Medium 1’’ and
‘‘Medium 2’’, and ‘‘High’’ sediment was compared
(indicated by 100% in the upper part of Fig. 2).
Echinodorus repens biomass in ‘‘Low’’ sediment was
lowest (6.03 ± 1.31 g DM m)2) and significantly differed from the three other sediments. Total biomass in
‘‘Medium 1’’ (11.3 ± 2.26 g DM m)2) did not differ
from that of ‘‘Medium 2’’ (12.81 ± 1.31 g DM m)2),
while biomass in ‘‘High’’ (27.14 ± 2.26 g DM m)2)
was significantly greater than in the two medium
sediments. Therefore, the effect of increasing lability
was always positive on the total biomass of E. repens.
Shoot to root ratio (excluding stolon from shoot) in
‘‘Low’’ was 0.34 ± 0.01 and systematically increased
from 0.40 ± 0.12 to 0.55 ± 0.10 and 0.76 ± 0.10 in
‘‘Medium 1’’, ‘‘Medium 2’’ and ‘‘High’’, respectively.
The possible nutrient limitation on E. repens biomass was evaluated by comparing shoot N and P in
‘‘Control’’ plants with those that had grown in pure
‘‘Medium 1’’, ‘‘Medium 2’’ and ‘‘High’’ sediments
(Table 1). Nitrogen content in ‘‘Control’’ shoots was
significantly lower than in ‘‘Medium 1’’ but did not
differ from the three other sediments. P content in
‘‘Control’’ sediment was significantly lower than in
‘‘Low’’ and ‘‘Medium 2’’, but higher than in ‘‘High’’.
Littorella uniflora. The impact of quantity and lability
of sediment organic matter was much less pronounced for L. uniflora than for E. repens. Shoot and
stolon biomass was only significantly affected over
the gradient based on the ‘‘Low’’ sediment (Fig. 2,
right-hand column). Shoot biomass was unaffected up
to 17% organic matter and declined at higher values;

� 2010 Blackwell Publishing Ltd, Freshwater Biology, doi:10.1111/j.1365-2427.2010.02539.x
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Discussion
We aimed to investigate how the quantity and lability
of sediment organic matter affected the biomass of the
two isoetids, E. repens and L. uniflora. In contrast to
our expectations, none of the plants died during the
experiment. All plants survived and showed no signs
of stress, regardless of the quantity or lability of the
sediment organic matter to which they were exposed.
The plants did not show any visual damage of either
roots or shoots caused by anoxia, as previously
reported for both L. dortmanna and L. uniflora (Raun

Uprooting force

125

(N g—1 DM of root)

stolon biomass started declining at 5% organic matter.
The quantity of organic matter did not affect L. uniflora biomass across the gradients based on ‘‘Medium
1’’, ‘‘Medium 2’’ and ‘‘High’’ sediments.
Influence of the lability of the sediment organic
matter was again evaluated by comparing total biomass in pure sediments. Total biomass did not differ
significantly among sediments, although the trend was
the same as for E. repens, i.e. biomass increased with
increasing lability (4.5, 4.8, 12.5 and 12.2 g DM m)2 in
‘‘Low’’, ‘‘Medium 1’’, ‘‘Medium 2’’ and ‘‘High’’,
respectively). In contrast to E. repens, the shoot to root
ratio was always above 1 (‘‘Low’’ = 1.08, ‘‘Medium
1’’ = 1.3, ‘‘Medium 2’’ = 2.01 and ‘‘High’’ = 1.88).
The potential contribution of nutrient limitation to
the observed pattern was evaluated using the
approach described for E. repens. Shoot N content in
‘‘Control’’ was significantly higher than in ‘‘Low’’,
‘‘Medium 2’’ and ‘‘High’’. Phosphorus content in
‘‘Control’’ significantly differed from the four pure
sediments so that shoot P in the ‘‘Control’’ was lower
than in ‘‘Medium 2’’ and higher than in ‘‘Low’’,
‘‘Medium 1’’ and ‘‘High’’ (Table 1).
We hypothesised that increasing organic matter
could lead to adverse effects on the anchoring of
plants. The uprooting force for individual L. uniflora
plants over the gradient of sediment organic matter
fitted a Gaussian model (Fig. 4). The Gaussian model
provided a better explanation than a linear model
(r2 = 0.24 for the linear model versus 0.35 for the
Gaussian model). The model indicates that uprooting
force increased from low to moderate sediment
organic content, and after reaching a local maximum
at around 15% organic matter, the force then
decreased significantly to values below those obtained
for ‘‘Control’’ (i.e. pure sand) sediments (Fig. 4).
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Fig. 4 Uprooting force of Littorella uniflora versus sediment organic matter. Means of uprooting force (N g)1 DM of root, n = 3)
of L. uniflora versus means of sediment organic matter (%) in
sediment mixtures (m for ‘‘Control’’; • for the rest of treatments;
n = 28). Data were fitted to a Gaussian model (y = 72.3 exp
()05 ((x ) 12.46) 23.1)1) 2); r2 = 0.35) providing better explanation than a linear relationship (r2 = 0.24). Uprooted plants in
average had 0.026 g DM shoot and 0.017 g DM root and three
to eight leaves ranging from 4 to 12 cm.

et al., 2010). However, although the nature of the
organic matter used in Raun et al. (2010) was not
clearly defined, the estimated CO2 production in a
sediment with only 1.7% organic matter was 22-fold
higher than in any of the sediments used in our study.
In the present investigation, plants were able to
maintain, or even increase, the redox potential of the
sediment (Table 1), probably by ROL from their roots.
In contrast to previous studies in which plants were
adversely affected, or even died, at low sediment
organic matter (Barko & Smart, 1983; Sand-Jensen
et al., 2005; Raun et al., 2010), all plants in our study
grew and increased in number by asexual reproduction, even when grown in sediments with a high
organic content (up to 54.9%) or in labile sediments
(26 lmol CO2 L)1 h)1; Fig. 1). In oxic environments,
decomposition of sediment organic matter causes O2
consumption followed by CO2 production (Smolders
et al., 2006). The balance between the negative effects
of O2 consumption (Godshalk & Wetzel, 1978a,b,c;
Barko & Smart, 1983) and the positive effects of CO2
production (Sand-Jensen & Søndergaard, 1979; Lenssen et al., 1999) in a carbon-limited system determines
net impact on the vegetation. In the present study, the
positive effects of CO2 production clearly prevailed
over the negative effects of O2 consumption, because
the plants were able to oxidise the sediment.
The observed increase in biomass could be
caused by N, P or inorganic C produced during
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mineralisation or a combination of the three (SandJensen & Søndergaard, 1979; Lenssen et al., 1999). In
the present experiment, it is unlikely that N or P
caused the increase in biomass because (i) plenty of N
and P available to plants was present in the ‘‘Control’’
sediment (Table 1) and (ii) the plant tissue had a
relatively high N and P content. In fact, the ‘‘Control’’
sediment had the highest concentration of plant
available N and P (Table 1), and therefore, we think
it unlikely that the observed increase in biomass
would be caused by increased nutrient availability.
In addition, neither tissue N nor P indicated that plants
grown at low sediment organic matter suffered from
nutrient limitation (Table 1). There are no values in the
literature for E. repens but those for L. uniflora do not
indicate N or P limitation (Boston, 1986; Christiansen,
Friis & Søndergaard, 1985; Andersen, Pedersen &
Andersen, 2005; Spierenburg et al., 2010). In fact,
nutrient limitation is not easily evaluated by means
of tissue nutrient concentration, as nutrient concentrations are diluted in fast-growing tissues (Christiansen
et al., 1985). For E. repens, however, there was a
significant reduction in biomass at high sediment
organic matter and we propose that this could possibly
be caused by P limitation, as pure ‘‘Low’’ sediment
showed the lowest plant available P (Olsen-P) of the
sediments studied.
In contrast, it is more likely that CO2 caused the
observed increase in biomass with increasing organic
matter as the plants were probably C limited. Initial
porewater CO2 ranged from 0.2 to 0.7 mM (Table 1),
and hence, the initial concentrations of porewater CO2
were much lower than the critical concentration to
saturate photosynthesis in isoetids, ranging from 2 to
8 mM (Søndergaard & Sand-Jensen, 1979; Roelofs
et al., 1984; Pedersen et al., 1995). Moreover, shoot
biomass of both E. repens and L. uniflora was positively correlated with CO2 availability in porewater
(Fig. 3), as shown in previous studies for isoetids from
C-limited environments (Pedersen et al., 1995; Smolders et al., 2002; Bagger & Madsen, 2004). Improved C
availability tends to increase shoot to root ratio in
isoetids (Søndergaard & Sand-Jensen, 1979; Roelofs
et al., 1994; Smolders et al., 2002), and in the present
study, shoot to root ratios above 1.5 were observed for
L. uniflora growing in the two most labile sediments.
The plants benefit from the high proportion of
photosynthetic tissue in relation to the belowground
tissue in reduced sediments, as it promotes oxidation

of the sediment (Sand-Jensen et al., 1982). However,
tissues of L. uniflora are highly porous (promoting
buoyancy), and a high relative proportion of root
biomass seems necessary to anchor them securely in
the sediment (Raven et al., 1988).
Uprooting of plants happens when pulling forces
overcome the strength of anchorage (Schutten, Dainty
& Davy, 2005). Anchorage may be divided into forces
related to root-related parameters (biomass, total root
length and 3D architecture) and those related to
sediment cohesive forces. In natural lakes and ponds,
sediment cohesion has been shown to vary 70-fold
(Schutten et al., 2005), probably as a function of water
content and, thus, organic matter. However, sediment
cohesion forces are a function of packing density of
sediment particles, and thus, pure sandy sediments
would have lower cohesive forces than sediment with
just a small proportion of tiny organic particles
(Abdullah & Geldart, 1999). This is also partly
reflected in Fig. 4, where the Gaussian model predicts
maximum anchoring around 15% organic matter. In
the present investigation, the force required to uproot
L. uniflora ranged from 0.4 to 2.1 N across the range of
sediments tested. Hydraulic pulling forces of 0.6 m
waves may range between 0.47 to 1.69 N for elodeids,
such as species of Myriophyllum and Potamogeton
(Schutten et al., 2005), but the hydraulic pull on a tiny
L. uniflora would be much lower. Unfortunately, it is
not possible to compare the measured uprooting
forces in the present study with those from nature,
as there are no data available. However, observations
of floating mats of isoetids indicate that uprooting
forces may, from time to time, exceed the anchorage
strength (Lucassen & Roelofs, personal observations).
Uprooting of isoetids may happen during storms with
extreme wave action and perhaps also during periods
of extensive photosynthesis, where buoyancy of the
porous tissues reduces the forces necessary to uproot
the plants. Although the trend in Fig. 4 is apparent,
there is huge variation in uprooting force for the same
content of sediment organic matter. The variation is
probably real and may reflect the fact that uprooting
forces are more related to 3D root architecture, which
was not measured in the current study, than to
biomass alone.
Our findings may inform future attempts at lake
restoration, as the selection of suitable lakes requires
analyses of water and sediment characteristics. The
present study shows that the quantity of organic
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matter is insufficient to predict the performance of
isoetid populations. It also shows that, to predict
isoetid population performance, it is essential to
consider the lability and the physical characteristics
of the sediment, as well as organic matter content.
Similarly, it is crucial to consider the present isoetid
populations. In degraded lakes with a low population
density of plants, the negative effects of sediment
organic matter presumably prevail over the positive.
In bare sediments, organic matter causes highly
reduced conditions (Wium-Andersen & Andersen,
1972b; Tessenow & Baynes, 1978; Wigand, Stevenson
& Cornwell, 1997) that can reduce germination success and, therefore, hamper the recovery of the isoetid
vegetation (Greulich et al., 2000). Under such conditions, when the sediment is not suitable for the
re-establishment of isoetids, removal of the organic
top layer of sediment can lead to successful restoration of isoetid lakes (Brouwer & Roelofs, 2001).
In conclusion, if plants are able to oxidise the
sediment, sediment organic matter can stimulate isoetid biomass, because of increased CO2 availability.
Thus, to understand better the role of sediment organic
matter on isoetids, it is essential to consider (i) the
lability of the sediment organic matter (because it will
provide information on inorganic C production and
oxygen consumption) and (ii) the physical properties of
the sediment, because uprooting events are more likely
on highly organic sediments with low cohesive forces.
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Table 1S: Sediment element content of the sand (“Control”) and treatment lake sediments (“Low”, “Medium 1”, “Medium 2” and “High” used for
‐1
‐1
the mixtures. Lake Name; Location (Latitude‐Longitude); density (kg DM L Fresh Sediment); and initial fresh sediment concentrations (mol L Fresh
Sediment) of C, N (by CNS analyzer), P, Fe, Mn, K, Al, Ca, Mg, Na, S, Si and Zn (by ICP analysis) (n=4). Data are shown as means ± SD. Means with the
same letter do not differ significantly at 95% CL. ANOVA was used to test differences among sediments as indicated by *P ≤0.05, **P ≤0.01, ***P
≤0.001, ns >0.05.

“Control”
Lake Name Broekse Wielen III
51°43’N
Latitude
Longitude
5º45’ E
a
Density
1.2 ± 0.1
C
436.3 ± 149.5 d
N
38.5 ± 11.2 e
P
7.2 ± 3.0 abc
Fe
25.5 ± 10.1 bcd
b
Mn
0.2 ± 0.1
abc
K
4.2 ± 2.0
Al
63.6 ± 27.4bc
bc
Ca
8.0 ± 6.2
Mg
9.2 ± 3.8 b
Na
2.3 ± 2.8 ab
d
S
2.7 ± 1.2
Si
4.9 ± 4.6 a
Zn
0.3 ± 0.1 bc

“Low”

“Medium 1”

“Medium 2”

“High”

ANOVA

Fagervatnet
58°24’N
6º33’ E
0.1 ± 0.0 bc
1778.2 ± 225.6 c
81.0 ± 11.5 d
4.0 ± 0.5 c
21.5 ± 2.8 b
0.2 ± 0.0 b
1.5 ± 0.2 c
72.5 ± 8.9 b
6.1 ± 0.7 c
8.4 ± 1.1 b
1.1 ± 0.2 b
11.2 ± 1.4 c
3.6 ± 1.9 a
0.1 ± 0.0 c

Hunsdalvatn
58°28’N
8º28’E
0.3 ± 0.0 b
3033.0 ± 185.2 b
126.0 ± 9.4 c
7.0 ± 0.4 a
69.7 ± 2.4 a
0.9 ± 0.0 a
4.0 ± 0.1 a
148.3 ± 11.4 a
19.3 ± 0.9 b
59.2 ± 2.3 a
0.8 ± 0.8 b
15.3 ± 1.0 b
5.7 ± 5.2 a
0.3 ± 0.0 b

Sarsven
51°16’N
5º47’ E
0.1 ± 0.1 c
4173.2 ± 244.1 a
211.0 ± 11.9 a
5.5 ± 0.0 b
13.5 ± 0.3 d
0.2 ± 0.0 b
2.4 ± 0.0 b
58.4 ± 0.8 b
29.0 ± 0.3 a
5.7 ± 0.1 b
5.1 ± 0.7 a
51.7 ± 0.8 a
2.7 ± 2.3 a
0.9 ± 0.0 a

Broekse Wielen I
51°43’N
5º45’ E
0.2 ± 0.0 c
3848.0 ± 883.0 a
167.2 ± 30.4 b
2.8 ± 1.2 bc
5.5 ± 2.5 c
1.0 ± 0.5 ab
1.1 ± 0.4 c
8.2 ± 3.8 c
32.9 ± 14.5 abc
5.0 ± 2.2 b
1.1 ± 0.9 b
29.8 ± 12.9 abcd
1.6 ± 1.0 a
0.4 ± 0.2 bc

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

62
62

CHAPTER 3
High alkalinity and sulfate adversely affect Lobelia dortmanna
at low plant density
Submitted to Aquatic Botany

Photograph cover: Ole Pedersen
Graphic design: Marco Dispenza

Chapter 3
Submitted to Aquatic Botany

High alkalinity and sulfate adversely affect Lobelia dortmanna at low
plant density
Cristina Pulido* a, b, Danny D.J.H. Keijsersa, Esther C.H.E.T. Lucassenc, Ole Pedersenb,
Jan G.M. Roelofsa
a

Radboud University Nijmegen, Institute for Water and Wetland Research, Department of Aquatic Ecology and Environmental Biology,
Heyendaalseweg 135, 6525 AJ, Nijmegen, The Netherlands
b
Freshwater Biological Laboratory, Department of Biology, University of Copenhagen, Helsingørsgade 51, DK‐3400 Hillerød, Denmark
c
B‐WARE Research Centre, Radboud University Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands

ARTICLE INFO

ABSTRACT

Article history:
Submitted 24 December 2010

In soft water lakes, sulfate potentially increases sediment mineralization because it acts
as an alternative electron acceptor to O2. An increase in alkalinity can also stimulate
mineralization by neutralizing decay‐inhibiting acids. Increase of sediment mineralization
has both positive and negative effects on the aquatic macrophyte Lobelia dortmanna.
Sediment mineralization increases inorganic C availability and may alleviate C limitation.
Conversely, sediment mineralization increases sediment O2 demand and can result in
tissue anoxia, which adversely affects the plant. The consequences of increased sediment
mineralization depend on the ability of L. dortmanna to oxidize the rhizosphere via radial
O2 loss. Thus, our objective was to study how alkalinity and sulfate affect the isoetid L.
dortmanna, and if negative effects could be alleviated by neighboring plants so that
possible effects would depend on plant density.
Laboratory experiments were carried out using three densities of L. dortmanna (low,
medium and high) that were exposed to elevated alkalinity in the water column, or a
combination of both elevated alkalinity and sulfate, and compared to a control situation
with overlying water similar to that of oligotrophic soft water lakes. High sulfate and
alkalinity increased sediment biological O2 demand, decreased sediment redox potential
and negatively affected L. dortmanna resulting in tissue damage, decreased biomass and
lower actual photosynthetic efficiency. Sulfide intrusion and anoxia under high sulfate
and alkalinity were indicated by the low sediment redox potential, high total S in tissues,
34
and low δ S signal. Plant density increased sediment redox potential and partly
alleviated the negative effects caused by the combination of high sulfate and alkalinity.
For instance, at low plant density, actual photosynthetic efficiency was reduced from
0.42 to 0.12 but only from 0.56 to 0.24 at high plant density. In contrast, when exposed
to only elevated alkalinity, L. dortmanna plants appeared healthy and had the highest
‐1
biomass (0.19 g plant ) and actual photosynthetic efficiency.
Our results demonstrate that an increase in sulfate and alkalinity can dramatically
affect L. dortmanna, causing a reduction or even the total disappearance of the
populations. Although in our experiment, alkalinity increase by itself did not have
negative effects on L. dortmanna plants, fast growing elodeids might out‐compete L.
dortmanna under field conditions.
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Redox potential
Sulfide
Soft water lake
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1. Introduction
Soft water lakes have low surface water alkalinity
(<1 mM) and are naturally inhabited by slow
growing aquatic macrophytes adapted to C‐
limited systems, i.e. isoetids (Arts, 2002; Murphy,
2002). Increasing alkalinity (alkalinization) above
the very low natural levels is among the main
causes of degradation of soft water lakes (Arts,
2002). Alkalinity can increase by direct lime
application used as a restoration measure to
revert acidification (Brandrud, 2002), by
hydrological changes such as the introduction of
alkaline water (Smolders and Roelofs, 1995) or by
internal alkalinization due to in‐lake processes
such as the reduction of sulfate, nitrate or iron by
sediment
mineralization
(Psenner,
1988;
Smolders, 2006). Alkalinization can cause a shift in
the vegetation from plant species characteristic of
soft water (isoetids) to species characteristic of
slightly buffered conditions (potamids, elodeids,
and other hard‐water macrophytes; Arts, 2002).
Elodeids and potamids benefit from the higher
inorganic carbon availability and are fast growing,
tall and ramifying plants that eventually out‐
compete the smaller slow growing isoetids
(Roelofs et al., 1994; Arts, 2002; Brandrud, 2002;
Lucassen et al., 2009; Spierenburg et al., 2009;
Spierenburg et al., 2010).
In addition to alkalinization, sulfate has also
been reported to increase above the naturally low
levels. However, high sulfate concentrations alone
do not seem to adversely affect the natural
vegetation as concentrations above 1 mM have
been reported in pristine isoetid lakes (Roelofs,
1983). In contrast, the combined high sulfate and
alkalinity results in regression or even total
disappearance of isoetids (Brouwer et al., 1999).
The negative effects produced by the combination
of high sulfate and alkalinity seem to be linked to
sediment mineralization processes (Brouwer et al.,
1999). Sediment mineralization is stimulated by
sulfate, which acts as an alternative electron
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acceptor to O2 (Laanbroek, 1990), and by
alkalinity, which neutralizes decay‐inhibiting acids
and thus creates a more suitable environment for
decomposer organisms (Traaen, 1980; Kok and
Van der Velde, 1991). Increasing sediment
mineralization leads to higher sediment O2
demand and results in reduced conditions,
something that isoetids do not tolerate (Raun et
al., 2010). Hypoxic and/or anoxic conditions
decrease vascular translocation (Sorrell, 2004),
photosynthetic efficiency and plant growth (Pulido
and Borum, 2010), and can even cause mortality
of aquatic macrophytes (Sand‐Jensen et al., 2005
a; Raun et al., 2010). Moreover, under reduced
conditions sulfate is converted to sulfide, which is
known to be highly phytotoxic (Koch and
Mendelssohn, 1989; Goodman et al., 1995;
Armstrong et al., 1996; Holmer and Bondgaard,
2001; Geurts et al., 2009).
On the other hand, sediment mineralization
can also benefit the isoetid vegetation if the plants
are able to maintain the rhizosphere oxic (Pulido
et al., 2010). Isoetids have a high radial O2 loss
across the entire root system (Sand‐Jensen et al.,
1982; Pedersen et al., 1995). As a result, the
rhizosphere is often permanently oxic, thus
problems with reduced phytotoxins are avoided
(Holmer et al., 1998; Pedersen et al., 2004). Under
such conditions with an oxic rhizosphere, the
increased production of CO2, linked to sediment
mineralization (Laanbroek, 1990; Mattson and
Likens, 1993), can stimulate the underwater
photosynthesis (Søndergaard and Sand‐Jensen,
1979; Roelofs et al., 1984; Pedersen et al., 1995)
and growth of the isoetids (Madsen et al., 2002;
Smolders et al., 2002; Bagger and Madsen, 2004;
Andersen et al., 2005, Pulido et al., 2010).
Therefore, the overall outcome of increased
sediment mineralization depends on the ability of
isoetids to oxidize their rhizosphere (Pulido et al.,
2010), and an effective oxidation of the
rhizosphere partly depends on plant density
(Tessenow and Baynes, 1978). While a solitary
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plant might have difficulties to maintain an oxic
rhizosphere, a dense mat of plants could build up
a high O2 bulk during the day and thereby prevent
anoxic conditions overnight (Tessenow and
Baynes, 1978).
Our aim was to investigate if alkalinity and
sulfate in surface water can directly affect the
isoetid Lobelia dortmanna, and whether potential
impacts can be counteracted by plant density.
Therefore, we tested the interactive effect of
three surface water qualities (i) control,(ii) high
alkalinity and (iii) a combination of high alkalinity
and sulfate; at three plant densities (low, medium
and high) on L. dortmanna. We hypothesized that
(a) alkaline water effects on plant performance
would depend on the balance between the
positive (high CO2 availability) and the negative
(reduced conditions) effects related to an increase
in sediment mineralization; (b) the combination of
high alkalinity and sulfate will negatively affect the
plants, since they might be exposed to multiple
stressors such as reduced sediment conditions
and phytotoxicity; and (c) high plant density will
counteract the negative effects by oxidation of the
rhizosphere.
2. Material and methods
2.1 Experimental design
A multi‐factorial experiment was designed to
study the effects of alkalinity and sulfate on L.
dortmanna plants growing at three plant
densities: “Low” (L: 64 plants m‐2), “Medium” (M:
256 plants m‐2) and “High” (H: 1024 plants m‐2).
These densities were exposed to three water
treatments: “Control” (3 mM NaCl), “Alkalinity” (1
mM CaHCO3 and 2 mM NaCl) and “Sulfate +
alkalinity” (1 mM CaHCO3, 1 mM Na2SO4, 1 mM
NaCl). The concentrations used are characteristic
for local groundwater and river water in The
Netherlands (Smolders et al., 2006). Each
treatment was randomly assigned and replicated
four times.

Thirty‐six aquaria (length = 12.5 cm, width =
12.5 cm, height = 31 cm) were placed in a water
jacket and maintained at 20 ± 1°C by means of a
recirculation chiller (Neslab Merlin M‐75; Thermo
Scientific, Newington, NH, U.S.A.). Irradiance was
200 µmol m‐2 s‐1 and was provided by six Philips‐
type HP 400 W lamps (Hortilux‐Schréder, Monster,
The Netherlands) at a photoperiod of 12 h. The
aquaria were filled with 15 cm (2.5 L) of fresh
oligotrophic poorly buffered sediment collected
from the softwater lake Banen (The Netherlands,
51°16’09 N, 05°48’05 E). Banen sediment had 48.6
± 0.9 % of water, a density of 1.35 ± 0.05 Kg L‐1
(fresh sediment), and contained 10.3 ± 0.2% of
organic matter (dry mass). For the fresh Banen
sediment, plant available P (Olsen et al., 1954)
was 43.4 ± 27.0 µM , plant available NO3‐ and NH4+
was 58.9 ± 1.8 µM and 246.2 ± 24.5 µM
respectively. Nitrate and NH4+ were extracted
using NaCl (50 mL of 0.1 mol L‐1 NaCl per 17.5 g of
fresh sediment). Total Fe was 45.1 ± 21.3 mM, and
total S was 92.9 ± 97.2 mM, both determined by
digesting 200 mg dry sediment in 4 mL HNO3
(65%) and 1mL H2O2 (30%), using an Ethos D
microwave (Milestone, Sorisole Lombardy, Italy).
Analyses of Fe and S from digestates were carried
out using an inductively‐coupled plasma emission
spectrophotometer (ICP‐MS; IRIS‐OES model
Intrepid II XDL; Thermo Fisher Scientific, Waltham,
MA, U.S.A). The water column (13 cm, 2 L) was
continuously refreshed by pumping 3.6 L fresh
medium d‐1 from black containers into the aquaria
using peristaltic pumps (Masterflex, 7015‐20;
Cole‐Parmer, Vernon Hills, IL, U.S.A.). Black tubing
was used to prevent algal growth within the
tubes. The water level in the aquaria was kept
constant at 13 cm above the sediment using an
overflow system.
“Low”, “Medium” and “High” plant densities
were obtained by carefully planting one (in the
middle of the aquarium), four (square formation),
and 16 (four rows with four columns) L.
dortmanna plants respectively. Plants were
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collected from Barstadvatn (Norway, 58°24'03" N,
6°16'01" E). Initial dry mass of individual plants
was 48.6 ± 33.0 mg. To promote sulfide
production, 20 g of cellulose were dissolved in 200
mL of dematerialized water and carefully injected
into all the sediments. Prior to the injection, the
solution was bubbled with nitrogen to achieve
anoxic conditions.
2.2 Surface and sediment pore water analyses
Surface and sediment pore water samples were
collected for chemical analysis monthly. Surface
water samples were collected by submerging a
bottle in the surface water. Pore water samples
were collected with 5‐cm‐long sediment moisture
samplers (Rhizon SMS‐5 cm; Eijkelkamp Agrisearch
Equipment, Wageningen, The Netherlands) that
were installed vertically at a depth of 1 to 6 cm.
Pore water was extracted anoxically by connecting
the samplers to 120‐mL vacuum serum bottles.
Samples were analyzed for pH, alkalinity, total S,
total inorganic carbon (CO2 and CH4), NO3‐, NH4+
and PO43‐. Alkalinity and pH of the water samples
were measured using a Radiometer (TIM 840
titration manager, Villeurbanne, France). Total S
was measured using ICP‐MS as described above.
Total inorganic C was measured by infrared
analysis (Advance Optima Infrared Gas Analyzer,
ABB, Cary, NC, U.S.A.). Concentrations of NO3‐,
NH4+ and PO43‐ were measured by colorimetry
(Auto Analyzer, model III, Bran & Luebbe,
Norderstedt, Germany) using hydrazine sulfate
(Kamphake et al., 1967), salicylate (Grasshoff and
Johannsen, 1972), ammonium molybdate
(Henriksen, 1965) respectively. In pore water H2S
concentrations were measured by collecting 10
mL of pore water (extracted as previously
explained), immediately fixed with 10 mL of H2S
antioxidant buffer containing NaOH, Na‐EDTA and
ascorbic acid (van Gemerden, 1984). Hydrogen
sulfide concentrations were subsequently
measured using an S2‐‐specific Ag electrode (Orion
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Research, Beverly, CA, USA) and a double junction
calomel reference electrode (Roelofs, 1991).
2.3 Sediment analyses
Redox potential was measured monthly during
daylight. Measurements were performed at 1.5
cm from the middle of the aquaria at 5 depths
(1.5, 3, 6, 9 and 12 cm). Redox potential was
measured using a platinum electrode and a
Metrohm AgCl/KCl reference electrode (Metrohm,
Herisau, Switzerland) connected to mV/pH meter
(Radiometer Nederland BV, Zoetermeer, The
Netherlands). The electrical potentials measured
were converted to redox potentials relative to the
standard hydrogen potential measured (Eh) by
adding the reference (210 mV) and correcting for
temperature and pore water pH.
The biological O2 demand (BOD) of final
sediment was measured by incubating 5 mL of
fresh sediment in 50 mL bottles in the dark in air
saturated water. Sediment samples were first pre‐
incubated for 12 h in 5 mL of water bubbled with
air to eliminate chemical O2 demand. Bottles were
then filled with water, closed and incubated in the
dark under stirred condition for a known period of
time (from 2 to 4h). Oxygen concentrations were
measured before and after incubation using an O2
mini‐electrode
(OX500
Unisense,
Aarhus,
Denmark). Biological O2 demand was calculated as
O2 demand per sediment volume and unit time
(µmol O2 L‐1 h‐1).
2.4 Plant analyses
After three months treatment, L. dortmanna
plants were counted and actual photosynthetic
efficiency was measured at the middle of the 3rd,
6th and the oldest leaves (if present) of L.
dortmanna plants by using a pulse‐amplitude
modulated chlorophyll fluorometer (Walz, Junior‐
PAM‐200, Effeltrich, Germany). The mean of the
three measurements was used for analysis of the
data. Actual photosynthetic efficiency was
measured on one plant at low plant density
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treatment, and on four plants at medium and high
plant density treatments. All plants were carefully
harvested and washed with dematerialized water.
Damage to shoots was visually estimated counting
the number of undamaged leaves compared to
the total number of leaves. A leaf was considered
damaged when it was discolored (close to white)
or in a (partly) decomposed state (loss of internal
cellular material). Root damage was estimated by
counting the proportion of undamaged root
systems compared to total number of root
systems. A root system was considered damaged
when it was in a (partly) decomposed state (loss of
internal cellular material). Plants were then
divided into shoot, root and corms. The length of
the three longest leaves and the three longest
roots were measured for each plant, and the
mean of the three measurements was used for
the data analysis. Shoot, root and corm dry mass
(24 h drying at 70 ᴼC) of each plant were
measured. Plant biomass was expressed as the
average dry mass per individual plant per
aquarium. To measure total sulfur (S) and isotopic
sulfur (δ34S), plant material was dried and
homogenized (Ball mill MM301, Haan, Germany).
For total S analysis, 200 mg of dried and
homogenized material was digested in 4 mL HNO3
(65%) and 1 mL H2O2 (30%) using a mega
microwave (Milestone type MLS 1200, Sorisole
Lombardy, Italy). The digestives were analyzed
using an ICP‐MS as above. For the sulfur isotopic
(δ34S) analysis, homogenized dry leaf and root
material was weighed into tin capsules together
with vanadium pentoxide. Sulfur isotopic was
measured using elemental analyzer isotope ratio
mass spectroscopy (EA‐IRMS) at Iso‐analytical (Iso‐
Analytical Limited, Crewe, Cheshire, UK). Due to
the small amount of plant material available, only
one replica from each treatment was analyzed for
sulfur isotopic analysis.

2.5 Statistical analyses
Data were statistically analyzed by SPSS 17.0.0
(SPSS Inc., Chicago, U.S.A.) and Prism 5.01
(GraphPad Software, Inc. La Jolla, U.S.A.). Data
were transformed by x = Ln (x + 1) or x = Sqrt (x +
0.5) to improve the normality when necessary.
Normality was checked by Shapiro‐Wilk normality
test. To assess the effect of water and plant
density treatments, normally distributed data
were analyzed using general lineal models (GLM)
followed by Tukey’ s multiple comparison test.
Data that was not normally distributed were
analyzed by Kruskal‐Wallis followed by Dunn’s
multiple comparison test. Graphs were drawn
with Prism 5.01 (GraphPad Software, Inc. La Jolla,
U.S.A.). Data are presented as means ± SD.
Differences are considered significant when P ≤
0.05.
3. Results and discussion
In this section we will introduce and discuss how
combined “Sulfate + alkalinity” treatment
promoted sediment mineralization (Table 1, Fig. 1
and 2) and adversely affected L. dortmanna plants
(Fig. 3). Specifically, “Sulfate + alkalinity” increased
tissue damage, decreased plant mass and reduced
actual photosynthetic efficiency. We will also
discuss the possible causes of these negative
effects, i.e. tissue anoxia and sulfide toxicity (Table
3, Fig. 4). Finally, our data also demonstrate that
“High” plant density can alleviate the impact of
sediment mineralization (Fig. 3).
3.1 Abiotic characteristics
3.1.1 Surface and sediment pore water treatments
were successfully established
Three significantly different surface water
treatments were created successfully as shown in
Table 1. Plant density did not significantly affect
the water characteristics; therefore the data for
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the three density treatments were combined in
Table 1. Surface water alkalinity for “Control” was
significantly lower than “Alkalinity” and “Sulfate +
alkalinity”, which were not significantly different.
Surface water total S concentration for “Sulfate +
alkalinity” treatment was 16 times higher than
“Control” and 22 times higher than “Alkalinity”.
Alkalinity and total S concentrations in pore water
followed a similar trend (Table 1). As we aimed,
“Alkalinity” and “Sulfate + alkalinity” treatments
had higher alkalinity in the pore water than
“Control”; moreover, “Sulfate + alkalinity” had
higher S concentrations in the pore water than the
other treatments. Sulfide (S2‐) can be toxic even at
very low concentrations (1‐10 µM) (Fenchel et al.,
1995; Raven and Scrimgeour 1997). Thus, we were
interested in sulfide concentrations in pore water
mainly present as hydrogen sulfide gas (H2S) in our
study, because pore water pH was much lower
than 7 (Table 1). Pore water H2S for “Sulfate +
alkalinity” was three times higher than for
“Control” and “Alkalinity”, but this concentration
(0.3 µM) was still below the toxic threshold found
in literature (1‐10 µM; Fenchel et al., 1995; Raven
and Scrimgeour, 1997). The low sulfide

concentrations measured could be a consequence
of sulfide precipitation with metals, sulfide
liberate as a gas, or sulfide oxidation back to
sulfate (Holmer et al., 1998; Holmer and
Storkholm, 2001). However, considering the low
Fe to S ratio in the sediment (0.48), sulfide
precipitation is unlikely and probably sulfide either
escaped from the system as gas or was oxidized to
sulfate. Taking into account that isoetids are
predominantly C‐limited, and that sediment
derived CO2 is their main C source (Søndergaard
and Sand‐Jensen, 1979; Roelofs et al., 1984;
Pedersen et al., 1995), CO2 pore water
concentrations were also measured (Table 1).
Pore water CO2 concentrations at “Alkalinity” and
“Sulfate + alkalinity” were significantly higher than
at “Control”. The concentration in surface and
pore water of other main nutrients, NO3‐, NH4+
and PO43‐, were also measured, but they were not
significantly affected by water treatment (data not
shown). On average (n = 16) surface water
contained 7.9 ± 1.6 µM NO3‐, 5.9 ± 2.7 µM NH4+
and 2.1 ± 1.9 µM PO43‐; and pore water contained
7.8 ± 3.7 µM NO3‐, 4.7 ± 3.4 µM NH4+ and 0.9 ± 0.8
µM PO43‐.

Table 1 Surface and sediment pore water characteristics as a function of surface water treatments. Means (n = 12, ± SD) of pH,
alkalinity, S, H2S (only in pore water), and CO2 at the end of the experiment are shown for “Control”, “Alkalinity” and “Sulfate +
alkalinity” treatments. Differences among water treatments were tested by Kruskal‐Wallis (KW): * P < 0.05, ** P <0.01, *** P <
0.001, ns > 0.05. Dunn’s multiple comparison test was used to test statistical differences among treatments. Values with the same
letter within a row did not statistically differ.

Surface water
pH
Alkalinity (mM)
S (µM)
CO2 (µM)
Pore water
pH
Alkalinity (mM)
S (µM)
H2S (µM)
CO2 (µM)
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“Control”

“Alkalinity”

“Sulfate + alkalinity”

KW

5.9 ± 0.3 a
0.2 ± 0.0 a
73.8 ± 44.8 a
147.5 ± 385 a

7.4 ± 0.3 b
1.4 ± 1.0 b
54.2 ± 73.3 a
59 ± 111 a

7.3 ± 0.2 b
1.4 ± 1.0 b
1168.8 ± 1210.8 b
33 ± 45 a

***
***
***
ns

4.9 ± 0.3 a
1.3 ± 0.6 a
107.6 ± 98.3 a
0.1 ± 0.1 ab
612 ± 1382 a

5.4 ± 0.6 ab
4.3 ± 6.4 ab
108.8 ± 96.3 a
0.1 ± 0.0 a
1476 ± 1261 b

5.5 ± 0.4 b
3.7 ± 1.7 b
780.7 ± 943.8 b
0.3 ± 0.1 b
1348 ± 1196 b

**
**
*
***
***
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Fig. 1 Sediment redox potential as a function of surface water quality and plant density. Means (n = 4, SD) of sediment redox potential (mV) at
different water qualities (“Control”, “Alkalinity” and “Sulfate + alkalinity”) are shown for each plant density treatment (“Low”, “Medium” and
“High”) at 1.5 cm from the middle of the aquarium at several depths (1.5, 3, 6, 9 and 12 cm) from sediment surface, measured during the day time
just before plant harvesting. Oxygen disappearance at 330 mV is indicated by (‐ ‐ ‐).

3.1.2 “Sulfate+ alkalinity” stimulated sediment
mineralization
We hypothesized that alkalinity and sulfate will
stimulate sediment mineralization. Although pore
water CO2 can already give an idea of the
mineralization rate, this hypothesis was tested by
two sediment measurements, 1) redox potential,
measured during day time just before plant
harvesting (Fig. 1, and 2) biological O2 demand
(BOD; Fig. 2), measured after plant harvesting.
Both measures are related to O2 consumption as
high mineralization will result in high O2
consumption indicated by low redox potential or
high BOD. As expected, “Sulfate + alkalinity” had
the lowest redox potential (Fig. 1) and the highest
BOD (Fig. 2), and these values were significantly
different from “Alkalinity”, showing that “Sulfate +
alkalinity”
had
the
highest
sediment
mineralization rate. However, in contrast to our
expectation, redox potential and BOD did not
show a higher mineralization rate at “Alkalinity”

than at “Control”, since neither redox potential
nor BOD significantly differed between these
treatments. This suggests that the elevated
concentrations of CO2 in the pore water of
“Alkalinity” did not originate from enhanced
mineralization processes, but from diffusion of
HCO3‐ from the alkaline surface water to the pore
water and the subsequent transformation of part
of the HCO3‐ into CO2 under a relatively low
sediment pore water pH.
3.1.3 Plant density increases redox potential
Redox potential is an indicator of O2 loss from
isoetids roots. Plant density generally increased
sediment redox potential in the rhizosphere (up to
6 cm depth; Fig. 1). Given that O2 disappearance is
observed approximately at 330 mV (Gambrell and
Patrick, 1978), plant density seemed to determine
whether sediment in “Sulfate + alkalinity”
experienced anoxic or oxic conditions during day
time, with higher redox potentials measured at
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3.2. Effects on individual L. dortmanna plants
3.2.1 “Sulfate + alkalinity” adversely affected L.
dortmanna
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Fig. 2 Biological O2 demand of the sediment as a function of
surface water quality and plant density treatments. Means (n
‐1 ‐1
= 4, SD) of biological O2 demand (µmol O2 L h ) at different
water qualities (“Control”, “Alkalinity” and “Sulfate +
alkalinity”) are shown for each plant density treatment (L =
“Low”, M = “Medium” and H = “High”), after plant harvesting.
General lineal model and Tukey’s tests were used to test
statistical differences among treatments. Values with the
same letter did not statistically differ.

High sulfate and alkalinity surface water caused a
significant decrease in L. dortmanna performance
(Fig. 3; Table 2). For “Sulfate + alkalinity”
treatment, 20 to 75% of shoots and roots were
visually damaged (discolored or in state of
decomposition; Fig. 3 a). Dry mass of shoot, root
and corm, as well as root length, were significantly
smaller than at “Alkalinity” (Fig. 3 b; Table 2).
Moreover, actual photosynthetic efficiency, used
as a stress indicator (the lower the value the
higher the stress; Krause and Weis, 1991) at
“Sulfate + alkalinity” was three‐fold lower than at
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“Alkalinity”. Thus, in general, “Sulfate + alkalinity”
adversely affected L. dortmanna.
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high plant density. In contrast, redox potential in
the rhizosphere of “Control” and “Alkalinity” was
higher or not statistically different than 330 mV,
regardless of plant density (Fig. 1).
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Fig. 3 Plant characteristics as a function of water quality and
plant density treatments. Means (n = 4, SD) of a) visually
undamaged shoots and roots, b) dry mass of shoots, corms
and roots, and c) actual photosynthetic efficiency of
individual Lobelia dortmanna at different surface water
qualities (“Control”, “Alkalinity” and “Sulfate + alkalinity”) and
plant densities (L = “Low”, M = “Medium”, H = “High”) are
shown. Differences were tested by Kruskal‐Wallis and Dunn’s
multiple comparison tests. Values with the same letter did
not statistically differ.
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Table 2 Effects of surface water quality, plant density and their interaction on Lobelia dortmanna tissue damage, dry mass, length, photosynthesis,
34
total S and δ S. Differences among water quality (“Control”, “Alkalinity” and “Sulfate + alkalinity”), plant densities (“Low”, “Medium” and “High”)
and the interaction of the treatments are given for the following characteristics: percentage of visually undamaged shoots and roots, number of
leaves, shoot, root, shoot to root ratio and corm dry mass (DM), shoot and root length, actual photosynthetic efficiency, and shoot and root total S
34
content and δ S. Differences among treatments were tested by Kruskal‐Wallis test: * P < 0.05, ** P < 0.01, *** P < 0.001, ns > 0.05, ‐ number of
replicas does not allow analysis. Dunn’s multiple comparison test was used to test statistical differences among treatments. Values with the same
letter within a row did not statistically differ. Letters “a” and “b” are used to indicate differences among water quality treatments, and “x” and “y”
to indicate differences among plant density.
Lobelia dortmanna
Visually undamaged leaves
Visually undamaged roots
Shoot DM
Root DM
Shoot root DM ratio
Corm DM
Shoot length
Root length
Actual photosynthetic
efficiency
Total S shoots
Total S roots
34
δ S shoots
34
δ S roots

Water
quality
**
*
*
*
*
*
ns
*

a
a
a
a
b
a
a
a

“Sulfate +
alkalinity”
b
b
b
b
ab
b
a
b

Plant
density
ns
ns
***
**
*
*
***
ns

ab

a

b

a
a
a
a

b
a
a
ab

c
b
a
b

“Control”

“Alkalinity”

ab
ab
ab
ab
a
ab
a
ab

***
***
***
ns
*

The two key factors likely to be contributing to
the observed plant damage are tissue anoxia
and/or sulfide toxicity. Below ground plant tissue
at “Sulfate + alkalinity” treatment probably
experienced anoxia during night periods
(Pedersen, 1995; Sand‐Jensen et al., 2005 b)
taking into account the low redox potential (close
to or below 330 mV even at day time; Fig. 1) and
the high O2 demand (Fig. 2) of the sediment at the
end of the experiment. Oxygen stress, related to
enrichment of sediment by organic matter, can
reduce root length, gross photosynthesis, and
plant weight and can even cause the death of L.
dortmanna plants (Sand‐Jensen et al., 2005 a;
Raun et al., 2010) Thus, O2 stress alone could

“Low”

“Medium”

“High”

Interaction

x
x
x
x
x
x
x
x

x
x
xy
xy
y
xy
xy
x

x
x
y
y
y
y
y
x

*
ns
**
**
*
*
**
*

ns

x

x

x

**

***
***
ns
ns

x
x
x
x

x
x
x
x

x
x
x
x

***
***
‐
‐

explain the L. dortmanna performance decrease in
our study.
In addition, it is likely that O2 stress was
coupled to sulfide toxicity, since both total S and
stable isotope analysis (δ34S) indicated that sulfide
exposure in roots at “Sulfate + alkalinity” was
higher than the other treatments (Table 3, Fig. 4).
Sulfide intrusion is difficult to test, thus, it is
recommended to use several approaches
(Mascaró et al., 2009). Here, we used total S and
δ34S to test sulfide intrusion. In our experiment,
“Sulfate + alkalinity” treatment had significantly
higher total S in plant tissue than for “Control”
and “Alkalinity” treatments (Table 3).

Table 3 Total S content in shoots and roots as a function of surface water and plant density treatments. Means (n = 4, ± SD) of total S content (µmol
‐1
g DM) in shoots and roots of Lobelia dortmanna at different water qualities (“Control”, “Alkalinity” and “Sulfate + alkalinity”) are shown for each
plant density treatment (“Low”, “Medium” and “High”). General lineal model (GLM) and Tukey’s tests were used to test statistical differences
among treatments. Values with the same letter within a row did not statistically differ.
“Control”
Total S
Shoots
Roots

“Alkalinity”

“Sulfate + alkalinity”

“Low”

“Medium”

“High”

“Low”

“Medium”

“High”

“Low”

“Medium”

“High”

45.6 ± 0.6 b
93.4 ± 1.2 a

39.6 ± 1.5 b
91.4 ± 2.5 a

61.6 ± 2.8 c
124 ± 21.5 ab

21.5 ± 1.3 a
90.8 ± 1.1 a

32.8 ± 0.3 ab
97.6 ± 2.0 a

44.3 ± 10.4 b
105 ± 9.1 a

144 ± 7.1 d
264 ± 18.3 c

61.5 ± 12,5 c
158 ± 33.0 b

62.3 ± 1.3 c
159 ± 3.5 b
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Total S can indicate plant S exposure, but
caution must be taken with this interpretation.
Low total S values can be associated either low S
exposure or high growth rates, as nutrient
concentrations are diluted in fast growing tissues
(Christiansen et al., 1985). Moreover, total S does
not give information on the S form, so it is not
possible to determine whether S enters into the
plant as sulfate or as sulfide, which can be toxic.
Thus, sulfur isotope analysis is a better indicator of
sulfide intrusion than total S. For “Sulfate +
alkalinity”, δ34S in shoots was two‐fold smaller
than for “Control” and “Alkalinity” treatments
(although not significantly different), and δ34S in
root was significantly smaller than for “Control”
(Fig. 4). Sulfur isotope analysis is based on the
theory that sediment sulfur is lighter than surface
water sulfur due to fractionation of sulfate by
sulfate reducing bacteria (Fry et al., 1982). So, a
lower δ34S signal indicates higher sulfide intrusion.
In the present study, both the high total S and the
low δ34S demonstrate that sulfide exposure and
intrusion was likely for “Sulfate + alkalinity”
treatment.
15

a

Shoot

a

10

a

3.2.2 High alkalinity did not affect negatively L.
dortmanna plants
Plants performed completely different when they
were exposed to alkaline water without sulfate.
All plants survived, all appeared healthy, tissue
damage was hardly observed, and biomass and
photosynthetic efficiency was the highest in
comparison to “Control” and “Sulfate + alkalinity”
(Fig. 3, Table 2). High plant performance at
“Alkalinity” might be induced by increase of pore
water CO2 concentration (Table 1, and section
3.1.2). Plants in “Control” were possibly C‐limited
since pore water CO2 concentrations (0.6 mM)
were lower than the critical concentration to
saturate isoetids’ photosynthesis (ranging from 2
to 8 mM; Søndergaard and Sand‐Jensen 1979;
Roelofs et al., 1984; Pedersen et al., 1995). The
increase in pore water CO2 (Table 1) by high
alkalinity water application will therefore have
caused the increase of plant photosynthesis, mass
and lack of visual damage (Fig. 3). It is important
to note that under our laboratory conditions,
plants were not exposed to plant competition
from other species. However, in field conditions,
the alkalinization of the ecosystem might promote
fast growing species (e.g. elodeids and potamids)
that can out‐compete isoetids (Arts, 2002;
Lucassen et al., 2009; Spierenburg et al., 2009;
Raun et al., 2010; Spierenburg et al., 2010).
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Fig. 4 Water quality effects on δ S in shoots and roots. Means (n =3,
34
SD) of δ S in shoots and roots of Lobelia dortmanna at different
surface water qualities (“Control”, “Alkalinity” and “Sulfate +
alkalinity”) integrating “Low”, “Medium”, and “High” plant densities
treatments. Kruskal‐Wallis and Dunn’s multiple comparison tests
were used to test statistical differences among treatments. Values
with the same letter did not statistically differ.
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3.2.3 High plant density alleviated negative effects
Negative effects on tissue damage, mass and
photosynthesis caused by “Sulfate + alkalinity”
were alleviated by high plant density (Fig. 3).
Visual damage of shoots in “Sulfate + alkalinity”
was generally higher compared to “Alkalinity” and
“Control” treatments; however, at low plant
density tissue damage was four‐fold higher, and
only two‐fold higher at high plant density (Fig. 3a).
Similarly, total biomass at low plant density
decreased from 0.29 to 0.10 (g plant‐1), while at
high plant density total biomass decreased from
0.08 to 0.06 (g plant‐1; Fig. 3b). Photosynthetic
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efficiency at low plant density was reduced from
0.42 to 0.12 but only from 0.56 to 0.24 at high
plant density (Fig. 3c). The better plant
performance at high plant density compared to
low plant density can be linked to O2 availability,
as indicated by higher redox potential
measurements in the rhizosphere of “High” plant
density in comparison to “Low” plant density (Fig.
1). The increase in O2 probably reduced the risk of
internal tissue anoxia and sulfide toxicity
(Tessenow and Baynes, 1978; Holmer et al., 1998).
In addition, the higher plant density
significantly decreased individual plant mass
(shoot, root, and corm; Fig. 3b) and significantly
affect total S. Dry mass at “Low” plant density was
significantly higher than at “High” plant density
(Table 2). Thus, radial O2 loss per plant was likely
to be higher at “Low” plant density than at “High”
plant density (Fig. 1), because plants at “Low”
were bigger than at “High”. Total S concentration
in plant material at the various plant densities
depended on the water quality treatment (Table
3). For the “Sulfate + alkalinity” water treatment,
shoot and root S content at “High” density was
significantly lower than at “Low”, probably
because “High” density was linked to high
sediment oxidation, which can lead to the
oxidation of S2‐ at the rooting zone and therefore
roots were less exposed to sulfide. In contrast, at
“Control” and “Alkalinity” treatments, shoot and
root S content at “High” density tented to be
higher than at “Low”. In these cases, the high
individual mass associated to “Low” plant density
probably caused a dilution of S effect as mention
in subsection 3.2.1.
4. Conclusion
High sulfate and alkalinity water cause plant tissue
damage, decrease biomass, and reduce actual
photosynthetic efficiency in L. dortmanna plants.
The adverse effects seem to be linked to tissue
anoxia and/or sulfide toxicity caused by the

increase of sediment mineralization. Dense stands
of isoetids are less vulnerable than scatter
isoetids, since the increase of plant density
increases the O2 bulk (redox potential) in the
rhizosphere and consequently decreases the risk
of tissue anoxia and sulfide toxicity. Thus, an
increase in both sulfate and alkalinity in already
degraded lakes that are poorly inhabited by
isoetids can dramatically affect the L. dortmanna
population, causing the reduction or even the
disappearance of the population. Although in our
experiment, alkalinity increase alone did not have
negative effects on L. dortmanna plants; fast
growing species might out‐compete isoetids in
field conditions.
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SUMMARY
1. The presence of isoetids can facilitate the recruitment of seedlings and yearlings by oxidising the
rhizosphere and thus, avoiding exposure to anoxia, and also by providing shelter and decreasing the risk of
both uprooting and burial. However, high densities of isoetids can also impede the colonisation of new
plants due to competition for resources such as light, space or nutrients. Furthermore, considering the
contrasting reproductive strategies of isoetids species, plant density may affect the recruitment of isoetid
species differently, subsequently modifying the diversity of the system. Our objective was to investigate
how isoetid density affects the recruitment of seedlings and yearlings and the diversity of the system.
‐2
‐2
2. Three isoetid densities, “Zero” (0 isoetids m ); “Low” (69 isoetids m ; consisting of only Lobelia
‐2
dortmanna); and “High” (1510 isoetids m ; consisting of 450 L. dortmanna m‐2, 1020 Littorella uniflora m‐2,
‐2
and 40 Isoetes spp. m ) were created in a pristine softwater lake by manipulating the existent isoetid
density. Two years after the manipulation, density, biomass and diversity of seedlings and yearlings were
measured together with adult L. dortmanna mass, porewater and sediment characteristics.
3. High isoetid biomass resulted in high oxygen availability (O2 and redox) and low nutrients (CO2 and
3‐
PO4 ) in pore water. Thinning of dense isoetid populations resulted in an increase of both L. dortmanna
seedling recruitment and adult mass. However, thinning of dense isoetid populations did not significantly
affect the recruitment of yearlings. The highest seedling diversity was measured at the lowest isoetid
density; however diversity decreased from seedlings to yearlings.
4. In pristine softwater lakes, thinning of dense isoetid populations resulted in increased seedling
recruitment of the key species L. dortmanna most likely by reducing the competition pressure without
causing sediment anoxia. Yearling recruitment was not density dependent. Although seedling recruitment
was low at high isoetid density, the survival of the seedlings was high possibly due to the shelter effect
offered by adult plants. Low isoetid densities facilitated the recruitment of seedlings promoting its diversity;
however high seedling mortality resulted in low yearling diversity.
Keywords: recruitment, seedlings, plant density, diversity, sediment oxidation
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Isoetids are small evergreen rosette plants and
inhabit the littoral zone of oligotrophic softwater
lakes (Hutchinson, 1975). They are all remarkably
similar in appearance although they include
several families with contrasting reproductive
strategies. In Northern Europe and North America
isoetids primarily encompass Isoetes spp.
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(Isoetaceae), Lobelia dortmanna L. (Lobeliaceae),
and
Littorella
uniflora
(L.)
Aschers
(Plantaginaceae). The genus Isoetes belongs to the
fern allies and reproduces by spores (Vöge 2002).
Lobelia dortmanna reproduces by seeds (sexually,
when the flower emerges and by self‐pollination,
when the flower cannot reach the surface)
although it has been reported that in rare cases,
the shoot meristem may divide upon flowering
(Farmer & Spence, 1987; Szmeja, 1987). Littorella
uniflora produces a large number of horizontal
runners and only flowers in its terrestrial form
(Casper & Krausch, 1981). Due to these different
reproductive strategies, specific factors such as
plant density may affect recruitment of these
isoetid species differently and may consequently
influence the diversity of the system.
In undisturbed lakes, isoetids thrive in densities
of up to 8000 plants m‐2 (Gacia & Ballesteros,
1993). High densities of isoetids may lead to
competitive exclusion of new plants by reducing
availability of space (Eriksson & Ehrlen, 1992),
light (Farque, Sinoquet, & Colin, 2001) and
nutrients (Bornette & Puijalon, 2010). Farmer and
Spence (1987) demonstrated that seeds of L.
dortmanna require light to germinate with an
even higher light requirement for seedlings.
Hence, seed germination as well as survival of
seedlings might be reduced in dense populations
of isoetids due to competition.
Conversely, isoetids may affect recruitment
positively, even at high densities, because they
can completely oxidize the sediment and avoid
exposure to anoxia. Photosynthetically produced
O2 rapidly diffuses, via air‐filled lacunae, to the
highly permeable roots where radial O2 loss leads
to oxidation of the entire rhizosphere (Wium‐
Andersen, 1971; Tessenow & Baynes, 1978). In
dense isoetid populations, this O2 pool may last
throughout the night and thus, protect the plants
from anoxia that otherwise can occur during
darkness (Pedersen, Sand‐Jensen, & Revsbech,
1995; Møller & Sand‐Jensen, 2010). In contrast, a
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solitary plant is more likely to get exposed to
anoxia and reduced sediment conditions during
darkness as the O2 pool resulting from
photosynthesis in light is much smaller upon the
onset of night (Pulido et al., unpublished a).
Sediment anoxia has been shown to induce
secondary seed dormancy in L. dortmanna seeds
(Farmer & Spence, 1987) and might also
negatively
affect seedling and yearling
recruitment (Titus & Hoover, 1991). Similarly, low
redox reduces photosynthetic efficiency of both L.
dortmanna seedlings (Pulido et al., unpublished b)
and adult plants , reduces their biomass and may
even cause their mortality (Raun, Borum, & Sand‐
Jensen, 2010; Pulido et al., unpublished a). Thus,
low adult plant density may cause poor
recruitment due to exposure to anoxia.
In addition, plant density can also benefit plant
recruitment by providing shelter to new plants.
Higher plant density decreases wave‐disturbance
(Szmeja, 1994; Thampanya, Vermaat,& Duarte,
2002) and thereby limits burial of seeds and
uprooting of seedlings, both of which have been
reported as factors reducing seed germination and
seedling establishment respectively (Bellemakers
et al., 1996; Pulido et al., 2010). However, wave‐
disturbance influences stress sensitive species
differently than stress tolerant species
(Thampanya et al., 2002). Wave‐disturbance
increases substantially the mortality of Isoetes
spp., usually occurring below the wave range,
while only slightly increases the mortality of L.
dortmanna, common in shallow water exposed
sites (Szmeja, 1994). Thus, increase of plant
density may affect the diversity of the system by
affecting isoetid species differently.
Therefore, our objective was to study how
density of adult isoetids affected i) recruitment of
seedlings and yearlings and ii) the diversity of the
system. We manipulated the isoetid densities in‐
situ in a pristine Norwegian lake and measured,
after two years, the density, the biomass and the
diversity of seedlings and yearlings together with
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porewater and sediment characteristics. We
hypothesized that a) the absence of adult plants
will result in anoxia and consequently will reduce
plant recruitment; b) low isoetid density will
stimulate plant recruitment by oxidising the
sediment and providing shelter; c) at high isoetid
density competition will outweigh the positive
effect of sediment oxidation resulting in low
seedling recruitment.
Methods
Experiment design
Lake Mjåvatn is a pristine oligotrophic
softwater lake (surface water PO43‐ 0.01µM;
alkalinity 30 µM) with a healthy and dense isoetid
community containing L. dortmanna, Isoetes
echinospora Durieu, Isoetes lacustris L., and L.
uniflora. The experiment consisted of a linear
transect of 12 square plots (0.36 m‐2), where three
isoetid densities replicated 4 times. “Zero” (0
isoetids m‐2); “Low” (69 isoetids m‐2; consisting of
only L. dortmanna); and “High” (1510 isoetids m‐2;
consisting of 450 L. dortmanna m‐2, 1020 L.
uniflora m‐2, and 40 Isoetes spp. m‐2) were
randomly created at the beginning of the summer.
“Zero” density of isoetids was created by
removing all plants from the plot. To create “Low”
density of isoetids, all plants were removed and
from the removed plants 25 L. dortmanna were
manually re‐planted (5 rows with 5 columns).
Unfortunately, for “Low” density one of the
replicas was lost due to unsuccessful re‐planting
(n = 3). “High” density of isoetids plots remained
undisturbed. The work was manually done and
required scuba diving because the depth of the
plots ranged from 1.1 to 1.5 m. Light extinction
coefficient during the sampling was 0.5 ± 0.2 (n =
3).
Plants analyses
Size of initial adult L. dortmanna plants was

measured as dry mass (24 h 70 ˚C) at the
beginning of the experiment. This measurement
was done by using 20 adult plants randomly taken
from the set of removed plants at “Zero” plant
density. After two years, one core (15.5‐cm Φ)
was taken from each plot to measure i) seedling
density, ii) yearling (one year old plant) density, iii)
yearling dry biomass (24 h 70 ˚C) and iv) seedling
and yearling diversity, calculated as Simpson´s
diversity index (1‐D; D =Ʃ (n N‐1) 2; n = number of
organism of a particular species; N = total number
of organisms). Seedling survival was calculated
considering that the recruitment of seedling was
similar between the first and the second year.
Isoetes echinospora and I. lacustris are referred to
as Isoetes spp. because in the field it was not
possible to visually distinguish the seedlings from
these species. While L. dortmanna yearlings could
be distinguished from adults, this was not possible
for Isoetes spp., L. uniflora and Juncus bulbosus L.
Therefore, yearlings at “High” density of Isoetes
spp., L. uniflora and J. bulbosus accounted for both
yearlings and adults plants. Size of adult L.
dortmanna plants (in each plot n = 3) was
measured as dry mass (24 h; 70 ˚C).
Porewater and sediment analyses
Two years after the start of the experiment,
porewater samples were extracted without air
contact from each plot using 60‐mL vacuum
syringes connected to ceramic soil moisture
samplers (Eijkelkamp Agrisearch Equipment,
Giesbeek, The Netherlands), which were installed
in the upper 5‐10 cm of the sediment.
Immediately after collection, pH was measured
using an electrode (pHC2401, Radiometer,
Brønshøj, Denmark). Porewater samples used for
oxygen, redox potential, alkalinity, total inorganic
carbon (TIC), and conductivity were transferred in
airtight glass bottles and were kept cold (4 ˚C)
until further analyses. Nutrient samples were
placed in polyethylene bottles and were kept
frozen (‐ 20 ˚C) until the chemical analysis were
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done. Oxygen concentrations were measured
using an oxygen minielectrode (OX 500 Unisense,
Aarhus, Denmark) and corrected for temperature.
Redox potential was measured by a redox
combination electrode (Sen Tix ORP, Weilheim,
Germany). The measured electrical potentials
were converted to redox potentials relative to the
standard hydrogen potential measured (Eh) by
adding the reference and correcting for
temperature and porewater pH. Alkalinity was
measured using a titration workstation (TitraLab
840, Radiometer analytical SAS, Villeurbanne,
France). Total inorganic carbon (TIC) was
measured by infrared gas analysis (Advance
Optima Infrared Gas Analyser, ABB, Cary, NC,
U.S.A.). Conductivity was measured using a
conductivity electrode (Tetracon 325, WTW,
Weilheim, Germany). The main nutrients, NO3‐,
NH4+, and PO43‐, were measured using the
approach of Pulido et al. (2010).

Sediment
Sediment samples were collected two years after
the start of the experiment using 5‐cm Φ cores,
and kept cold (4 ˚C) and dark until measurements
were done. Plant available NO3‐, NH4+ and PO43‐
and organic matter content were measured using
the approach of Pulido et al. (2010). Total oxygen
demand was measured by incubating 5 mL of
fresh sediment in 50 mL air tight glass bottles
filled with air‐saturated water and kept in the dark
under stirred condition for 2‐3h at 20 ˚C. To
imitate lake conditions, CaCl2∙2H2O and
MgSO4∙7H2O were added to the water following
Smart and Barko (1985), and the solution was
adjusted to 0.1 mM alkalinity by addition of
KHCO3. Oxygen concentrations were measured
before and after incubation using an oxygen mini‐
electrode (OX 500 Unisense, Aarhus, Denmark).

Table 1 Porewater and sediment characteristics as a function of isoetid biomass. Total isoetid biomass (yearlings + adults) and
biomass % for each species together with porewater and sediment characteristics at “Zero”, “Low” and “High” density of isoetids,
two years after the start of the experiment, are shown as means ± SD. Spearman´s correlation coefficients (r) were calculated
‐2
between plant biomass (g DM m ) and porewater or sediment characteristics (n = 11). * P < 0.05,* * P < 0.01, *** P < 0.001, ns: >
0.05.
“Zero”
“Low”
“High”
r
P
n=4
n=3
n=4
n =11
Biomass
Total isoetid biomass (g DM m‐2)
40 ± 39
51 ± 24
142 ± 46
Lobelia dortmanna biomass (%)
2
57
61
Littorella uniflora biomass (%)
91
31
28
Isoetes spp biomass (%)
5
5
11
Juncus bulbosus biomass (%)
2
7
0
Porewater
Oxygen (% of air saturation)
16 ± 7
23 ± 12
33 ± 9
0.67
*
Redox potential (Eh; mV)
356 ± 137
450 ± 145
585 ± 64
0.61
*
pH
5.7 ± 0.5
5.3 ± 0.6
4.6 ± 0.3
‐0.72
*
Alkalinity (µM)
888 ± 706
326 ± 502
‐12 ± 31
‐0.72
*
HCO3‐ (µM)
589 ± 460
353 ± 523
14 ± 6.3
‐0.79
**
CO2 (µM)
1817 ± 1080
1660 ± 1044
864 ± 383
‐0.64
*
NO3‐ (µM)
5±5
3±3
68 ± 14
0.52
ns
NH4+ (µM)
42 ± 43
26 ± 35
1±1
‐0.59
ns
3‐
0.8 ± 0.7
0.5 ± 0.5
0.2 ± 0.0
‐0.69
*
PO4 (µM)
Conductivity (µS)
121 ± 33
97 ± 34
73 ± 7
‐0.82
**
Sediment
Plant available NO3‐ (µM FS)
128 ± 93
206 ± 50
284 ± 205
0.34
ns
Plant available NH4+ (µM FS)
146 ± 193
33 ± 8
49 ± 29
‐0.45
ns
Plant available P (µM FS)
480 ± 202
317 ± 83
574 ± 177
‐0.47
ns
Organic Matter (% DM)
35 ± 3
36 ± 1
33 ± 2
‐0.62
*
Total oxygen demand (µmol O2 L‐1 h‐1)
333 ± 357
129 ± 12
156 ± 32
‐0.29
ns
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Results
High density of isoetids offer good sediment
conditions
Two years after experimental manipulation of
plant densities in natural isoetid populations, key
porewater and sediment characteristics were
measured and correlated to isoetid biomass
rather than isoetid densities per se. This approach
was chosen to reduce variability as the sediment
parameters were mainly affected by root‐
mediated oxidation, which is better correlated to
plant size than density as a big plant has a higher
radial O2 loss than a small (Pulido et al.,
unpublished a).
Both O2 concentration and porewater redox
potential significantly increased with increasing
isoetid biomass (Table 1). Total absence of adult
isoetids did not result in sediment anoxia; O2
concentrations were always above zero and redox
potential was around 350 mV which is slightly
above that of the O2 depletion threshold (330 mV;
Gambrell & Patrick, 1978). Similarly, porewater
pH, alkalinity, and HCO3‐ significantly decreased
with increasing isoetid biomass. Alkalinity and its
major ion HCO3‐ were below 1000 µM regardless
of isoetid density and isoetid biomass.
Isoetid biomass also affected nutrient
availability decreasing significantly pore water CO2
and PO43‐. High isoetid biomass resulted in high
levels of NO3‐ and low levels of NH4+ whereas low

biomass was coupled to high levels of NH4+ on the
expense of NO3‐ (Table 1). Porewater PO43‐
remained very low (< 1µM) but still responded
significantly to isoetid biomass with high
biomasses
resulting
the
lowest
PO43‐
concentrations. Electrical conductivity decreased
significantly with increasing biomass (Table 1).
Sediment organic matter was significantly
negatively correlated to isoetid biomass. Total
sediment O2 demand, as a sediment lability proxy,
was not significantly affected, but tended to
decrease with increasing isoetid biomass; total
sediment O2 demand at “Zero” density of isoetids
doubled that at “High” density of isoetids (Table
1).
High adult plant density reduced L. dortmanna
plant mass

0.4
Adult Lobelia dortmanna
mass (g DM plant -1)

Statistics
The low number of replicas did not allowed to test
the data for normality. Thus, differences among
treatments were tested by the non‐parametrical
Mann‐Whitney‐U test. Correlations between adult
plant density and porewater and sediment
characteristics were assessed by Spearman’s
correlation coefficients. Significance was accepted
at a probability of < 0.05. Statistics and graphs
were obtained by PRISM 5.01 (GraphPad
Software, Inc., La Jolla, CA, USA).

0.2

a

shoot

b

c

0.0
0.2

b

b
a

0.4
"Initial"

"Low"

root
"High"

Fig. 1 Adult L. dortmanna size as a function of isoetid density.
Shoot and root (root + corm) dry mass of adult L. dortmanna
plants at “Initial” (start of the experiment), “Low”, and “High”
density of isoetids (two years after the start of the
experiment) are shown as means ± SD. Differences among
treatments were tested by Mann‐Whitney‐U Test. Shoot or
root means with the same letter do not differ significantly at
95% CI.

The initial density of L. dortmanna was 450 plants
m‐2 and this was reduced by thinning to 69 and 0
plants m‐2 in “Low” and “Zero”, respectively. This
significantly reduced intra‐specific competition so
that plant mass in “Low” was 1.6‐fold higher than
in “High” (Fig. 1). However, in dense undisturbed
plots (“High”), plant size also increased by 45%
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Fig. 2 Seedling density, yearling density, and yearling biomass as a function of isoetid density. Seedling density (left column),
yearling density (middle column), and yearling biomass (right column) of L. dortmanna (a, b, c), Isoetes spp. (d, e, f), Littorella
uniflora (g, h, i) and Juncus bulbosus (j, k, l), two year after the start of the experimented, at “Zero” (n = 4), “Low” (n = 3) and “High”
(n = 4) density of isoetids are shown as means ± SE. Yearlings at “High” density of Isoetes spp., L. uniflora and J. bulbosus include
both adult and yearling plants. Density and biomass of adult L. dortmanna plants is indicated by a floating bar. Differences among
treatments were tested by Mann‐Whitney test. Values with the same letter do not differ significantly at 95% CI.

compared to plant size at the start of the
experiment but with 129% in “Low” so the effect
of reduced competition for resources was still
remarkable.
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High density of isoetids reduced seedling
recruitment
High density of isoetids not only reduced
intra ‐ specific competition but also decreased
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Fig. 3 Seedlings and yearlings community composition and Simpson´s diversity index as a function of isoetid density. Community
‐1 2
composition, as density of plants for each species, and Simpson´s diversity index (1‐D); D =Ʃ (n N ) ; n = number of organism of a
particular specie; N = total number of organism) of seedlings and yearlings, two summers after the start of the experiment, at
“Zero”, “Low”, and “High” densities of isoetids are shown as means ± SD. Yearlings at “Low” and “High” density of isoetids include
both adult and yearling plants. Differences were tested by Mann‐Whitney‐U test. Upper case letters (i. e. “A” and “B”) letters are
used to mark seedling differences across isoetid density. Lower case letters, (i. e. “x” and “y”) are used to mark differences between
seedlings and yearlings at “Zero”, “Low” or “High” densities of isoetids. Values with the same letter do not differ significantly at
95% CI.

recruitment of seedlings (Fig. 2). Recruitment of L.
dortmanna seedlings was significantly lower at
“High” density of isoetids; 18‐fold lower than
“Zero” and 14‐fold lower than “Low” (Fig. 2a).
Seedling survival tented to increased with
increasing isoetid density (7, 24 and 50%; “Zero”,
“Low” and “High”) and so, neither the recruitment
of L. dortmanna yearlings (without considering
adults) nor the biomass was affected by isoetid
density (Fig. 2b,c).
Recruitment of Isoetes spp. resembled that of
L. dortmanna, as recruitment was lowest at “High”
density of isoetids (Fig. 2d,e). No seedlings of L.
uniflora were found but there was a substantial
colonisation from the surrounding vegetation by
runners resulting in a large number of yearlings
(Fig. 2 g,h). Juncus bulbosus never played any
significant role in terms of recruitment and the
biomass of yearlings was less than 7% of total
yearling biomass (Fig. 2 j‐l).
High density of isoetids reduced seedling diversity
Differences on seedling and yearling recruitment

among genera affected the community
composition and consequently the diversity of the
plots (Fig. 3). While the community composition of
seedlings was dominated by L. dortmanna and
Isoetes spp., the community composition of
yearlings was dominated by L. uniflora (Fig. 3a). It
is not meaningful to compare plant density of
yearlings across treatments. The initial conditions
were not the same, i.e. “High” density of isoetids
was densely populated at the beginning of the
experiment while all plants were removed at
“Zero” density of isoetids. Instead, plant density
between seedlings and yearlings can be compared
within each treatment. Plant density only
increased significantly from seedling to yearlings
at “High” density of isoetids treatment (Fig. 3a).
Conversely, plant density tented to decrease from
seedlings to yearlings at “Zero” and “Low” density
of isoetids treatments. Simpson’s diversity index
followed a similar pattern as plant density (Fig. 3).
High adult plant density significantly reduced
diversity of isoetid seedlings; the Simpson’s index
of diversity decreased from 0.45 at “Zero” to 0.04
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at “High” (Fig. 3b). Similarly, the diversity of
isoetid seedlings also decreased with increasing
isoetid biomass (Spearman´s correlation r = ‐0.68;
P < 0.05). At “Zero” density of isoetids, the
diversity decreased from seedlings to yearlings
while at “High”, diversity instead increased from
seedlings to yearlings.
Discussion
This is the first in‐situ study that has
experimentally evaluated how density of isoetids
affects plant recruitment and diversity in a pristine
softwater lake with isoetids. Reducing the density
of mature isoetid meadows resulted in increasing
seedling recruitment of the key species, L.
dortmanna (Fig. 2) and was likely caused by a
lower competition pressure (Fig. 1). Thinning
dense isoetid meadows did not result in anoxic
sediments that would have compromised
sediment quality
required
for
seedling
recruitment (Table 1). Reduced density of isoetids
also increased seedling diversity; however, at the
lowest isoetid density, diversity significantly
decreased from seedling to yearlings (Fig. 3b). In
the following, we will further discuss these key
findings and their implications.
Thinning the dense isoetid populations did not
hinder isoetid seedling recruitment as the
sediment remained oxic regardless of isoetid
density. We initially hypothesized that the
absence of adult isoetids would negatively affect
seedling recruitment since substantial reduction
radial O2 loss from plant roots would lead to
sediment anoxia (Møller & Sand‐Jensen, 2010). It
has been shown that sediment anoxia adversely
affect seedling recruitment by reducing
germination L. dortmanna seeds (Farmer &
Spence, 1987) and also presumably by lowering
seedling survival as adult specimen of L.
dortmanna are highly sensitive to sediment anoxia
(Raun et al., 2010). However, in contrast to our
expectation, sediment anoxia rarely occurred
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regardless isoetid density (Table 1) although single
sample of porewater sometimes were anoxic
(data not shown). In fact, redox values were
similar to those measured at dense isoetid sites
that had plant biomasses ranging from 70 to 110 g
DM m‐2 with a resulting sediment redox of 100 to
450 mV (Christensen et al., 1998; Andersen &
Olsen, 1994). In our experiment, two years after
removing all adult plants and following natural re‐
colonization, isoetid biomass had already reached
40 g DM m‐2 and porewater redox in average was
356 mV (Table 1). The extensive re‐colonization of
mainly by L. uniflora runners (Table 1; Fig. 2; Fig.
3) likely caused the sediment oxidation and
thereby prevented harmfull sediment conditions
that would hinder seedling recruitment.
Thinning dense isoetid meadows resulted in
very high seedling recruitment probably as a result
of reduced competition with adult plants (Fig. 2).
Prior studies have shown that individual plant
mass is strongly correlated to plant density
(Duarte & Kalff, 1987) and in the present study,
thinning of dense isoetid populations reduced
competition and resulted in a significant increase
in size and mass of individual L. dortmanna plants
(Fig. 1). Similarly, thinning resulted in much higher
seedling recruitment probably caused by better
light, space and nutrient availability (Bornette &
Puijalon, 2010). Isoetid seeds and seedlings are
highly light dependent (Farmer & Spence, 1987;
Arts & Van der Heijden, 1990); seeds require light
to germinate and seedlings, require light to
photosynthesize and survived (Farmer & Spence,
1987). The increase in light availability caused by
thinning (Farque et al., 2001) could perhaps in
itself explain the observed increase in seedling
recruitment at low isoetid densities (Fig. 1).
However, space per se can also play an important
role in seedling recruitment (Eriksson & Ehrlen,
1992). It may be hard to imagine that tinny L.
dortmanna seeds may have difficulties reaching
the sediment surface and thus, a suitable site to
germinate, but we observed how seedlings were
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germinating and using roots of adult plants as
anchoring point due to failure to reach the
sediment. Finally, thinning of dense isoetid
meadows resulted in better availability of CO2 as
indicated by higher porewater CO2 concentrations
in “Zero” and “Low” as compared to “High”.
Porewater CO2 concentrations in dense plots were
far below the critical CO2 concentration to
saturate photosynthesis in isoetids (Table 1),
ranging from 2 to 8 mM (Søndergaard & Sand‐
Jensen, 1979; Roelofs et al., 1984; Pedersen et al.,
1995). In conclusion, thinning dense isoetid
populations increased the availability of light,
space and nutrients and promoted recruitment of
L. dortmanna seedlings.
In contrast to seedling recruitment, yearling
recruitment was not density dependent. Although
seedling recruitment was low at high isoetid
densities, the survival of the seedlings to yearlings
was also high (Fig. 2). The high survival rate of
seedlings in dense isoetids meadows could be due
to the fact that the seedlings are less exposed to
vertical as well as horizontal wave action
compared to more scattered populations
(Thampanya et al., 2002); consequently, the
uprooting or burial risk is lower (Schutten, Dainty,
& Davy, 2005) and the survival is higher (Szmeja,
1994).
Diversity of seedlings significantly decreased at
the highest isoetid densities (Fig. 3). Here, the
complete absence of seedlings in two out of four
plots and the fact that one plot only supported L.
dortmanna seedlings resulted in very low
diversity. Once the “climax” stage has been
reached, the colonisation of new individuals is
impeded (Cox & Moore, 2010). In contrast,
diversity of seedlings was significantly higher at
the lowest isoetid density (Fig. 3); L. dortmanna
and Isoetes spp. were both observed in all plots.
Diversity increased from seedlings to yearlings
in undisturbed plots while diversity decreased in
plots where all plants were initially removed (Fig.
3). The decrease in diversity in the lowest isoetid

density plots was caused by the high seedling
mortality; L. dortmanna and Isoetes spp. seedlings
were only observed in two out of four plots.
Conversely, the increase of diversity from
seedlings to yearlings in the undisturbed plots is
likely due to the effect of time; species could
accumulate year after year. This idea is supported
by the fact that only in one of the four
undisturbed plots L. dortmanna yearlings were
found, thus the high diversity at the highest
isoetid density seem to be based on adult L.
dortmanna plants.
In conclusion, thinning of dense isoetid
populations, in pristine softwater lakes, promoted
recruitment of L. dortmanna seedlings by reducing
competition, as the sediment remained oxic even
at low plant densities. Yearling recruitment was
not density dependent probably because
seedlings were more likely to survive at high plant
densities, since they were sheltered by adult
plants in contrast to the yearlings growing at
lower plant densities that were more exposed to
uprooting or burial caused by wave‐disturbance.
Seedling diversity was higher at low than at high
isoetid densities since the recruitment of seedlings
was facilitated by the higher space availability.
However, diversity decreased from seedling to
yearlings in the lowest plant density probably
because the high mortality compromised the
presence of some species (L. dortmanna and
Isoetes spp.).
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ABSTRACT
In softwater lakes where isoetids have disappeared due to eutrophication,
acidification or alkalinisation, promoting germination from the seed bank is essential
to restore the original pristine vegetation. Recovery of the isoetid vegetation will
depend on the presence of viable seeds, their germination and seedling survival. The
objective of this study was to test the effect of water level on seed germination and
seedling performance of Lobelia dortmanna L., a key species in softwater lakes in the
Northern hemisphere.
Seeds were germinated at two water levels (waterlogged or completely
inundated) on four natural sediments from lakes where L. dortmanna had either
become extinct or was still present in healthy populations. Germination, seedling
survival, actual photosynthetic efficiency, and shoot and root lengths were measured
under the two flooding regimes.
Seeds germinated well under all conditions and water level had no significant
effect on germination that reached a maximum of 100% (overall mean germination =
72%). However, waterlogged conditions allowing shoot emergence significantly
increased seedling survival and actual photosynthetic efficiency, and both were
positively correlated to sediment redox potential.
We conclude that oxidation of the sediment by modification of the water level of
lake shores can facilitate the survival of L. dortmanna seedlings. The implications of
these results point to temporal lowering of water tables as a potential restoration
measure in degraded softwater lakes with a viable seed bank in order to facilitate
seedling survival.

1. Introduction
Pristine oligotrophic softwater lakes in the
Northern hemisphere are dominated by isoetid
plant species (Hutchinson, 1975). Lobelia
dortmanna L. is often a key species in these lakes
and thus oligotrophic softwater lakes are
commonly referred to as lobelia lakes
(Hutchinson, 1975). Lobelia lakes are usually rain‐
fed or fed by groundwater (Kidmose and

Engesgaard, 2010) and as a consequence, the
water table can drop significantly during times of
low rainfall and high evaporation. Most isoetids
tolerate long periods of desiccation (Sculthorpe,
1967) and for example Littorella uniflora (L.)
Aschers. flowers only in the emergent life form
(Hostrup and Wiegleb, 1991). Also L. dortmanna
performs well as an emergent plant and like L.
uniflora, it continues to rely mainly on sediment‐
derived CO2 for photosynthesis as long as the

*Corresponding author at: Freshwater Biological Laboratory, Department of Biology, University of Copenhagen, Helsingørsgade 51, DK‐3400
Hillerød, Denmark. Tel.: +45 35321900; fax: +45 35321901. E‐mail address: cpperez@bio.ku.dk (C. Pulido)
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sediment is waterlogged (Nielsen et al., 1991;
Pedersen and Sand‐Jensen, 1992).
While some information is available on factors
influencing germination of seeds and spores of
isoetids (Cook, 1987; Titus and Hoover, 1991) little
is known about how young seedlings of isoetids
perform when air‐exposed. Farmer and Spence
(1987) showed that germination of L. dortmanna
seeds was stimulated by both high temperatures
and light, and also that seedling survival was
greater at higher light intensities. For L. uniflora,
the germination was much higher following a
period of desiccation of the seeds, and also light
and air‐exposure stimulated germination (Arts and
van der Heijden, 1990). Similar observations have
been made during large‐scale restoration
attempts of degraded lobelia lakes. Sometimes,
the viable seeds are buried under several cm of
sediment that has accumulated over decades, and
a successful recovery has only been possible after
removal of the top sediment layer, which exposed
the old seed bank to light (Bellemakers et al.,
1996; Brouwer et al., 1999).
In addition to light, the sediment quality may
also affect both germination and seedling survival.
Anoxic, organically rich sediments seem to induce
secondary dormancy in L. dortmanna seeds
(Farmer and Spence, 1987) but once germinated,
sediment conditions are also likely to affect
seedling survival. Young seedlings with low
oxidation capacity may be particularly susceptible
to anoxia or phytotoxins that are known to
adversely affect adult specimens of isoetids (Sand‐
Jensen et al., 2005; Raun et al., 2010).
In the present study, our objective was to test
how water level (waterlogging or complete
inundation) affects seed germination, survival of
seedlings and seedling performance (actual
photosynthetic efficiency) of L. dortmanna. We
used four different sediment types from lakes
where L. dortmanna had either become extinct or
was still present in healthy populations. Such
crucial information on seedling survival will help
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selecting effective restoration practices to recover
pristine isoetid vegetation in degrade softwater
lakes where the water quality has already been
restored.
2. Material and methods
Germination and seedling performance of Lobelia
dortmanna L. were examined under two water
level regimes, waterlogged and completely
inundated. Seeds were germinated on four natural
sediments from lakes where L. dortmanna had
either become extinct or was still present in
healthy populations (Roelofs et al., 1994; Brouwer
and Roelofs, 2001) in order to evaluete
restoration potential of a range of natural
sediments. Lake Banen (51° 16' N, 5° 48' E, The
Netherlands) has already been restored but L.
dortmanna still absent at the time the present
investigation; sediment from here is referred to as
“restored/absent”. In contrast, the restoration of
Lake Beuven (51° 24' N, 5° 38' E, The Netherlands)
has resulted in re‐colonisation of L. dortmanna;
sediment from here is referred to as
“restored/present”. L. dortmanna populations in
Lake Fagervatn (58° 24’ N, 6° 33’ E, Norway) has
declined and is referred to as “declining”, whereas
Lake Mjåvatn (58° 22' N, 6° 6’ E, Norway) is a
pristine reference lake with large populations of L.
dortmanna and is referred to as “pristine”.
Thirty‐two aquaria (12.5 x 12.5 x 31 cm; width,
length, height) were filled with 10 cm of fresh
sediment from the four lakes (2 water levels x 4
sediment types x 4 reps = 32). The aquaria were
randomly placed in a constant temperature bath
(20 ± 1 °C) and light was provided by Philips‐type
HP 400 W lamps (Hortilux‐Schréder, Monster, The
Netherlands) with a photon flux of 130‐160 µmol
m‐2 s‐1 at the sediment surface with photoperiod
of 12 h. Sediments were exposed to two water
levels, waterlogged (1 mm water column) and
completely inundated (150 mm water column).
Water levels were checked three times a week
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and deionised water was added to compensate
for evaporation.
Fifty L. dortmanna seeds were randomly sown
on top of the sediment in each aquarium resulting
in a density of 3200 seeds m‐2. Seeds were
collected from plants in Lake Bergvennen (52° 25'
N, 7° 0' E, The Netherlands) in the early fall of
2008. Prior to the experiment, seeds were
gradually dried at room temperature and exposed
to dark cold conditions (2°C) for 8 weeks.
Mycorrhiza spores and microbial activity were not
manipulated by sterilization or addition of
inoculums. The number of viable L. dortmanna
seeds present in the natural sediments was
estimated in aquaria where no seeds were added.
2.2 Measurements
2.2.1 Seeds and seedlings
Each aquarium was divided into 16 quadrants (3.1
cm x 3.1 cm) by superposing a metallic mesh
during counting, and germination and survival
were registered four times during the 100 d that
the experiment lasted. Cumulative percentage
germination was calculated as the cumulated
number of germinated seeds corrected for the
germination of seeds that were already present in
the natural sediment (see above) divided by the
initial number of seeds sown. Survival rate was
calculated as the final number of seedlings (after
100 d) divided by the cumulated number of seeds
that germinated. Before the final harvest, actual
photosynthetic efficiency was measured on three
individuals using a pulse‐amplitude modulated
chlorophyll fluorometer (Junior‐PAM‐200, Walz,
Effeltrich, Germany). At the final harvest, length of
shoots and roots were measured for ten
representative seedlings from each treatment,
and seedlings of other species were also
identified.
2.2.2 Sediment
Prior to the final harvest, sediment redox
potential was measured at 1.5 cm below the

sediment surface using the approach of Pulido et
al. (2010). After harvesting, total (TOD), biological
(BOD), and chemical (COD) oxygen demand of the
sediments were measured using the approach of
Raun et al. (2010). Biological oxygen demand was
measured in sediment samples that were pre‐
incubated for 12 h in 5 mL of deionized water
bubbled with atmospheric air to eliminate COD.
Total oxygen demand was measured directly
without pre‐incubation. Finally, COD was
calculated TOD minus BOD.

Fig. 1 Images of Lobelia dortmanna seed and seedling. a) Detail of
leaf tip and hydathode where water is discharged during
submergence (Pedersen, 1993; scale bar 100 µm), b) L. dortmanna
seed (scale bar 200 µm), c) and d) L. dortmanna seedling (both scale
bar 500 µm).

2.3 Statistical analyses
Data are presented as means ± SD and was
analyzed using Prism 5.01 and PASW 18.0.0. with
a confidence limit of 0.05. Normality was checked
by d’Agostino and Pearson omnibus normality
test. The test requires a minimum of 7
observations in each treatment and since our
treatment only had 4 replicas, normality was
analyzed on pooled data from all treatments. For
each treatment, values were expressed relatively
to the average value of each treatment and
pooled prior to testing. Effects of water level,
sediment type and a potential interaction were
analyzed using a general linear model procedure.
Tukey HSD was used as post hoc test. Pearson
correlation and linear regressions were used to
related biotic and abiotic parameters.
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Table 1 Statistical analysis of water level, sediment type and their interaction effects on cumulative germination, seedling survival rate, actual
photosynthetic efficiency, and shoot and root lengths of Lobelia dortmanna after 100 d at 20˚C. Analyses were done by two ways ANOVA. P values
(* P < 0.05, **P < 0.01, ***P < 0.001, ns >0.05) and the % of total explained variation (VAR) from each treatment are shown

Cumulative germination
Survival rate
Actual photosynthetic efficiency
Shoot length
Root length

Water level
P value
ns
***
**
***
ns

VAR
‐
35.3
24.1
17.6
‐

Sediment type
P value
ns
ns
ns
***
**

Interaction
P value
ns
ns
ns
*
**

VAR
‐
‐
‐
49.2
30.4

VAR
‐
‐
‐
12.1
32.6

3. Results
120

100

Cumulative germination (%)

Waterlogged

a

a

Inundated

a

a

a

a

a

90

a

a

60

30
120

b

ab
b

Survival rate (%)

ab

b
ab

90

ab
ab

60

a

30

0.62

Actual photosynthetic efficiency

3.1 Germination and seedlings
L. dortmanna germinated in all sediment types
where seeds were sown and germination was not
significantly affected by water level, sediment
type, or their interaction (Table 1, Fig. 1, Fig. 2 a).
In contrast, seedling survival rate, actual
photosynthetic efficiency and shoot length, were
significantly different under waterlogged and
completely inundated conditions (Table 1). In
addition, shoot and root lengths were also
affected by sediment type (Table 1). Seedling
survival and actual photosynthetic efficiency were
higher when waterlogged as compared to
completely inundated (Table 1, Fig. 2b,c), whereas
shoots were shorter (Fig. 3).
The combined effect of sediment type and
water was substantial for seedling survival. In
waterlogged, the survival rate in “pristine” and
“declining” was 95 and 87%, respectively as
compared to completely inundated on
“restored/absent” (47%; Fig. 2b). In general,
waterlogged conditions as compared to complete
inundation resulted in improved survival from 5 to
69% depending on sediment type. Actual
photosynthetic efficiency in seedlings grown on
waterlogged “restored/absent” (0.54) sediment
was significantly higher than in inundated
“declining” (0.35) (Fig. 2 c). Also shoot and root
lengths were affected by water level. On
“declining” sediment, mean shoot length
increased from 1.2 when waterlogged to 1.9 cm
when completely inundated, while mean root
length decreased from 5.3 to 3.3 cm (Fig. 3).

0.54

c

ab

b
ab

ab

ab
ab
a

ab

0.46

0.38

0.30

Restored/
absent

Restored/
present

Declining

Pristine

Sediment type

Fig. 2 Effect of water level and sediment type on a) cumulative
germination (%), b) seedling survival rate (%) and, c) actual
photosynthetic efficiency of Lobelia dortmanna after 100 d at 20˚C.
Means and SD are given (n = 4). Means with a same letter do not
significantly differ following Tukey HSD as post hoc test.
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Table 2 Sediment redox potential (Eh sed; mV), and total, biological and chemical sediment oxygen demand (TOD, BOD and COD, respectively; µmol
‐1 ‐1
O2 L h ) after 100 d at 20˚C. Means ± SD are given (n = 4). Means with a same letter within the same column do not differ significantly following
Tukey HSD as post hoc test. Water level, sediment type and their interaction effects were tested by General Lineal Model (GLM): P values (*P < 0.05,
**P < 0.01, ***P < 0.001, ns>0.05).

Pristine
GLM

3.2 Sediment O2 demand and redox potential
Sediment redox potential was significantly
different on the four sediment types and was also
affected by water level (Table 2). Across the range
of sediments tested, the redox potential was
higher under waterlogged compared to
completely inundated conditions. The highest
redox potential was recorded in waterlogged
“restored/absent” sediment (706 mV) and was
much higher than the lowest recorded in
completely inundated “declining” sediment (255
mV).
Total sediment oxygen demand was also
significantly affected by sediment type (Table 2).
Completely inundated “pristine” sediment was
higher than “restored/present”. Although water
level did not significantly affect total, biological or
chemical oxygen demand, these rates tended to
decrease from completely inundated to
waterlogged conditions indicating that net
oxidation had taken place during the 100 d of
incubation.
3.3 Interaction
Sediment redox potential increase could promote
germination and seedling performance (survival,
photosynthesis, and shoot and root length).
However, germination or survival was not
significantly related to sediment redox potential
while photosynthetic efficiency significantly

BOD
a
118 ±13
a
190 ±31
a
35±5
a
28 ±6
a
154 ±22
a
159 ±26
a
153 ±47
a
397 ±269
ns
ns
ns

COD
a
224 ±91
a
694 ±145
a
41 ±17
a
92 ±13
a
455 ±166
a
398 ±109
a
598 ±313
a
827 ±340
ns
ns
ns

3
c

Shoot

Declining

b

b

bc

b

b

ab
a

0

Length (cm)

Restored/present

TOD
ab
342 ±204
ab
885 ±292
a
75±30
a
120 ±14
ab
609 ±366
ab
557 ±269
ab
750 ±721
b
1224 ±526
ns
***
ns

Eh sed
e
706 ±29
bcde
530 ±72
de
630 ±30
abc
377 ±28
abcd
423 ±103
a
255 ±14
cde
572 ±56
ab
313 ±20
***
***
ns

3

a

ab

Root

Restored/absent

Water level
Waterlogged
Inundated
Waterlogged
Inundated
Waterlogged
Inundated
Waterlogged
Inundated
Water level
Sediment type
Interaction

ab

abc

ab

abc
bc

6
c
9

Restored/
absent

Waterlogged

Inundated

Declining

Pristine

Restored/
present

Sediment Type

Fig. 3 Effect of water level and sediment type on shoot and root
length of Lobelia dortmanna seedlings. Means and SD are given (n =
4). Means with a same letter do not significantly differ following
Tukey HSD as post hoc test.

Actual photosynthetic efficiency

Sediment type

0.6

0.5

0.4

0.3

0.2
200

300

400

500

600

700

800

Sediment Eh (mV)
Fig. 4 Actual photosynthetic efficiency versus sediment redox (Eh).
Plots are means (SD) of actual photosynthetic efficiency (n = 4) versus
the means of sediment redox (n = 4). Linear regression line (▬) and
2
the 95% confidence intervals (‐‐‐); y = 0.0003075x + 0.3273; r = 0.74;
P value < 0.01.
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increased with increasing sediment redox
potential (Fig. 4). Shoot length was negatively
affected by sediment redox potential (Pearson r =
‐0.57 taking into account all individual values)
while significant correlations were not found
between root length and sediment redox.
4. Discussion
The present study attempted to separate
germination of L. dortmanna seeds from survival
of the young seedlings on four contrasting
sediments that were either waterlogged or
completely inundated. Waterlogged conditions
resulted in better survival and higher actual
photosynthetic efficiency and those were
positively related to sediment redox potential.
Seeds germinated in all sediments and had similar
germination regardless of water levels. In the
following paragraphs we will discuss the
implications of these findings.
4.1 Low water level improved seedling survival and
photosynthesis
Seedling survival was significantly higher under
waterlogged conditions compared to when
completely inundated (Table 1, Fig. 2) and the
survival rate was similar to that (76%) recorded by
Farmer and Spence (1987) after 3 months at
constant low light intensity. Sexual reproduction
by seed is the only quantitatively important mode
of reproduction of L. dortmanna (Sculthorpe,
1967) although small axillary plants are sometimes
formed at the base of the inflorescence
(Buchenen, 1866) and hence, survival of young
seedlings is crucial for maintenance of the
population.
Regardless of sediment type, water level
affected sediment redox potential (Table 2) so
that both seedling survival and actual
photosynthetic efficiency were improved. The
effect of water level sediment redox potential was
relatively constant across the range of sediments
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tested, and waterlogged sediments all had more
positive redox potentials (200 mV or more, Table
2) than sediments that had been completely
inundated for 100 d. In contrast to our
expectations, the sediments tested all had similar
oxygen
demands
except
for
the
“restored/present”.
This
sediment
had
substantially lower TOD, BOC and COD than the
other three sediments but the lower sediment
oxygen consumption did not translate into an
overall better survival of the L. dortmanna
seedlings (Fig. 2 c). We had expected that in
sediments with low oxygen demand, seedlings
might thrive regardless of the water level,
whereas in sediments with high oxygen demand,
complete inundation could result in exposure to
reduced phytotoxins such as sulphide (Pedersen
et al., 2004), ammonium (van Katwijk et al., 1997;
Lucassen, et al., 2003.) or Fe or Mn (Smolders and
Roelofs, 1996).
Chlorophyll fluorescence is often used as a
general diagnostic tool in plant ecophysiology to
analyse stress effect in a non‐invasive way (Krause
and Weis, 1991). In the present study, actual
photosynthetic efficiency was higher in plants
grown under waterlogged conditions compared to
completely inundated plants (Table 1, Fig. 2 c).
The lower actual photosynthetic efficiency
indicates that complete inundation imposes stress
on young L. dortmanna seedlings probably
because the inundated sediments were usually
more reduced than the waterlogged (Table 2). In
addition, the linear positive relationship between
actual photosynthetic efficiency and sediment
redox potential (Fig. 4) imply that seedlings
growing on sediments with high redox potential
were less stressed than seedlings from more
reduced sediments. Reduced sediments are
known to adversely affect isoetids in general and
L. dortmanna in particular (Raun et al., 2010), so
the finding that also seedlings of L. dortmanna are
sensitive to low sediment redox potentials could
explain why L. dortmanna reappears late in the re‐
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colonization process in restored oligotrophic
softwater lakes (Brouwer et al., 2002).

of lakes previously inhabited with L. dortmanna or
lakes with declining stands of L. dortmanna.

4.2 Water level and sediment type did not affect
germination
In contrast to seedling survival and performance,
germination was not affected by water level
(Table 1, Fig. 2 a). Farmer and Spence (1987)
showed that seeds of L. dortmanna entered a
second period of dormancy following exposure to
anoxia, a response that may prevent the minute
seeds that are buried several cm into the
sediment from germinating in vain. We did not
bury the seeds into the sediment but instead, we
spread them on the sediment surface.
Waterlogging (1 mm of water on top of the
sediment) and complete inundation (150 mm
water column in the present study) may not
necessarily result in a widely different micro‐
environment on the sub‐mm scale as oxygen
would not become depleted until a few mm into
the sediment (Lassen et al., 1997), and it was thus
unlikely the seeds experienced anoxia in neither
light nor in darkness. In fact, germination
remained very high across the sediment types
tested with a mean germination of 72% and a
maximum of 100% in some treatments (Fig. 2 a);
such high germination was only recorded at
temperature above 25 °C by Farmer and Spence
(1987).
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4.3 Conclusion and implications
Germination of L. dortmanna seeds was
unaffected by water level, whereas emergent L.
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inundated. The higher survival was likely due to
the more oxidized sediment conditions that would
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the lake shore might improve seedling survival
and would therefore facilitate vegetation recovery
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In situ O2 dynamics in Isoetes australis: the role of leaf bases
buried in sediment
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SUMMARY
1. A unique type of vernal pools are those formed on granite outcrops, as the impervious substrate
prevents percolation so that water accumulates in surface depressions when precipitation exceeds
evaporation. The small rosette forming Isoetes australis is a major component of the underwater flora in
such pools in south‐western Australia. We studied the in situ O2 dynamics of small, shallow granite rock
pools with dense populations of I. australis, and highlight the potential importance of white achlorophyllous
leaf bases to underwater net photosynthesis (PN) and radial O2 loss to sediments.
2. In situ O2 microelectrodes were used to monitor pO2 in the leaves, the shallow sediment and the water
column in four granite rock pools in south‐western Australia. The role of the white acholorophyllous leaf
bases for gas exchange were evaluated in laboratory studies of underwater photosynthesis, loss of tissue
water, radial O2 loss, and light microscopy.
3. Tissue and sediment pO2 showed large diurnal amplitudes and internal O2 was more similar to sediment
pO2 than water column pO2. In early afternoon, sediment pO2 was often higher than tissue pO2 and
although sediment O2 declined substantially during the night, it did not become anoxic. The white
achlorophyllous leaf bases were 34% of the surface area of the shoots, and enhanced by 2.5‐fold rates of
underwater PN by the green portions presumably by increasing the surface area for CO2 entry. In the field,
CO2 entry via these leaf bases might be further enhanced as sediment CO2 is expected to be higher than CO2
in the water column. In addition, these leaf bases would contribute to loss of O2 to the surrounding
sediment as i) there was no indication of cuticle in the white parts, and ii) the water loss was 3.6‐fold higher
white parts compared to green.
4. Many aquatic plants, including species of isoetids, seagrasses, and rosette forming wetland plants, have
a large leaf proportion buried in the sediment and the present study shows that it is possible that the white
achlorophyllous leaf bases may act as important point of entry for CO2, or exit for O2, with the surrounding
sediment. In addition, since the cuticle is greatly reduced in buried parts of the leaves, these could also play
a role in nutrient uptake from the sediment
Key words: CAM, underwater photosynthesis, photorespiration, malate, vernal rock pools, wetland plants, submergence
tolerance, aerenchyma, tissue O2
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Ephemeral wetlands are formed throughout the
world during periods where precipitation exceeds
evaporation, typically during winter and early
spring. Some of these wetlands cycle on an annual
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basis between periods of standing water and a
brief period of waterlogging followed by extreme
desiccation, and have been termed ‘vernal pools’
(Keeley & Zedler, 1998). A unique type of vernal
pool are those formed on granite outcrops, as the
granite forms an impervious substrate that
prevents downward percolation so that even
small depressions in the rock result in standing
water. Granite rock pools are 100% precipitation‐
fed, are often very shallow (< 10 cm deep) and the
substrate of weathered granite and debris blown
in from the surrounding land is only a few cm
thick, resulting in the waterlogged phase being
very brief (Keeley & Zedler, 1998; Keeley, 1999).
As a consequence, the aquatic flora and fauna of
granite rock pools are highly specialized to cope
with the extreme environment of these large
annual changes.
During the submergence phase, the plants also
need to cope with large diurnal fluctuations in
temperature and dissolved O2 and CO2 that occur
in this soft‐water, shallow pools (Keeley & Zedler,
1998). At night, system respiration processes
consume O2 and produce CO2, which can lead to
hypoxia in the water column (< 4 kPa O2), while
CO2 builds up to concentrations 10 to 15‐fold that
of atmospheric equilibrium (Keeley & Bush, 1984).
During the daytime, when photosynthesis prevails
over system respiration, the shallow water column
along with a relatively high plant biomass drive pH
and O2 up while CO2 decreases to below detection
limit (Keeley & Bush, 1984). Underwater
photosynthesis of the completely inundated
vegetation is thus challenged by high afternoon
temperatures and high concentrations of
dissolved O2 in combination with low CO2
concentrations, a situation that promotes
photorespiration (Pedersen et al. 2010). As result,
carbon concentrating mechanisms such as C4 or
CAM photosynthesis and bicarbonate‐use are
common in plants inhabiting rock pools (Keeley,
1999).
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Although shallow and transient, vernal pools
can host a wide array of aquatic flora and fauna
and the Isoetes genus is commonly a major
component of the vegetation (Keeley & Zedler,
1998). Species of Isoetes are fern allies and all
have hollow quill‐like leaves arising from a central
corm. Most, if not all, Isoetes species tested so far
exhibit indicators of CAM photosynthesis such a
dark fixation of CO2, overnight accumulation of
malate followed by daytime decarboxylation, and
large diurnal amplitudes in tissue acidity (Keeley,
1998). The CAM photosynthetic mechanism is of
great advantage in the shallow pools as CO2 can
be fixed during night time when it is readily
available and subsequently released internally and
used in day time photosynthesis at a time when
CO2 becomes depleted in the water (Keeley,
1998). As an example, Isoetes australis has
recently been shown to possess CAM and in
addition to increased underwater photosynthesis
at low external CO2 concentrations, the CAM
activity
also
greatly
reduced
apparent
photorespiration at external O2 concentrations up
to 2.2‐fold that of atmospheric equilibrium
(Pedersen et al., 2010).
Isoetes species belong to a group of plants
called isoetids, that use sediment‐derived CO2 for
underwater photosynthesis (Madsen et al., 2002).
By using sediment‐derived CO2, these plants tap
into an alternative source of CO2 that is not readily
available to plants that do not possess the isoetid
growth form (Winkel & Borum, 2009). Isoetids
have short, stiff leaves in a basal rosette with large
gas‐filled lacunae and mostly un‐branched porous
roots facilitating efficient diffusion of CO2 from the
surrounding sediment into the roots and up to the
leaves. To reduce loss of CO2 to the surrounding
water, the leaves are often covered with a thick
cuticle (Sculthorpe, 1967). Consequently, O2
produced in underwater photosynthesis is not lost
to the surrounding water column but diffuses into
the roots and out to the rhizosphere (Sand‐Jensen
& Prahl, 1982). As a consequence, the rhizosphere
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of isoetids is oxidized and free molecular O2 may
even persist throughout a diurnal cycle (Pedersen
et al., 1995; Sand‐Jensen et al., 2005; Møller &
Sand‐Jensen, 2010).
We studied in situ O2 dynamics of small,
shallow granite rock pools with dense populations
of Isoetes australis, a system contrasting markedly
in depth of sediment and water‐column to those
in which submerged plant O2 dynamics have
previously been evaluated. With only a few cm of
substrate of low organic matter content on top of
bedrock, these systems could potentially show
completely different patterns of diurnal O2
dynamics in the plant tissues, the sediment and in
the overlying water column, to the lake and ocean
situations in previous studies (Greve et al., 2003;
Borum et al., 2005; Sand‐Jensen et al., 2005;
Møller & Sand‐Jensen, 2010). The shallow vernal
pools probably dry up and refill several times
during spring and so, I. australis faces periods of
waterlogging or drained conditions with the leaves
exposed to air and hence, we compared
underwater photosynthesis, CAM activity and leaf
morphology in both aquatic (leaves produced
under water) and aerial leaves (leaves produced in
air). Our initial observation that the white
achlorophyllous leaf bases buried in the shallow
sediment accounted for a large proportion of
shoot tissue area, with green tips extending only ~
15 mm into the shallow water column, prompted
us to test the hypothesis that CO2 entry via these
leaf bases might enhance underwater net
photosynthesis, and that these could also be sites
for O2 loss to sediments. We found that sediment
O2 concentrations never differed significantly from
intra‐plant O2 concentrations indicating easy O2
exchange between plants and sediment and the
basal leaf portions enhanced underwater PN by
the green tips, and presumably also contributed
substantially to O2 loss to the sediment

Methods
Study site and plant materials
Granite outcrops with numerous shallow vernal
pools near Mukinbudin, Western Australia (E
118.2896°, S 30.7468°) were chosen as the site for
all in situ studies and as a collection point for
plants used in laboratory and anatomical studies.
The vernal pools have dense populations of
Isoetes australis S. Williams when the pools are
water filled from July to October every year
(Tuckett et al., 2010). Plants for laboratory work
were collected as intact turfs in 5 L buckets and
transported back to a 15/20 ᴼC night/day
phytotron facility at the University of Western
Australia.
In the phytotron, plants were maintained in
submerged cultures, 3‐5 cm below the surface of
‘artificial floodwater’ (defined below) that was
topped up with deionised water following
evaporation. In one experiment, previously fully
submerged plants were de‐submerged and
maintained in waterlogged sediment, with shoots
in air, for 5 weeks. Leaves formed in air were
compared with those of plants in a continuously
submerged treatment. The artificial floodwater
was a solution made in deionised water with final
EC of 85 µS cm‐1 and containing (in mol m‐3): 0.15
Ca2+, 0.10 Mg2+, 0.10 K+, 0.30 Cl‐, 0.10 SO42‐ and
0.10 HCO3‐. This low EC solution was designed to
simulate the water in the temporary rock pools
from which the specimens were collected. In the
phytotron, I. australis continued to grow with a
leaf turnover rate of approximately 1 leaf week‐1.
Seedlings of the genera Glossostigma and Crassula
were removed weekly in order to keep I. australis
as a monoculture. Leaf tissues were used for up to
6 weeks following turf collection.
Plant O2 dynamics – in situ
Intra‐plant O2 dynamics in leaves of I. australis
were followed in situ for plants growing in the
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vernal rockpools. Two, three‐channel underwater
pA meters with built‐in data loggers (PA3000UP‐
OP, Unisense, Aarhus, Denmark) and 50 µm tip
diameter
O2
microelectrodes
(OX50‐UW,
Unisense, Aarhus, Denmark) were used.
Micromanipulators with microelectrodes were
mounted on aluminium stands fixed to a block of
concrete, and the microelectrodes were
positioned using changes in signal to detect the
surface leaves following the procedure of
Pedersen et al. (2006). Oxygen microelectrodes
were inserted approximately 200 µm into the
leaves, 50‐75 µm after a constant signal in the air‐
filled lacunae was detected. Four replicate
measurements were taken in growing in separate
vernal pools but located within 25 m from each
other (Figure 1). Sediment pO2 was measured
using a sturdy O2 minielectrode (OX500, Unisense,
Aarhus, Denmark) inserted 10 mm into the
sediment next to a plant; a control measurement
in bare sediment was also taken and showed that
sediment without plants (35 cm to nearest I.
australis population) was permanently anoxic
(data not shown). Water column pO2 was also
measured using a sturdy O2 minielectrode (OX500,
Unisense, Aarhus, Denmark) mounted just above
the canopy approximately 3‐4 cm below the water
surface.
Key environmental parameters were measured
in vernal rockpools during the period of in situ O2
measurements.
Photosynthetically
active
radiation (PAR) and temperature were logged over
the in situ measurement period using pendant
loggers (Hobo Pendant Temp/Light Data Logger
UA‐001‐08
Onset
Computer
Corporation.
Pocasset, MA, USA). Diurnal fluctuations in pH
measured every hour using a handheld pH meter
(RH‐203, Radiometer, Brønshøj, Denmark).
Available CO2 was calculated using the alkalinity,
temperature and pH data and the formulas of
Mackereth et. al. (1978). Data were recorded
from midday throughout the dark period until the
following midday.
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Underwater net photosynthesis
Underwater net photosynthesis by leaves was
measured using the method described in
Pedersen et al., 2010. Leaf tips (5‐10 mm), without
the achlorophyllous white base (hereafter
referred to as green tips), were excised, the cut
end sealed with paraffin, and placed in glass vials
(10 mL) with stoppers. Each vial contained 2
leaves in incubation medium, and two glass beads
for mixing as these rotated on a wheel within an
illuminated water bath (20 ᴼC). Photosynthetically
active radiation (PAR), inside the submerged glass
vials, was 350 µmol m‐2 s‐1 (measured using a 4∏
US‐SQS/L Walz, Effeltrich, Germany). To establish
the importance of the white achlorophyllous
portion of the leaf for gas exchange (CO2 uptake
and O2 leakage), leaves with the white base
present and the cut end sealed with paraffin were
incubated in parallel and underwater net
photosynthesis measured.
The incubation medium was the same
composition as the artificial floodwater (see
above) but with 75 µM of KHCO3, 2.5 mol m‐3 MES
with pH adjusted to 6.00 using KOH to achieve 50
µM free CO2 in the solution. The dissolved O2
concentration in the incubation medium was set
at 50% of air equilibrium, by bubbling in 1:1
volumes of N2 and air (prior to adjustment of
dissolved CO2); this avoided excess build up of
high O2 during the measurements. As vials were
incubated in light immediately after adding the
leaves, and since these produce O2 when in light,
there was no risk of tissue hypoxia. Vials without
leaves served as blanks.
Following incubations of known durations (60‐
75 min), dissolved O2 concentrations in the vials
were measured using a Clark‐type O2
microelectrode (Revsbech, 1989; OX‐25, Unisense
A/S, Aarhus, Denmark), connected to a pA meter
(PA2000, Unisense A/S, Aarhus, Denmark). The
electrode was calibrated immediately prior to use.
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Projected areas of leaf samples were measured
using a leaf area meter (LI‐3000, LI‐COR, Lincoln,
Nebraska, USA). Projected areas were converted
into actual surface areas using an empirical
relationship obtained from measurements of
areas based on leaf diameters and lengths of the
cylindrical leaves and conical tips. The ratio of
actual area‐to‐projected area = 3.633; n = 10, see
Pedersen et al., 2010 for more details.

hand cross sections (across all 4 lacunae, in 4
replicate leaves), Surface area was calculated
assuming the tissue within the electrode was
cylindrical. Resistance to O2 movement across the
cell layers external to the lacunae was calculated
according to the equations in Garthwaite et al.
(2008).

ROL from green leaf tips and white bases

Evaporation of water vapour was used as a proxy
for cuticle resistance to gas exchange of the
environmentally relevant key gases, O2 and CO2.
Hence, evaporation from green tips of aquatic
leaves (leaves produced under water) and aerial
leaves (leaves produced in air; see above) was
compared. Green leaf segments were sealed with
paraffin and placed in a desiccator with desiccant.
Then, evaporation was followed over time by
weighing the leaf segments every 15 minutes in
the beginning, and later every hour. Evaporation
rates were calculated as loss in mass over time
assuming a density of water of 1 kg L‐1. Data were
fitted to a exponential loss function (GraphPad
Prism 5.0).
Evaporation from green aquatic leaf tips was
also compared to evaporation from white leaf
bases of aquatic leaves following the procedure
above.

Radial O2 loss (ROL) was measured for individual
leaves excised from the corm just above the
sporangium. The tip (c. 3‐4 mm) of each leaf was
excised, so as to provide a direct path to the
lacunae and this end was inserted into a conical
plastic holder connected to a tube (i.d. 5 mm;
length 60 mm) open to the atmosphere. The
holder with leaf inserted was mounted using putty
(BlueTac, Bostick, Wauwatsa, WI, USA) in a
Perspex tank
(length 200 mm), containing
deoxygenated stagnant 0.1% w/v agar solution
also containing: K+, Cl− (5.0 mol m−3) and Ca2+,
SO42− (0.5 mol m−3). The tube enabled internal O2
to be manipulated, but connecting the tube to a
reservoir either of air (21.6% O2) or air enriched
with O2 (30% O2). ROL from 4 replicate leaves was
measured at two positions, one each in the green
and achlorophyllous regions, and each at both
internal O2 concentrations, using cylindrical O2
electrodes (i.d., 2.25 mm; height, 5.0 mm) fitted
with guides to keep each leaf near the centre of
each electrode (Armstrong & Wright, 1975;
Armstrong et al., 1994). Internal O2 concentrations
in the green and achlorophyllous regions in 4
other replicate leaves held in the same set up
were measured using O2 microelectrodes (see
above). Diameter of each leaf was measured at
the centre of each ROL position, using digital
callipers, and the proportion of the outer cell
layers (i.e. exterior to the lacunae) to the radius
within each tissue zone was determined from

Evaporation from leaf surfaces

Sediment characteristics and sediment O2
consumption
From each rock pool, 3 sediment cores of (Ø = 7.1)
were collected in the same area where the in situ
O2 measurements took place.
Plants were
counted to provide a density measure and shoots,
corms and roots were separated and oven‐dried
for 24 h at 70 °C. Another 3 cores were takes from
each site to measure sediment organic matter as
loss on ignition (5 h at 550 °C).
The potential biological O2 demand (BOD) of
the sediment was measured by incubating 1 mL of
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fresh sediment in 40 mL vials in the dark in air
saturated artificial floodwater (see underwater
photosynthesis for chemical composition).
Sediment samples were first pre‐incubated for 12
h in 5 mL of water bubbled with air to eliminate
chemical O2 demand. The vials were then filled
with air saturated artificial floodwater, closed and
incubated at 20 °C in the dark on a rotating wheel
for 1 to 1.5 h. O2 concentrations were measured
before and after incubation using an O2
minielectrode
(OX500
Unisense,
Aarhus,
Denmark). BOD was calculated as O2 demand per
sediment volume and unit time (μmol O2 L‐1 h‐1).
Anatomy
Transverse sections were cut, using a hand‐held
razor, from leaves of field collected plants.
Sections were viewed with a light microscope
(Zeiss Axioskop2, Carl Zeiss Pty. Ltd., Germany),
with chloroplast visualisation augmented by
ultraviolet (UV) light, which causes red chlorophyll
autofluorescence. Images were captured with a
digital camera (Zeiss AxioCam MRc Rev.3. Carl
Zeiss Pty. Ltd., Germany) and manipulated for light
levels, contrast and brightness using a software
package (AxioVision Rel. 4.6, Carl Zeiss Pty. Ltd.,
Germany).
Results
In situ O2 dynamics and rock pool characteristics
I. australis grows with a large portion of the leaves
buried within the sediment, with this buried
portion appearing to lack in pigmentation (Fig. 1b
and c). Leaves of plants collected from vernal
pools in Mukinbudin showed pigmentation along
on only the uppermost c. 65% of their length
(Table 1). Aside from the difference in
pigmentation, both leaf segments look
superficially similar, being cylindrical – although
the tips of the green portion then become conical
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Fig. 1 Habitat of Isoetes australis (a), uprooted specimen (b), leaf with
sporangium (c) and transverse hand sections of the green tips (d+e)
and white bases (f+g) of leaves. Each granite outcrop supports
numerous shallow pools that fill and evaporate throughout the
winter (June to October). Some pools host dense populations (more
‐2
than 5000 plants m , see Figure 3) of Isoetes australis. Each plant
typically had 6‐10 leaves (b) with a white base (achlorophyllous)
supporting the sporangium (c) and green tips (chlorophyllous). Cross‐
section micrographs of the leaves under bright field illumination
(d+e) and ultraviolet light excitation, resulting in red chlorophyll
autofluorescence (e+g), illustrate that in the green tips most cells
contained chlorophyll (except the epidermal cells and those in the
vascular bundles) and a well developed cuticle (e), whereas there was
no chlorophyll autofluorescence and no indication of a cuticle in the
white bases (g).

in shape to form a pointy end. Both segments
contain four large lacunae; however, some
aspects of the anatomy of the sections differed
between the green and white areas. The green
portions
contain
chlorophyll
(red
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Table 1 Proportions and tissue water content of green tips and white
achlorophyllous bases of Isoetes australis leaves. Proportions are
given of total leaf length, total dry mass (DM), and total fresh mass
(FM). Tissue water content of the two portions of leaves is also given.
Letters indicate significant differences (Student’s t‐test; p < 0.05; n =
3).

Total leaf length (%)
Total DM (%)
Total FM (%)
Water content (%)

Green tips
a
70.9 ± 3.5
a
64.2 ± 3.1
a
48.7 ± 1.7
a
90.6 ± 0.8

Tissue type
White bases
b
29.1 ± 0.4
b
35.8 ± 3.1
a
51.3 ± 1.7
b
95.1 ± 0.1

autofluorescence, Fig. 1e) whereas the white
bases are achlorophyllous (Fig. 1g) and neither the
green tips nor the white bases form stomata. The
green portions have a thicker cortical layer (c. 3.4
± 0.3 cells; mean ± SE, n = 5) compared with the
white bases (c. 2.2 ± 0.3 cells; mean ± SE, n = 5),
which is also evident by the significantly higher
contribution green tips make to the total dry
mass, although the length and water content of
the two sections was similar (Table 1). The cuticle
was evident on the green tips, but not the white
bases (Fig. 1e and g) suggesting a very thin or
absent cuticle in these sections. This thinner
cuticle is presumably more permeable as
indicated by the initial 3.6‐fold greater rate of loss
of water vapour from the white bases as
compared to the green tips (Fig. 6a)
In situ O2 dynamics of the leaf lacunae of
Isoetes australis, the sediment and the overlying
water, were obtained from 4 different granite rock
pools in close proximity to each other (< 25 m)
over 3 consecutive days in October, early spring.
Measurements using O2 microelectrodes showed
that pO2 in leaf lacunae and the sediment closely
resembled each other both in daylight and during
the night (Fig. 2a, Table 2). Figure 2 shows a
typical trace of pO2 in leaf lacunae, sediment and
the overlying water, and in this example O2 in the
lacunae was slightly above that of the surrounding
sediment on the first day with maximum values of
30 kPa. In the late afternoon, pO2 in leaf lacunae
and sediment declined rapidly, continuing to
decline throughout the night, reaching values as

low as 1.6 kPa by dawn (Table 2). The overlying
water column also declined overnight but to a
lesser extent than the leaf lacunae and sediments.
Upon sunrise the following day, pO2 increased in
both leaf lacunae and sediment to values similar
to those of the day before, although pO2 in the
sediment on day 2 was higher than in the leaf
lacunae. This pattern was consistent in all
replicates and minimum or maximum intra‐plant
pO2 never significantly differed from the
surrounding sediment neither during the day nor
during the night (Table 2). The water column
always had higher minimum night time pO2 than
the sediment and the plant tissues but lower
maximum values during the day (Table 2).
Although the pO2 in both sediment and leaf
lacunae declined throughout the night, both
remained oxic, however, in 1 of the 4 replicates,
leaf lacunae became hypoxic with pO2 down to 0.3
kPa (Fig. 1S, supplementary material).
Table 2 In situ minimum and maximum O2 partial pressures (pO2) in
leaf lacunae of Isoetes australis, vegetated sediments and overlying
water column. O2 microelectrodes were inserted into a leaf lacuna of
a fully expanded leaf, into the sediment (10 mm depth) and at
canopy height in the water column. Measurements in non‐vegetated
sediments always showed values below detection limit (< 0.1 kPa).
Letters indicate significant differences (Student’s t‐test; p < 0.05) and
n = 3 minimum dark values or 6 for maximum day values as maximum
values from the first and second day were included. Data are shown
as means ± SE.

Leaf
lacunae
Minimum pO2
Maximum pO2

(kPa)
a
1.6 ± 0.7
a
30.9 ±1.1

Component
Sediment
(kPa)
a
2.3 ±0.4
a
32.9 ±2.0

Water
column
(kPa)
b
11.3 ±1.0
b
21.3 ± 1.5

Day 1 in the example shown in Figure 1 was a
cloudy and windy day and water column
temperature fluctuated around 20 °C. During the
following calm and clear night, water temperature
dropped to 5.5 °C and iced formed on top of some
the most shallow rock pools without plants. Only 6
hours after the minimum water temperature was
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recorded, a maximum of 30 °C was recorded in
the same pool (Fig. 1b).
Plant density of I. australis was relatively
uniform within rock pools, but varied by more
than 20‐fold among rock pools (250 to 5400 plants
m‐2; Fig. 3a). The variation in density among pools
was also reflected in differences in biomass (6 to
64 g DM m‐2; Fig. 3b) and hence, individual plant
mass was not affected by plant density (Fig. 3c).
Allocation into root biomass, corm and shoot was
similar among rock pools (Fig. 3d), potentially
explaining why in situ O2 dynamics were
remarkably similar in all 4 pools tested (Figure 1S,
supplementary material). Sediment organic
matter (Fig. 3e) and sediment O2 consumption
(Fig. 3f) both varied two‐fold between the 4 rock
pools studied.

Fig. 2 In situ O2 dynamics in a leaf of Isoetes australis, the sediment of
the rhizosphere and the water column (a) and incident light and
temperature (b) over a diurnal cycle in a granite vernal pool. O2
microelectrodes were inserted into a leaf lacuna of a fully expanded
leaf, into the sediment (10 mm depth) and at canopy height in the
water column. Water column CO2 concentrations fluctuated
conversely to the intra plant pO2; maximum dawn CO2 concentration
‐1
was 270 µmol L while minimum late afternoon CO2 concentrations
‐1
could be as low as 3 µmol L based on pH, alkalinity and temperature
(Stumm & Morgan, 1996).
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Sediment organic matter was measured as
there is a strong, often linear, relationship
between sediment organic matter and sediment
O2 consumption (Raun et al., 2010). Sediment
organic matter varied little between the 4 rock
pools where the in situ O2 dynamics were
measured (rock pool No 1‐4; Fig. 3e), but the
sediment O2 consumption was variable among
rock pools and also within each pool (Fig. 3f).
Underwater photosynthesis and O2 exchange via
the achlorophyllous leaf portions
Isoetids, including species of Isoetes, are known to
loose a considerable share of the O2 produced in
underwater photosynthesis via the roots as the
leaves are often less permeable to gases than the
roots (Sand‐Jensen & Prahl, 1982). We noticed
that most specimens had a substantial proportion
of the leaves buried into the sediment and the
buried leaf bases did not contain chloroplasts and
had a less obvious cuticle (Fig. 1b‐c+f‐g). Thus, we
hypothesized that the white bases of leaves could
be areas of entry for CO2 and thus enhance
underwater PN, as well as contribute to radial O2
loss to the surrounding sediments.
The achlorophyllous leaf bases contained very
little malate (< 2 µmol g‐1 FM) and citrate (< 0.5
µmol g‐1 FM) and neither varied significantly over
the diurnal cycle. In contrast, the diurnal
amplitude of malate in green tips was 82 µmol g‐1
FM while that of citrate was 7 µmol g‐1 FM (Fig.
4a+b). Thus, the white bases do not contribute to
night time storage of organic acids that can be
decarboxylated during the subsequent day.
It seems, however, that the white bases could
act as entry point for CO2 or, exit point for O2, or
both. Whole excised leaves with the white bases
present and sealed at the cut surface with paraffin
had a 2.5 higher underwater PN compared with
leaf segments where the white base had been
removed (cut surface also sealed), demonstrating
that CO2 entry via the white bases can greatly
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Fig. 3 Variation in plant density (a), individual plant mass (b), biomass allocation to shoot, corm and root (c), biomass (d), sediment organic matter
(e), sediment O2 consumption (f) in 4 granite vernal pools inhabited by Isoetes australis.

enhance PN (Fig. 5). This effect of enhanced CO2
entry with white bases intact likely resulted from
the 1.5‐fold larger surface area with these
present, compared with the green tissues only.
Measurements of radial O2 loss from the white
base and green areas of leaves, when in darkness
in an O2 free‐medium but with O2 supplied to the
lacunae via a tube connected to air (20.6%) and
then O2‐enriched air (30%), enabled assessments
of the resistance of the external cell layers to ROL
in the two zones. The mean resistance of the
external cell layers to ROL did not differ between

the two zones, and was 3.08 x 105 s cm‐3. We had
expected differences in resistance to ROL in the
two tissue areas, as white bases initially lost
water vapour 3.6‐fold faster compared with
green tips (cut ends sealed in both cases, Fig. 6a)
and microscopy of leaf cross sections revealed a
prominent cuticle on the green tips but this
feature was not apparent on the white bases (Fig.
1e+g); so, the cuticle is presumably not the major
component of the resistance to ROL from these
shoot tissues. In summary, measurements of
underwater net photosynthesis, radial O2 loss,
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evaporation and microscopy all support the
hypothesis that the white leaf bases may
enhance entry of CO2 and exit of O2 in I. australis.

In its natural habitat, I. australis likely faces highly
fluctuating water regimes throughout the growth
season. The brown tips (Fig. 1b) probably indicate
that these leaves have been air‐exposed at some
point during their life, so we set out to
investigate if special leaves are formed during
waterlogging. Aerial leaves, i.e. leaves formed in
air, did show slower evaporation rates compared
to aquatic leaves (leaves formed under water;
Fig. 6b) indicating that the cuticle is somewhat
modified when leaves are formed in air.
However, underwater photosynthesis was similar
in aerial and aquatic leaves, stomata never
formed in aerial leaves and the CAM activity was
also maintained in aerial leaves (Pedersen et al.
2010).

Fig. 4 Malate (a) and citrate (b) concentrations in green tips and
white bases measured at dawn or dusk in leaves of Isoetes australis.
N = 3 and letters indicate significant differences (Student’s t‐test; p <
0.05).

Fig. 5 Underwater net photosynthesis in green tips and whole leaves
of Isoetes australis (PN). Entire leaves or apical green leaf tips, in
both cases with the cut surface sealed with paraffin, were incubated
in glass vials attached to a rotating wheel within a water bath at 20
°C and PN measured as O2 evolution during 60 min incubation. n= 5
and letters indicate significant differences (Student’s t‐test; P <
0.05).
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Fig. 6 Evaporation from green tips or white bases (a) and from
green tips of either aquatic leaves or aerial leaves (b) of Isoetes
australis. Leaf segments were cut from leaves produced under
water or in air and cut surfaces were sealed with paraffin before loss
in fresh mass was followed over time. Evaporation from the white
achlorophyllous tissues was initially 3.6‐fold higher than from green
tips (a), and evaporation from aquatic leaves was also higher than
from leaves formed in air (b).
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Discussion
The present study evaluated diurnal in situ O2
dynamics in completely submerged Isoetes
australis, the sediment in the shallow granite
rock pools in which the plants were growing and
the overlying water column. We found that
sediment O2 concentrations were closely related
to intra‐plant O2 fluctuations and the resulting
diurnal amplitude was 3‐fold higher in the
sediment than in water column. In the following,
we discuss the implications of these findings and
possible role of the achlorophyllous basal leaf
part in O2 and CO2 exchange with the surrounding
sediment.
There are few studies of in situ O2 dynamics in
completely submerged wetland plants. Those
from seagrasses all show that intra‐plant O2
during the day is a function of light while during
the night, O2 diffuses into the leaf tissue from the
surrounding water column, and then diffuses into
roots and rhizomes as the sediment is
permanently anoxic (Greve et al., 2003; Borum et
al., 2005; Holmer et al. 2009). Borum et al. (2006)
also show that the dependence on water column
for night time O2 supply is critical; if the water
column becomes hypoxic through the night, the
risk of tissue anoxia is high. There are only 2
studies of in situ O2 dynamics in an isoetid
(Lobelia dortmanna). A winter investigation
showed that the rhizosphere remained oxic
during the night and at one point even slightly
super‐saturated during the day (Sand‐Jensen et
al., 2005). As these measurements during winter,
the low temperature probably resulted in very
low microbial respiration and thus and hence,
also low sediment O2 consumption. In contrast, a
more recent study by Møller & Sand‐Jensen
(2010) showed that the same L. dortmanna
population experience anoxic conditions in the
sediment during the summer with much higher
temperatures.

The present study on I. australis from shallow,
granite rock pools differs in one crucial aspect
from previous in situ studies of O2 dynamics. In
the granite rock pools, the sediment is restricted
by the underlying biologically inert bedrock;
consequently, these pools have a finite volume of
sediment with a finite O2 consumption. This
situation contrasts with lakes and oceans where
the sediment represents an infinite volume, and
thus also O2 consumption, ultimately leading to
anoxia at certain distance from the O2 source. In
granite rock pools with a dense population of I.
australis, O2 builds up to more than 30 kPa during
the day and the combined O2 uptake of
respiration of plant roots and sediment microbes
does not result in sediment anoxia during night
time in regions near plants (Fig. 2, Table 2), while
bare sediments remained anoxic both in light and
dark. The oxic sediments conditions are not
caused by an extremely low sediment O2
consumption per volume of sediment; in fact, the
sediment O2 consumption rates in this study (70‐
130 µmol O2 L‐1 s‐1, Figure 3) are similar to those
reported by Raun et al. (2010) who found 114‐
173 µmol O2 L‐1 s‐1 with 0.9‐1.7% organic matter
and considerably higher than those from the
oligotrophic lake Skånes Värsjö with only 26 µmol
O2 L‐1 s‐1 (Claus Møller, unpublished data). Hence,
the oxic sediment must be caused by the fact that
the O2 consumption is limited by the finite
volume, which in turn is equal to the entire
rhizosphere from which O2 is leaking during the
day.
Interestingly, sediment pO2 at some points
during the day exceeded that of intra‐plant pO2, a
phenomenon observed in all replicate pools in
the present study (Fig. 1a, Fig. 1S). This could be
due to i) O2 produced by microalgae on the
sediment surface, ii) O2 produced by
neighbouring plants with higher rates of
underwater photosynthesis, or a combination of
both. Natural sediments normally host a
population of benthic microalgae and their
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photosynthesis can lead to super‐saturation of O2
of up to 90 kPa in dense nutrient rich biofilms
(Lassen et al., 1997) but also up to 35 kPa on very
nutrient poor sediments with L. dortmanna
(Pedersen et al., 1995; Møller & Sand‐Jensen,
2010). We did not measure vertical O2 profiles of
the sediments in the granite rock pools but we
observed benthic algae in most rock pools and
their O2 production would contribute to the
super‐saturation of the sediment and could,
therefore, also result in sediment pO2 exceeding
that of the lacunae inside I. australis. The high
external pO2 in the surrounding sediment could
also be caused by high radial O2 loss from
neighbouring plant roots. If the neighbouring
plants had higher rates of photosynthesis, it
would also lead to higher internal pO2 and
ultimately to higher radial O2 loss and high local
O2 concentration in the rhizosphere of some
plants. We are not able to exclude any of the two
proposed processes and a combination of the
two seems likely to have caused the extremely
high pO2 observed in the sediments containing I.
australis.
The diurnal amplitudes in pO2 of the overlying
water column was significantly smaller than in
the sediment (Table 2) but resembled those
observed for Californian vernal pools (Keeley &
Bush, 1984). The water column of the Californian
vernal pools, however, became lower in night‐
time pO2 presumably as a consequence of higher
plant biomass in those pools (e.g. give example?)
that are probably not quite as oligotrophic as the
granite rock pools of Western Australia. Diurnal
CO2 fluctuations were also in the range reported
from Californian vernal pools (Keeley & Bush,
1984) with very low values in the late afternoon
(< 5 µmol L‐1; air equilibrium is approximately 15
µmol L‐1) and high concentrations following night
time system respiration (270 µmol L‐1, caption of
Figure 2). Water column temperature rose 20 °C
in less than 6 h and the combination of high
temperature, high external pO2 whether in water
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or in sediment and the low CO2 availability are all
stressors
that
promote
photorespiration
(Pedersen et al., 2010).
Most, if not all, species of Isoetes often have a
large proportion of the leaf tissue buried in the
sediment resulting in white acholorophyllous leaf
bases. An extreme example is that of I. andicola,
a bog plant from the Andes, where only 4% of the
total plant mass is allocated to green leaf tips and
73% of the leaf mass is in white acholorophyllous
leaf bases (Keeley et al., 1994). In the present
study of I. australis, the cuticle was greatly
reduced in the white acholorophyllous leaf bases
and these tissues were also much more
permeable to water vapour. However, the
resistance of the outer cell layers to radial O2 loss
did not differ between the white tissue in the
bases and the green leaf tips, so the importance
for gas exchange of the white acholorophyllous
leaf bases could primarily be due to the larger
surface area of exchange that they provide. The
mean resistance of the external cell layers to ROL
in leaves of I. australis of 3.08 x 105 s cm‐3 shows,
as would be expected, that these shoot tissues
have greater resistance to O2 movement than
root tips (1.08 x 105 s cm‐3), but substantially less
resistance than mature root regions with a
barrier to ROL (25.4 x 105 s cm‐3) (roots of H.
marinum; Garthwaite et al., 2008). We speculate
that such an extension of the root system could
have consequence not only for CO2 uptake and O2
loss but also for nutrient uptake since the cuticle
is greatly reduced in the white basal part of the
leaves. Considering that many aquatic species,
including most seagrasses, with leaves emerging
from underground meristems possess white
acholorophyllous leaf bases, our findings could
have implications for our understanding of how
gas exchange and nutrient uptake from the upper
rhizosphere function.
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Fig. 1S In situ O2 dynamics in a leaf of Isoetes australis, the sediment of the rhizosphere and the water column (a‐c) and incident light and temperature (day 1‐2) over a diurnal cycle in 3 granite vernal pool.
O2 microelectrodes were inserted into a leaf lacuna of a fully expanded leaf, into the sediment (10 mm depth) and at canopy height in the water column.
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• Underwater photosynthesis by aquatic plants is often limited by low availability
of CO2, and photorespiration can be high. Some aquatic plants utilize crassulacean
acid metabolism (CAM) photosynthesis. The benefits of CAM for increased underwater photosynthesis and suppression of photorespiration were evaluated for
Isoetes australis, a submerged plant that inhabits shallow temporary rock pools.
• Leaves high or low in malate were evaluated for underwater net photosynthesis
and apparent photorespiration at a range of CO2 and O2 concentrations.
• CAM activity was indicated by 9.7-fold higher leaf malate at dawn, compared
with at dusk, and also by changes in the titratable acidity (lmol H+ equivalents) of
leaves. Leaves high in malate showed not only higher underwater net photosynthesis at low external CO2 concentrations but also lower apparent photorespiration. Suppression by CAM of apparent photorespiration was evident at a
range of O2 concentrations, including values below air equilibrium. At a high O2
concentration of 2.2-fold the atmospheric equilibrium concentration, net photosynthesis was reduced substantially and, although it remained positive in leaves
containing high malate concentrations, it became negative in those low in malate.
• CAM in aquatic plants enables higher rates of underwater net photosynthesis
over large O2 and CO2 concentration ranges in floodwaters, via increased CO2 fixation and suppression of photorespiration.

Introduction
Submerged aquatic plants display a suite of adaptations
which facilitate inorganic carbon uptake, as carbon acquisition for underwater photosynthesis is greatly impeded by
slow diffusion of gases in water compared with in air.
Morphological adaptations include filamentous leaves to
reduce the thickness of diffusive boundary layers and thin
or absent cuticles to lower resistance to CO2 uptake from
the water (Maberly & Madsen, 2002). In addition, some
plants can utilize alternative CO2 sources; for example,
floating leaves directly access atmospheric CO2, and large
permeable root systems access sediment CO2 (Maberly &
Madsen, 2002). Physiological adaptations to deal with low
CO2 availabilities in floodwaters include those that
increase CO2 at Rubisco, commonly referred to as carbon� 2010 The Authors
New Phytologist � 2010 New Phytologist Trust

concentrating mechanisms (CCMs) (Maberly & Madsen,
2002; Raven et al., 2008); these are bicarbonate use (Prins
& Elzenga, 1989), C4 photosynthesis (Magnin et al.,
1997), C3–C4 intermediates (Keeley, 1999) and crassulacean acid metabolism (CAM) photosynthesis (Keeley,
1981; Madsen, 1985; Raven et al., 1988).
In addition to enhancing photosynthesis under water,
CCMs might also reduce photorespiration in submerged
aquatic plants (Maberly & Madsen, 2002). Photorespiration results from the oxygenase activity of Rubisco
and is promoted by a low CO2 : O2 ratio (Ogren, 1984;
Sage, 2004). The low CO2 availability in aquatic environments in itself lowers the CO2 : O2 ratio; moreover, as O2
is 28.5-fold less soluble in water than is CO2 (Baranenko
et al., 1990), O2 tends to build up inside gas spaces in
photosynthetic tissues during the daytime as escape to the
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surrounding solution can be slow (Bowes, 1993). Thus,
with CCMs such as CAM, a more favourable CO2 : O2
ratio presumably can be maintained at Rubisco and thus
diminish photorespiration. Inferences regarding reduced
photorespiration in aquatic plants with CCMs are based on
lower CO2 compensation points than those found in species
lacking CCMs (Salvucci & Bowes, 1983; Madsen, 1987);
direct assessments of photorespiration in aquatic plants possessing CAM are lacking.
CAM in aquatic plants (Keeley, 1998a), as in terrestrial
plants (Lüttge, 2002), involves night-time fixation of CO2
into malate, followed by daytime decarboxylation of the
malate so that CO2 is supplied to the C3 pathway without
the need for concurrent inward diffusion of external CO2.
CAM in aquatic plants was first reported for Isoetes howellii
(Keeley, 1981) and has subsequently been shown to occur
in most species of Isoetes, and in some species within the
genera Crassula, Eleocharis, Littorella, Sagittaria and Scirpus
(Keeley, 1998a). CAM activity is indicated by large diurnal
fluctuations in malate concentration, frequently measured
as changes in the titratable acidity of tissue extracts (Keeley,
1998a). In Isoetes species, night-time fixation of CO2 may
contribute up to 50% of the inorganic carbon fixed, but
huge variation is present both within and between species
(Keeley, 1983a, 1985). When water recedes, most species of
Isoetes form ‘aerial leaves’ that lack CAM and form stomata
(Keeley et al., 1983a,b), emphasizing the role of CAM as a
CCM in submerged aquatic plants.
CAM photosynthesis is particularly frequent among
isoetids (Raven et al., 1988; Keeley, 1998a). Isoetids are
aquatic plants with short, stiff leaves arranged in a rosette
(Hutchinson, 1975), often with a thick cuticle; they lack
stomata when submerged, and have large lacunae providing
a low resistance pathway for gas diffusion. The roots are
normally unbranched and make up 50% or more of the
total plant mass (Hutchinson, 1975). Isoetids generally
inhabit oligotrophic softwater lakes (Smolders et al., 2002),
which are low in inorganic carbon, so an ability to use the
sediment CO2 pool is particularly advantageous (Maberly
& Madsen, 2002). Isoetids may also occupy high-altitude
wetlands (primarily the genus Isoetes; Keeley, 1998a) or seasonal wetlands such as dunes (Littorella uniflora; Pedersen
et al., 2006) and temporary pools (rain-fed rock pools;
Isoetes spp.; Keeley, 1998a). In these habitats with high
plant biomass and a relatively low volume of water, together
resulting in large diurnal fluctuations in dissolved CO2,
CAM is the most common CCM (Keeley & Rundel, 2003;
Raven et al., 2008).
The present study tested two hypotheses, using the CAM
isoetid species Isoetes australis (Keeley, 1983b). Firstly, the
hypothesis was tested that leaves high in malate show
enhanced underwater net photosynthesis, particularly at
low external CO2 concentrations, compared with leaves low
in malate. Secondly, the long-standing hypothesis that
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CAM reduces photorespiration, based on low CO2 compensation points (Salvucci & Bowes, 1983; Maberly &
Madsen, 2002), was tested in experiments where underwater net photosynthesis and apparent photorespiration were
measured while external CO2 and O2 concentrations were
manipulated. The data show that tissues high in malate have
enhanced underwater net photosynthesis at low external
CO2 concentrations and that apparent photorespiration is
also diminished by CAM.

Materials and Methods
Plant material
Intact turfs (20 cm wide and 2 cm deep; this depth sampled
almost all of the shallow sediment in the pools) of Isoetes
australis Williams were collected in October 2009 from
temporary shallow granite rock pools (Fig. 1; 118.2896E,
30.7468S) c. 400 km east of Perth, Western Australia. The

(a)

(b)

Fig. 1 Temporary granite rock pools in south-western Australia (a)
and typical underwater vegetation (b). The temporary rock pools are
rainwater-fed each winter and persist for 3–5 months. The water is
shallow (5–10 cm) and low in conductivity (< 10–80 lS cm)1); the
sediment consists of weathered granite, is low in organic matter
(2.3 ± 0.6% DW; n = 5) and often has a depth of < 2 cm.
Nevertheless, dense populations of Isoetes australis often develop
(b) and can coexist with other plants (species of Glossostigma,
Crassula, Marselia and Eleocharis) typical of temporary granite rock
pools (Tuckett et al., 2010). Bar, 5 cm.

 2010 The Authors
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turfs were transported air-exposed under plastic, in 4.5-l
white plastic vessels, to a phytotron (15�C night, 20�C day)
in Perth.
Most experiments used plants maintained in submerged
cultures, 3–5 cm below the surface of ‘artificial floodwater’
(defined below) that was topped up with deionized water
following evaporation. In one experiment, previously fully
submerged plants were de-submerged and maintained in
waterlogged sediment, with shoots in air, for 6 wk. Leaves
formed in air were compared with those of plants in a continuously submerged treatment. The artificial floodwater was a
solution with a final electrical conductivity of 85 lS cm)1
and consisting of deionized water containing (in mol m)3):
0.15 Ca2+, 0.10 Mg2+, 0.10 K+, 0.30 Cl), 0.10 SO42) and
0.10 HCO3). This low-EC solution was designed to simulate the water in the temporary rock pools from which the
specimens were collected. In the phytotron, I. australis continued to grow with a leaf turnover rate of c. 1 leaf wk)1.
Seedlings of the genera Glossostigma and Crassula were
removed weekly in order to maintain a monoculture of
I. australis. Leaf tissues were used for up to 6 wk following
turf collection.
Underwater net photosynthesis – CO2 response
Underwater net photosynthesis by leaves was measured
using the method described in Colmer & Pedersen (2008).
Leaf tips (5–10 mm), without the achlorophyllous white
base (hereafter referred to as ‘leaves’), were excised and
placed in glass vials (10 ml) with stoppers. Each vial contained two leaves in incubation medium, and two glass
beads for mixing as the vials rotated on a wheel within an
illuminated water bath (20�C). Photosynthetically active
radiation (PAR) inside the submerged glass vials was
350 lmol m)2 s)1 (measured using a 4p US-SQS ⁄ L;
Walz, Effeltrich, Germany).
The incubation medium had the same composition as the
artificial floodwater (described in the previous section) but
various amounts of KHCO3 (described further on in this
paragraph) and the solution also contained 2-(N-morpholino)
ethanesulfonic acid (MES) at 2.5 mol m)3, with pH adjusted to 6.00 using KOH. The dissolved O2 concentration in
the incubation medium was set at 50% of air equilibrium,
by bubbling in 1 : 1 v ⁄ v of N2 and air (before adjustment
of dissolved CO2); this avoided build-up of high O2 during
the measurements. As vials were incubated in the light immediately after adding the leaves, and as these produce O2 when
in the light, there was no risk of tissue hypoxia. Dissolved
CO2 treatments were imposed by adding specific concentrations of KHCO3 to the incubation medium with pH
always adjusted to pH 6.00 using various amounts of KOH
depending on KHCO3 added, to provide a range of CO2
concentrations from 30 to 2000 mmol m)3 (Stumm &
Morgan, 1996). K2SO4 was added as required in the various
� 2010 The Authors
New Phytologist � New Phytologist Trust (2010)
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treatments so that K+ concentration was equal across treatments. For each CO2 concentration, vials without leaves
served as blanks.
Following incubations of known durations (60–75 min),
dissolved O2 concentrations in the vials were measured
using a Clark-type O2 microelectrode (Revsbech, 1989;
OX-25; Unisense A ⁄ S, Aarhus, Denmark), connected to a
pico ampere meter (PA2000; Unisense A ⁄ S). The electrode
was calibrated immediately before use.
Projected areas of leaf samples were measured using a leaf
area meter (Li-3000; Li-Cor, Lincoln, NE, USA). Projected
areas were converted into actual surface areas using an
empirical relationship obtained from measurements of areas
based on leaf diameters and lengths of the cylindrical leaves
and conical tips. The ratio of actual area : projected was
3.633 (n = 10). Fresh and dry masses (after freeze-drying)
of leaf samples were also determined. The ratio of actual leaf
area : dry mass was 17.54 g m)2 (n = 4).
Underwater net photosynthesis – O2 response
Underwater net photosynthesis by the leaves was measured
using a system identical to the one already described for the
CO2 response; however, initial O2 concentration was
manipulated rather than CO2. The initial O2 concentration
was adjusted by bubbling containers with N2 or O2 and
then mixing these as required to obtain the desired O2 concentration. After mixing, KHCO3 was injected to obtain
30 mmol CO2 m)3 at pH 6.00 in the incubation medium
in all vials. Increasing apparent photorespiration relative to
photosynthesis was evident as a decline in net O2 production rate, below the maximal rate when O2 was optimal. In
some samples (i.e. tissues low in malate), net O2 consumption occurred (i.e. O2 production from photosynthesis
became less than O2 consumption), as photorespiration
exceeded photosynthesis. ‘Dark respiration’ was also measured for comparative purposes (see below). The rates of net
photosynthesis are presented in Fig. 5 for the mean O2 concentration in the vial during the incubation, as measured
with an O2 microelectrode.
Underwater dark respiration (Rd)
Respiration by leaves when under water in darkness was
measured, using a system identical to that already described
for the CO2 response, but with the lights off. The initial O2
concentration of the medium was adjusted by bubbling containers with N2 or O2 and then mixing these as required to
obtain the desired O2 concentrations of half air equilibrium,
air equilibrium and double air equilibrium. After mixing,
KHCO3 was injected to obtain 30 mmol CO2 m)3 at pH
6.00. Four leaf tips, rather than two as used in the underwater net photosynthesis experiments, were used in order to
keep incubation times at c. 2 h. Net O2 uptake in the vials
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was measured in darkness and the projected area of the tissue and the dry mass were recorded.
Tissue organic acids
Leaves sampled at dawn or dusk were frozen in liquid N2,
freeze-dried, ground in a ball mill, and then extracted in icecold 5% (v ⁄ v) perchloric acid (Fan et al., 1993). The extract
was mixed using a vortex, centrifuged at 12096 g for
30 min, and the supernatant was collected. The pellet was
extracted a second time in ice-cold 5% (v ⁄ v) perchloric acid.
The combined supernatant from the two extractions was
pH-adjusted to 3.0–3.5 using K2CO3 to precipitate the
perchlorate. The sample was again centrifuged and the supernatant collected, and the volume was measured. The extract
was filtered (0.22 lm) before high-performance liquid
chromatography (HPLC) analyses.
Organic acids in tissue extracts were analysed by HPLC
(600E pump, 717plus autoinjector, 996 Photodiode array
detector; Waters, Milford, MA, USA) by slightly adapting
the method described by Cawthray (2003). In brief, separation was achieved at 22 ± 0.5�C on a Prevail C-18 column
(250 · 4.6 mm internal diameter with 5-lm packing;
Alltech Associates, Deerfield, IL, USA) using a mobile
phase consisting of 25 mM KH2PO4 at pH 2.50 and
1 ml min)1. A gradient elution programme with 60%
methanol was used every fifth sample to flush the column of
the more hydrophobic compounds and negate carryover.
Detection and quantification were at 210 nm, with Photo
Diode Array (PDA) acquisition from 195 to 400 nm to
enable positive identification of organic acids by comparison of the retention time and PDA peak spectral analyses,
including peak purity, of standards with those of the
unknowns. Calibration curves for each organic acid were
generated from peak area vs the mass of standard organic
acid injected. Data acquisition and processing were with
EMPOWER� chromatography software (Waters). Retention
times and PDA spectral data for organic acid standards,
including malic, iso-citric, malonic, shikimic, lactic, acetic,
maleic, citric, succinic, fumaric, cis-aconitic, and trans-aconitic
acids, were used to identify organic acids in tissue extracts.
Samples were at pH < 4.0 before HPLC and typical sample
injection volumes ranged from 20 to 100 ll. The method
was verified by spiking malate and citrate into some additional I. australis leaf samples immediately before extraction;
the recovery for malate was 101 ± 6 and for citrate 98 ± 6
(mean ± SE; n = 4). Data presented were not adjusted.
Titratable tissue acidity
Diurnal changes in titratable tissue acidity (i.e. titrations of
tissue homogenates) have been used as a proxy for diurnal
changes in malate caused by night-time fixation of CO2 to
produce malate and daytime decarboxylation of malate
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(Lüttge, 2004). Thus, in addition to tissue organic acids, we
also measured titratable tissue acidity to facilitate comparison with previous studies of CAM activity in species of
Isoetes.
Leaves sampled at dawn or at dusk were immediately
frozen ()18�C) and analysed within 1 h of sampling. Frozen
tissue was homogenized using a mortar and pestle on ice,
and following addition of CO2-free deionized water (0.1 g
tissue FW in 5 ml of water) the mixture was transferred to a
glass vial and titrated to pH 6.40 with 0.01 N NaOH
following the procedure of Keeley & Sandquist (1991).
Data analyses
GRAPHPAD PRISM 5.0 (GraphPad Software Inc., San Diego,
CA, USA) was used for one- or two-way ANOVA (with
Tukey or Bonferoni post hoc tests) and Student’s t-tests to
compare means. GRAPHPAD PRISM was also used to fit the
data set to predictive models (Gaussian and Michaelis–
Menten) in experiments with underwater net photosynthesis vs external CO2 or O2 concentrations.

Results
Leaf organic acids and titratable tissue acidity at dawn
and dusk
A comparison of dawn and dusk malate or titratable tissue
acidity is a diagnostic test for CAM activity (Lüttge, 2004),
and we therefore measured these parameters in the chlorophyllous portion of leaves (i.e. the green leaf tips) of
I. australis. CAM activity was indicated by the 9.7-fold
higher malate concentration at dawn compared with dusk
(Fig. 2). The citrate concentration was also higher at dawn,
although the diurnal amplitude was much lower (1.9-fold)

Fig. 2 Organic acids (malate and citrate) in leaves of submerged
Isoetes australis. Tissue was sampled at dawn (open columns)
following 16 h of preceding darkness or at dusk (closed columns)
after 8 h in the light. Bars represent the mean ± SE (n = 4).
***Dawn and dusk values of both malate and citrate were
significantly different (P < 0.001; Student’s t-test).
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and the absolute concentration at dawn was only 24% that
of malate (Fig. 2). The large change in the titratable acidity
of leaf homogenates from 250 at dawn to 4 lmol H+ equivalents g)1 FW at dusk (Fig. 3) supported the conclusion
that there was substantial CAM activity. Furthermore, the
ratio of D malate : D acidity was 0.46, close to the expected
value of 0.50 when the titration starts at or below the first
pKa of malate. Thus, malate was the major organic acid
used to store CO2 fixed during the night (Fig. 2).
Underwater net photosynthesis in response to
dissolved CO2 for leaves of contrasting malate status
The presence of CAM has been hypothesized to enable
maintenance of net photosynthesis when external CO2 is
low in submerged plants (Madsen, 1987). We tested the
potential benefits of CAM activity by comparing CO2
response curves for leaves either high (dawn) or low (dusk)
in malate. The CO2-saturated rate of underwater net photosynthesis did not differ between high- and low-malate
leaves, being 2.3 lmol O2 m)2 s)1 in both cases (Fig. 4).
The response curves of high- and low-malate leaves deviated
significantly at 300 mmol CO2 m)3 and below, underwater
net photosynthesis being lower in the low-malate leaves.
The high rates of net underwater photosynthesis in leaves
with high malate were presumably related to the greater
availability of CO2 resulting from more decarboxylation of
malate.

Fig. 3 Changes (D) in tissue titratable acidity vs D malate in leaves of
species of the genus Isoetes (Isoetes spp., small circles; Isoetes
australis, large circles; Isoetes howellii, squares). D titratable acidity
and D malate were calculated as dawn (am) minus dusk (pm) values.
The regression line is based on the entire data set and has a slope of
0.46. Values are from Keeley (1983b) and the present study
(mean ± SE for both parameters); only values where titratable
acidity was determined by titration to pH 6.4 are included. The
figure is modified and redrawn from Keeley (1998a) with values
from the present study added to emphasize the range in both tissue
malate and titratable acidity within species. Thus, I. australis and
I. howellii are highlighted using large symbols.
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Assessment of apparent photorespiration; response of
underwater net photosynthesis to O2 in leaves of
contrasting malate status
Photorespiration can be high in submerged plants, especially
when CO2 is depleted and O2 increases well above air equilibrium, so that a low CO2 : O2 ratio occurs at Rubisco. As
CAM can suppress photorespiration in terrestrial plants
(Lüttge, 2002), we evaluated whether leaves of I. australis
with high or low malate differ in photorespiration. Apparent
photorespiration was assessed by investigating the effect of
increasing O2 on the rate of underwater net photosynthesis
(Fig. 5).

Fig. 4 Underwater net photosynthesis vs external CO2
concentration in leaves taken from submerged Isoetes australis and
incubated with 140 mmol O2 m)3 at 20C. Tissue was sampled at
dawn (high malate, open circles) following 16 h of preceding
darkness or at dusk (low malate, closed circles) after 8 h in the light.
Each data point represents the mean ± SE (n = 5). Data are fitted to
a Michaelis–Menten model with a y-axis constant.

Fig. 5 Underwater net photosynthesis vs external O2 concentration
(mean value during incubation) in leaves taken from submerged
Isoetes australis, and incubated with 30 mmol CO2 m)3 at 20C.
Tissue was sampled at dawn (high malate, open circles) following
16 h of preceding darkness or at dusk (low malate, closed circles)
after 8 h in the light. Each data point represents the mean ± SE
(n = 5) and data are fitted to a Gaussian model. The air equilibrium
of O2 in water at 20C is 284 mmol m)3.

New Phytologist (2010)
www.newphytologist.com

133

133

Chapter 7
Chapter 7

New
Phytologist

6 Research

Apparent photorespiration was substantially higher in
leaves low in malate, as compared with those high in malate;
when the dissolved O2 concentration was 2.2-fold the air
equilibrium concentration (i.e. 625 mmol m)3), net photosynthesis was negative in low-malate tissues, whereas,
although decreased, it remained positive in high-malate
tissues (Fig. 5). Photorespiration was even substantial in
low-malate leaves when dissolved O2 was at air equilibrium;
net photosynthesis at air equilibrium was only 31% of the
maximal rate in these leaves – the rate of net photosynthesis
was highest at 140 mmol O2 m)3, a value about half of the
dissolved O2 concentration at air equilibrium. In highmalate leaves, although net photosynthesis was maximal at a
dissolved O2 concentration of 160 mmol m)3, when O2
was at air equilibrium net photosynthesis was only reduced
to 67% of the maximal rate. Moreover, maximal underwater net photosynthesis in this solution with 30 mmol
CO2 m)3 was 1.5-fold greater in high-malate than in lowmalate leaves. The decrease in net O2 production (i.e.
apparent photorespiration) exceeded by 5.7-fold the Rd
(Rd = 0.14 ± 0.02 lmol O2 m)2 s)1 at 284 mmol O2 m)3;
n = 4), so that the inferred photorespiration clearly
exceeded Rd. In addition to declines in net photosynthesis
at high O2, it declined at the lowest O2 concentration tested
(25 mmol m)3), presumably as a result of tissue hypoxia.
In summary, as CO2 : O2 declined, leaves with high CAM
(i.e. high-malate leaves) showed lower apparent photorespiration than those with low malate and hence low CAM
decarboxylation.
Underwater net photosynthesis of leaves formed in air
When several Isoetes species emerge above water, leaves
formed in air develop stomata and they utilize atmospheric
CO2 directly in C3 photosynthesis, whereas CAM activity is
lost, as evidenced by low D acidity (Keeley et al., 1983a,b).
Isoetes australis is also capable of growing with air-exposed
shoots, but leaves formed in air still lack stomata, although
leaf turnover is c. 1 leaf wk)1 (Keeley, 1983b). We evaluated
the presence of stomata, CAM activity and underwater
net photosynthesis for leaves formed in air (plants desubmerged for 6 wk), compared with those formed under
water (continued submergence). For plants in waterlogged
substrate with leaves in air for 6 wk, no stomata were present. Malate concentrations in leaves formed in air also
remained high at dawn (103 ± 21 lmol g)1 FW; mean ±
SE, n = 3; cf. 143 ± 15 lmol g)1 FW in leaves of submerged plants; Fig. 2). When leaves formed in air were
tested for the effect of elevated O2 on underwater net photosynthesis (Fig. 6), samples taken at dawn (high in malate)
were found to be less affected than samples taken at dusk
(low in malate), this being further evidence for substantial
CAM activity in the leaves formed in air. Similarly to
the pattern observed for submerged leaves, underwater net
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(a)

(b)

Fig. 6 Underwater net photosynthesis in leaves taken from Isoetes
australis when submerged (a) or in leaves formed in air (b),
measured at low (c. 0.5 air equilibrium; 140 mmol m)3) or high
(2.2-fold air equilibrium; 625 mmol m)3) external O2 concentration.
Measurements were taken at 20C for leaves collected at dawn
(high malate, open bars) after 16 h in darkness or at dusk (low
malate, closed bars) after 8 h in the light. Bars represent the
mean ± SE (n = 4) and letters indicate significant differences
(P < 0.05) between tissue types and treatments.

photosynthesis of low-malate leaves (dusk) was strongly
restricted at elevated external O2; these low-malate leaves
showed net consumption of O2 (high apparent photorespiration; Fig. 6). In summary, leaves formed in air maintained
CAM activity.

Discussion
The present study evaluated the influence of CAM on
underwater net photosynthesis in plants challenged by low
CO2 and high O2 concentrations, conditions often found
in wetlands and in rock pools, which can potentially lead to
high photorespiration. Leaves from the aquatic species
I. australis with high and low malate concentrations (i.e.
expected to have high and low decarboxylation rates, respectively) were compared. Leaves with high CAM activity
maintained higher underwater net photosynthesis, particularly at low external CO2 concentrations, and had lower
apparent photorespiration, particularly when the O2
 2010 The Authors
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concentration was increased. These findings demonstrate
the potential benefit of CAM photosynthesis for submerged
plants, as fluctuations in underwater CO2 and O2 concentrations can be substantial (Van et al., 1976). For example,
the CO2 concentration often decreases and the O2 concentration increases in the water with time after sunrise, and
then after sunset the opposite occurs (Keeley & Rundel,
2003).
Diminished photorespiration as a result of CAM would
be of relevance to I. australis and other aquatic species growing in habitats with dynamic CO2 and O2 concentrations.
Shallow seasonal pools experience dramatic diel changes in
dissolved O2, with high afternoon concentrations (35 kPa
in Western Australian temporary granite rock pools (data
not shown), and 30 kPa in a Californian vernal pool
(Keeley, 1983a)). Such supersaturation of the water column
would significantly restrict underwater photosynthesis in
I. australis, but would have less effect in leaves containing
high malate concentrations (Figs 5 and 6). In situ protection against photorespiration conferred by CAM activity,
however, would be expected to fall within the extremes
demonstrated in Figs 5 and 6, as the O2 concentration in
the water does not reach 2.2 times the air equilibrium
concentration, and when the O2 concentration is highest in
the late afternoon much of the malate would typically
already have been decarboxylated (Keeley et al., 1983a).
Nevertheless, as restriction of photorespiration by CAM
occurs even at subatmospheric equilibria of O2 (Fig. 5), the
beneficial effect of CAM in suppressing photorespiration
would still be expected to occur earlier in the day. The high
CAM activity in I. australis may indicate that Australian
temporary granite rock pools are environments where
CCMs, and CAM in particular, are of importance for maintaining high underwater photosynthesis. The importance of
CCMs in rock pools is further supported by the photosynthetic pathways in co-occurring species (Crassula natans,
CAM; species of Eleocharis, CAM and sometimes C4; species of Marsilea, unknown but not CAM; Keeley, 1998a,b).
It has long been assumed, based on lower CO2 compensation points for underwater net photosynthesis in aquatic
species with CCMs, as compared with those lacking a
CCM, that CCMs reduce photorespiration in aquatic
plants (Salvucci & Bowes, 1983; Madsen, 1987). Here,
measurements of underwater net photosynthesis at a range
of O2 concentrations for tissues differing in the amount of
malate available for decarboxylation enabled assessment of
apparent photorespiration (Fig. 5). Photorespiration was
evident as declines in net O2 production rates (photorespiration increasing relative to photosynthesis), and even the
net consumption of O2 at high O2 : CO2 in the medium
(and therefore within the leaves). Apparent photorespiration was substantially higher in leaves low in malate,
compared with those with high malate concentrations; for
example, even in solution with O2 at air equilibrium,
 2010 The Authors
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photorespiration was already substantial (net O2 production
reduced to 31% of maximal) in the low-malate leaves.
CAM is a very effective CCM; for example, decarboxylation
of malate can result in a CO2 concentration of up to
30 000 ppm in the lacunae of submerged Littorella uniflora
(Madsen, 1987); this CO2 concentration, 85-fold higher
than atmospheric, would be expected to give a favourable
CO2 : O2 ratio at Rubisco, reducing photorespiration.
CAM activity in leaves of Isoetes has been shown to vary
significantly depending on both season and environment.
For example, Isoetes bolanderi had much lower CAM activity in the spring compared with late summer (Keeley et al.,
1983b), and Isoetes howellii showed lower diurnal changes
in tissue acidity when sampled from an oligotrophic lake as
compared with a seasonal pool (Fig. 3, Keeley et al.,
1983a). Comparison of the present results with other published data also showed that CAM activity in I. australis can
be highly variable (Fig. 3); D malate ranged from c. 25
(Keeley, 1983b) to 140 lmol g)1 FW (the present study),
the latter value of D malate being the second-highest
reported for the genus Isoetes. Some of this variation in D
malate for I. australis, however, may be explained by our tissue analysis being conducted on the chlorophyllous portion
of the leaves, whereas other studies may have used entire
leaves including the achlorophyllous portion that sometimes makes up a substantial portion of the leaf (Keeley
et al., 1984). Even so, only I. howellii sampled from Mather
Pool in California displayed higher D tissue acidity and D
malate.
The conclusion that CAM is a significant CCM for
underwater photosynthesis in aquatic plants is supported by
its induction when plants are underwater, but its repression
when the leaves emerge into the air; for example, in species
of Isoetes (Keeley et al., 1983a), Littorella (Robe & Griffiths,
2000), Orcuttia calafornica and Orcuttia viscida (Keeley,
1998b). In the present study, I. australis maintained CAM
activity in leaves that formed in air (Fig. 6) and these leaves
did not form stomata, a response similar to that of Lobelia
dortmanna which also does not form stomata when in air
(Pedersen & Sand-Jensen, 1992). The natural environment
of I. australis may select for this more conservative ‘constitutive CAM strategy’ as the temporary shallow granite rock
pools may dry up and refill in an unpredictable manner
throughout the growth season, and when the dry season sets
in, the emergent phase with leaves in air may be of short
duration (days) before the sediment also dries up and plants
desiccate. These two environmental characteristics of the
habitat of I. australis might mean that switching back and
forth between CAM and C3 would be of little benefit.
In conclusion, using I. australis, a CAM species that
inhabits seasonal pools on temporary granite rock outcrops,
the present study showed not only that leaves high in malate
for decarboxylation have enhanced underwater net photosynthesis at low external CO2 concentrations but that
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apparent photorespiration is also suppressed by CAM.
Suppression of apparent photorespiration was evident at a
range of dissolved O2 concentrations, including values
below air equilibrium, and the present study demonstrated
substantial suppression of photorespiration in an aquatic
species possessing CAM.
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Vernal Rock Pools
nature’s own nano aquaria
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Vernal rock pools host some of the
smallest and prettiest aquatic plants.
These rock pools may contain as little as
40 l (11 gal.) of water and yet host up to
five or more species of aquatic plants.
The plants typically have to complete
their entire life cycle in four months as
the pools dry out and turn into a desert
until the winter rain fills them again.
These vernal pools also host a unique
fauna that need similar adaptations to
periods of complete desiccation (drying
out) and high temperatures. Here we
show examples of submerged plants
from pools on granite outcrops in Western Australia, some of which display
the most stunning aquascapes.

The physical environment

Rivers and lakes are usually connected to the regional groundwater
reservoir. Percolating rainwater fills
these reservoirs eventually resulting in
runoff via streams, rivers and sometimes lakes. However, some vernal
pools found directly on the bedrock
rely solely on rainfall to fill. The aquatic
habitats found here fit Keeley and
Zedler’s (1998) definition of the vernal
pool habitat as “precipitation-filled
seasonal wetlands inundated during
periods when temperature is sufficient for plant growth, followed by a
brief waterlogged-terrestrial stage and
culminating in extreme desiccating
soil conditions of extended duration”.
Vernal pool wetlands are found in
many places in the world (USA, Chile,

South Africa and Australia) with the
Californian vernal pools being the most
well-described of them all (Keeley &
Zedler 1998).
Vernal pools fill during periods
when precipitation exceeds evaporation. In Western Australia, this typically
happens from May to August. The long
term average annual rainfall in the area
around Mukinbudin (300 km north east
of Perth) is about 286 mm (12"), though
this is highly variable. This will fill
the vernal pools found on the granite
outcrops. For a few months, these pools
flourish and maintain a unique aquatic
habitat with flora and fauna not found
elsewhere in the world. These vernal
pools are shallow, often less than 10 cm
deep, and experience dramatic diurnal
changes water temperature, pH and
CO2 (Keeley & Zedler 1998).
The granite rock pools are nature’s
nano aquaria. Some pools are less than
1 meter in diameter and perhaps only 5
cm deep and yet, such pools may host
2 – 3 species of aquatic plants along
with highly specialized invertebrates
that keep the aquascape almost free
from algae. Other pools are much
larger, up to 20 m in diameter, but on
the granite outcrops the depth rarely
exceeds 10 cm.
The small volume of water relative
to the high plant biomass also results
in huge diurnal fluctuations in pH and
CO2. At night, when respiration processes produce large amounts of CO2,
pH decreases and dissolved CO2 builds
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Vernal pools on granite outcrops near Mukinbudin, Western Australia. The pools are shallow
and most are water-filled for less than 6 months. At first glance, they seem devoid of plants
and animals but a closer look reveals a stunning aquascape in nature’s own nano aquaria.
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up in the water column. In Californian
vernal pools, pH decreased to 7 while
CO2 rose to 200 µmol/L (9 mg/L). In
contrast, the plants consume all CO2
during the day so that the CO2 concentration drops to almost zero while pH
may rise to 10 (Keeley & Zedler, 1998).
The dramatic changes in pH is caused
primarily by CO2 that acts as a weak
acid but since the water consists of
poorly buffered rainwater, the change
in pH is enormous. When we visited
the vernal pools around Mukinbudin in
August 2009, the pools had experienced
frost the previous night but the late
afternoon temperature of the shallow
water was nevertheless 25°C (77°F).
Consequently, the aquatic plants found
in this extreme physical environment
display a suite of special adaptations to
cope with the physical challenges.
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The plants of vernal rock pools

Vernal rock pools in Western Australia host a diverse array of aquatic
plants with submerged, floating-

enmark
Australia

leaved and emergent species all being
represented in the flora. The flora is
comprised of no less than 22 specialist
species growing in no other form of
temporary wetland (such as peat-lands
and sump-lands) in Western Australia, along with many cosmopolitan
species. Examples of the cosmopolitan
flora include species from Aponogeton,
Isoëtes, Marsilea, Myriophyllum, Pilularia
and non-native Callitriche and Cras-

Flora occupying a 5 cm deep rock pool.
A small patch of Glossostigma sp. grows
in between several individuals of Isoëtes
australis.
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sula. Endemic species include members
of the dicots such as Glossostigma and
Hydrocotyle, and the monocots such as
Amphibromus, Ottelia, Schoenus, Trithuria
and Wurmbea.
For the aquatic vegetation, perhaps
the most important challenge is the
short duration of complete inundation. In late fall, it starts raining and
the dry substrate quells and promotes
the germination of many seeds and
spores. Other seeds and spores do not
germinate until they are waterlogged or
completely submerged. Then, a period
of total inundation follows and growth
of seedlings begins and eventually the
shallow rock pools are covered in adult
plants. It follows from the shallowness
of the water that these plants are tiny;
but also the substrate is shallow (often
less than 2 cm deep) and offers little
support for anchoring the plants. The
shallow water and substrate together
promote bonsai versions of plants
found elsewhere—just much smaller.
After a few months of inundation,
36
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Left: Two common genera in the vernal
rock pools: Isoëtes (left) and Glossostigma
trichodes (right; with the long slender
peduncle). The plants are tiny and highly
specialized to life in these shallow waters, where huge diurnal fluctuations in
temperature, pH and CO2 dominate the
physical envrionment.
Above: Flower of Glossostigma drummondii (2 mm in diameter) side-by-side
with terrestrial leaves of one the Isoëtes
species that also occurs in the vernal rock
pools. See Beardsley and Barker (2005) for
a key to the Australian Glossostigma.
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evaporation highly exceeds precipitation and the pools start drying out.
Some plants flower during this period,
whereas others have already done
so, but eventually the pools dry out
completely and spores and seeds are
dormant waiting for the next rainy
season. None of the higher plants found
in the granite rock pools are perennials;
they are all annual plants and able to
complete their entire life cycle within
the few months of inundation. There is
one exception; Amphibromus nervosus,
a perennial grass, lives in some of the
pools and resprouts every winter.
During the period of complete
inundation, the submerged plants face
other challenges such as how to get
CO2 for underwater photosynthesis.
Basically, there are three sources of
inorganic carbon that aquatic plants can
tap into: i) CO2 dissolved in the water
column, which is then taken up by the
submerged leaves; ii) CO2 from the
atmosphere taken up by floating leaves
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Colony-forming blue-green algae (Nostoc sp.) are found scattered among numerous
seedlings of Crassula natans. Species of Nostoc has devised another strategy than the
annual plants. Nostoc is most commonly found in ephemeral ponds. Instead of trying to
accomplish its entire life cycle in one short growth season, it is able to survive extreme
desiccation. It survives in periods where the ponds dry out completely and even a light
drizzle of rain is enough to activate the dry colony. After a few minutes of soaking, it is
capable of photosynthesizing. Herbarium specimens of Nostoc commune, which had
been dried out for almost 100 years, were able to photosynthesize following rehydration. This remarkable adaptation makes Nostoc extremely hardy and capable of surviving
in arid locations where water is only periodically available.
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or aerial leaves possessing stomata; or
iii) sediment-derived CO2 taken up
by the roots followed by molecular
diffusion up into the leaves. All plants
in the vernal rock pools probably use
dissolved CO2 from the water column
to some extent but because of the huge
biomass relative to the shallow water
column, this source of CO2 only lasts
for a limited time early in the morning,
after which CO2 drops to almost zero
(Keeley & Zedler 1998). On the other
hand, the high biomass also produce
respiratory CO2 during the night that
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dissolves in the water column so there
is definitely a source of inorganic
carbon to tap into during the early
morning hours. But what happens
when this pool of inorganic carbon has
been used?
Perhaps the most conspicuous adaptation to low CO2 availability during
the day is the evolution of CAM photosynthesis in some of the submerged
plants occupying the vernal rock pools.
CAM was first described in the family
of Crassulaceae and since it involves
organic acids as storage for CO2 it was
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termed Crassulacean Acid Metabolism
or CAM. Terrestrial CAM plants often
inhabit dry habitats where lack of water
severely limits plants growth. However,
CAM plants open their stomata primarily during the night when the temperature is lower and the relative humidity
higher. CO2 can then be taken up from
the atmosphere without causing much
water loss. But since it is dark, photosynthesis cannot fix CO2 into sugars
and CO2 must be temporarily stored
in organic acids for use during the day.
Malate is the most abundant organic
acid in CAM plants (diurnal fluctuations in malate is used an indicator of
CAM photosynthesis). But submerged
plants in vernal rock pools do not
suffer from lack of water and here, the
evolution of CAM photosynthesis is not
considered an adaption to conserving
water but rather an adaption to take up
CO2 when it is present in high concentrations during the night.
We found at least two species in
the vernal rock pools that are known
to exhibit CAM photosynthesis. One,
Crassula natans, even belongs to the
Crassulaceae whereas the other, Isoëtes
australis, is an aquatic fern. Crassula
natans is not native to Western Australia
but was brought in from South Africa.
The Crassula genus is also represented
in the well-studied Californian vernal
pools by Crassula aquatica. Apart from
CAM photosynthesis, Crassula natans
also forms floating leaves. The floating
leaves enable the plant to tap into the
rich CO2 pool of the atmosphere and
it also presents a nice support of the
aerial flower, which is formed on the
floating rosette.
In contrast, Isoëtes australis is only
found in vernal pools in Australia. It
exhibits CAM photosynthesis (Keeley
1983) and is annual. Species of Isoëtes
are also known to use sediment-derived
CO2 for photosynthesis but whether
Isoëtes australis also relies on sedimentderived CO2 in addition to CAM
38
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Isoëtes australis has an odd morphology.
It looks like a Chinese fan with its leaves
arrange in a 2D fashion. The relative large
root system forms symbiosis with fungi
in order to extract the nutrients from the
nutrient-poor sediment.
photosynthesis remains to be tested.
However, its morphology and anatomy
do not suggest that sediment-derived
CO2 should not play an important role
and this makes Isoëtes australis one of
the most specialized aquatic plants we
have ever come across. The next four
months of research here at the University of Western Australia will show if
we are right in this assumption.
A final challenge that the aquatic
vegetation has to cope with is the
nutrient-poor environment. To the best
of our knowledge, no one has studied nutrient availability in the vernal
rock pools of Western Australia. Since
the pools are precipitation-fed, the
water does not carry high amounts of
nutrients. Consequently, the sediment
must provide almost all nutrients to
the plants but the sediment primarily
consists of coarse gravel produced by
weathering processes in the granite. In
this kind of nutrient-poor environment
mycorrhiza fungi could potentially play
an important role in nutrient uptake.
Mycorrhiza are symbiotic associations
between fungi and plants, where the
plant provide organic carbon (sugars
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and amino acids) for the fungus while
the fungus via its hyphae explores large
volumes of soil, taking up inorganic
phosphorus, which is then given to the
plant in return for the organic carbon.
We hypothesize that mycorrhiza plays
an important role in the nutrient uptake
in these super nutrient-poor environments and thus, we are going to screen
species of Isoëtes, Glossostigma and Crassula for mycorrhizal symbiosis.
Western Australian vernal pools are
host to a number of rare and threatened
species including Myriophyllum lapidicola recorded on just a few rocks in the
northern wheatbelt of Western Australia. This particular species is morphologically very different to the typical
Myriophyllum with round floating
leaves compared to the dissected filamentous seen in most common Myriophyllum species. Further, this particular
species is restricted to a specific rare
type of vernal rock pool. While most
pools are flat and shallow M. lapidicola
only occurs deeper pools that form on
the steep slopes of granite inselburgs
(an isolated rock hill, knob, ridge, or
small mountain that rises abruptly from

a gently sloping or virtually level plain;
also called a monadnock). These particular pools are inundated for longer periods of the year (up to 10 months in 2008)
and have deeper soils that may be some
of the physical properties restricting this
species to such few locations, although
no study has yet confirmed this.

A tadpole of the burrowing frog rests
among the Isoëtes australis. The tadpoles
sometimes appear in large number and
then, they are able to graze down all
aquatic vegetation. In this pool, however,
the tadpoles can feed on algae and biofilms without grazing on Isoëtes australis.

Giant forms of seed shrimps (Ostracoda)
filter the tiny water column and graze on
sediment and plant surfaces. These seed
shrimps are almost 2 cm in diameter and
they occur only in waters without fish as
they are easy prey.

Invertebrates of vernal rock pools

Aquatic animals occupying vernal
pools are met with the same major challenges as the plants: the short duration
of inundation after which follows a
long period of desiccation (Bayly 1997).
Probably one of the best adapted animals to cope with this challenge is the
seed shrimp (Ostracoda). Seed shrimps
are laterally flattened crustaceans
protected by a two valves hinged on
the back of the animal. They are among
the first animals to appear when setting
up a new aquarium and their eggs are
extremely desiccation tolerant and
present almost everywhere. In vernal
pools, giant species of seed shrimps
sometimes appear as there are no fish
or other predators to prey on them. The
vernal rock pools of Mukinbudin are no
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Fairy shrimps (Anostraca) are
also common in the vernal
rock pools. Eggs of both seed
shrimps and fairy shrimps are
highly tolerant to desiccation
enabling them to colonize
the vernal rock pools year
after year.
exception; virtually all pools hold a decent population of giant seed shrimps
feeding primarily on algae and ciliates.
Another common invertebrate in
vernal pools is the fairy shrimp (Anostraca). The fairy shrimp swims around
upside-down while filtering the water
for smaller zooplankton and phytoplankton, although a few of the giant
forms are predators feeding on other
fairy shrimps. The eggs of the fairy
shrimps are also extremely tolerant to
desiccation but some species will hatch
only 24 hours after the eggs are exposed
to water. Just like seeds of aquatic
plants, some eggs must go through several cycles of wetting and desiccation
before they hatch in order to guarantee
survival of the shrimps also when the
period of inundation is too short for the
shrimp to complete its entire life cycle.
We observed two different color variants of fairy shrimps in the vernal rock
pools around Mukinbudin but we do
not know if they are different species or
just variants (for example females and
males) of the same species.

Potential use of plants from
vernal pools in nano aquaria

The plants occupying the vernal
rocks pools in Western Australia are really pretty but whether they all are suitable for nano aquaria is uncertain. Their
bonsai stature is ideal for nano aquaria
40 The Aquatic Gardener

and they grow in shallow nutrientpoor substrates. However, their natural
habitat is a high-light habitat with
direct sunlight in a really shallow water
column that does not dampen light
very much and so, they are all adapted
to high light levels. Whether they also
require high light to grow is not really
known but they certainly do not mind
direct sunlight.
In terms of providing a completely
different architecture, Isoëtes australis
is perhaps the plant with the greatest
potential for planted tanks. The genus
of Isoëtes has many species that thrive
under very modest light conditions—
almost as modest as some of the aquatic
mosses. For example, Isoëtes lacustris
grows primarily in the deeper water
of lobelia lakes found in the northern
hemisphere; not because it does not like
high light but merely because it is such
a weak competitor so it is restricted
to depths of low light where no other
plants are able to compete. Isoëtes australis, however, is found in direct sunlight in shallow water so it may have
intrinsic high light requirement. On the
other hand, it often forms monocultures
in the vernal pools so competition with
other plants is absent. Time will tell if
this unique little plant finds its way into
the planted aquarium hobby.
Glossostigma elatinoides, which also
comes from Australia, is already being
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A dense carpet of Isoëtes australis. Some pools host almost a monoculture of Isoëtes
australis whereas others allow coexistence of the most common plants found in the vernal
rock pools.
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used in planted aquaria but it is known
as a difficult plant. It requires high to
very high light and only thrives in soft

water (www.tropica.com). The pools we
visited were also characterized by having extremely soft water (from 10 – 90
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This pool is less than 10 cm deep and yet, the scattered rocks and the tiny Isoëtes australis
form a beautiful aquascape.
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This 8 cm deep pool reveals a spectacular aquascape showing natural bubble formation on
species of mosses and Crassula natans following intense photosynthesis.
µS/cm) since they are 100% rain-fed
and sit on granite with no alkalinity at
all. But we do not know if the species
found here are as demanding as Glossostigma elatinoides.
Finally, Crassula natans is a pretty little stem plant that also forms beautiful
gas bubbles during periods of intensive
photosynthesis. Even under high light,
Crassula natans possesses relatively long
internodes making it somewhat less
attractive as an ornamental plant but in
combination with low carpet-forming
plants such as species of Glossostigma
it should make a nice morphological
contrast in the tank.
Being so small and inconspicuous
as most of the plants in the vernal rock
pools, one could possibly come to the
wrong conclusion that these plants are
competitively inferior and do not present much danger as invasive species.
42 The Aquatic Gardener

However, Glossostigma cleistanthum
(previously thought to be Glossostigma
diandrum) has been shown to spread
and overgrow natural vegetation in
North American pristine waters (Les
et al. 2006); one of the few known
examples where an invasive species
require oligotrophic conditions in order
to present any danger to the native
vegetation. So, as always one should be
cautious upon disposal of these plants
in non-native environments.
In conclusion, the vernal rock pools
of Western Australia support stunning
aquascapes formed by plants that have
adapted well to the physical challenges
of the changing environment. Some
of the plants described here may hold
a potential for use in nano aquaria
and planted tanks although they are
expected to have high light requirement
as judged from their natural habitats.
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—”Fishkeeping & Aquascaping” continued from page 33.

patches of fairly intense red, distinct
vertical marks; a preference for actively
swimming in the open but near the refuge of plants; and “pack” behavior (a
group of fish that drift about the tank as
a pack with ongoing interaction that is
fairly intense—in contrast to the unison
of tight schooling). Its bold markings
contrast both with horizontally-lined
species (such as Rasbora borapetensis)
and the green plants behind them. This
species also contributes as a natural
addition to a soft-water habitat and to
the Malaysian biotope, should either
of these be a theme of the composition.
The contribution of these roles should
be evaluated when composing for
theme, variation, contrast and balance.
Much more easily said than done.
Aquariums are about the satisfaction that its keeper gets from keeping
it. That satisfaction may come from
plants or it may come from fish. As a
result, the practices of aquarists can
range from high-tech aquascaping to
breeding fish in bare tanks. Aquariums
are also about the visual beauty of the
whole. If this truly is the goal of an
aquarist, he or she should leverage
both plants and fish.

Bayly IAE (1997) Invertebrates
of temporary waters in gnammas on
granite outcrops in western Australia.
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acid metabolism in two aquatic Australian species of Isoëtes. Australian Journal
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TetrasAndBarbs.com.) Most obvious
is appearance: like plants, fish vary in
color, size and shape. But fish contribute what plants and hardscape
cannot—behavior. The common
perception recites that these fishes are
“mid-water schooling” fishes. That perception is overly simplistic and generic.
Variations of behavior can be grouped
three ways:
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• fish-to-fish (schooling, pack, shoaling, loaners, territorial, predators)
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• as a social catalyst within the community (dither, target)
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• niches (strata, proximity to various
aquascaping elements, water current, nocturnal and contributing to
biotope/habitats themes)
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Ultimately, the weight of both appearance and behavior can classify fish
into compositional roles (showcase
specimens, background fish, accent/
contrasting and novelty). As a quick
example, let’s look at the five-banded
barb (Barbus pentazona). It contributes
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