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Chapter 1
General introduction

Chapter 1

The floodplain area
As a result of successive periods of dry and wet weather, water levels in the river
Rhine are highly variable within a year and between years. High water levels result in
flooding of the floodplains and mainly occur in the period from December till April. The lower
parts of the floodplain are flooded almost every year for several weeks or even several
months. The highest parts are only flooded for some days or weeks. Summer flooding of the
middle and higher floodplain levels is rare (Vervuren et al., 2003).
The terrestrial vegetation of grazed floodplains shows a clear vertical zonation based
on flooding conditions (van de Steeg & Blom, 1998; Silvertown et al., 1999; Voesenek et al.,
2004), with sharp boundaries between the vegetation types (Sýkora et al., 1988; van Eck et
al., 2004). On the lower banks and riverine dunes, summer annuals can be found. This zone
is too harsh for perennial grassland species, because floods can last for more than half a
year until May, June or in some years July. In the lower floodplain a group of flood-tolerant
grass species and grassland herbs are present. These species are able to survive prolonged
winter flooding up to some months and summer flooding of several weeks. The higher
floodplain is dominated by flood-sensitive grass species and grassland herbs. Some floodtolerant species are still present here in small numbers. Flood-sensitive species can
establish in the lower floodplain during a series of years with less flooding, but are eliminated
in years with severe flooding. Van Eck et al. (2006) suggested that it can take a long time
before flood-sensitive species establish in the lower floodplain after being eliminated (van
Eck et al., 2005a; see also van Eck et al., 2005b). Extremes in the river water fluctuations
determine the actual distribution of the species along the elevation gradient.
In floodplains of silt-loaded rivers two major soil types occur: a sandy soil on the
riverbank and the riverine dunes and a clay soil in the floodplain behind the riverbank. Mainly
during the highest floods large quantities of sand are eroded from the river bed and
deposited on the river bank. When the river water level falls below the height of the river
bank, the water in the floodplain basin becomes stagnant and silt and lutum particles settle
down. In depressions behind small river banks alternating layers of sand and clay can be
deposited. In addition to elevation, the species composition also depends on these soil types
(Voesenek et al., 2004).
Rumex palustris is often used as a model species for plant responses to
submergence (Visser et al., 1996; Groeneveld & Voesenek, 2003; Mommer et al., 2005),
because of its high plasticity in response to flooding. It is a common floodplain species in the
Netherlands that typically occurs on mudflats around stagnant waters in the floodplain. Its
habitat is characterized by long flooding duration and a low soil dehydration rate (Voesenek
et al., 2004). In its natural habitat, R. palustris experiences little competition from other
species. It is a pioneer species in this highly variable habitat with strong fluctuations in water
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level. Several studies have projected R. palustris as a weak competitor (Voesenek, 1990;
Lenssen & de Kroon, 2005).
The nature of competition changes along the flooding gradient (Lenssen et al., 2005).
In low-elevated sites frequent flooding causes open spaces that are available for
colonization. In higher-elevated sites with dense vegetation, there is competition for light
aboveground and for nutrients and water belowground. Lenssen & De Kroon (2005) planted
seedlings of R. palustris and Rumex crispus at different elevation levels along a freshwater
flooding gradient, with and without surrounding vegetation. The fitness of these plants,
measured as life-time seed production, was increased when the surrounding vegetation was
removed. Several studies have shown trade-offs between competitive ability and the ability to
tolerate abiotic stress in species from riverine habitats. Carter & Grace (1990) tested the
flooding tolerance and the competitive ability of three Polygonum species originating from
different sites in a flooding gradient, ranging from water-saturated soil to terrestrial sites.
They found a trade-off between flood tolerance and short-term competitive ability for these
species. In their attempt to classify riverine European wetland plant communities into
functional vegetation types, Hills et al. (1994) found a trade-off for the importance of
competitive ability and stress tolerance for 78 plant populations. These results suggest that
species like R. palustris, that are well-adapted to flooding, are likely to have a low
competitive ability.
This thesis describes experiments that investigate the responses of roots of floodplain
species to flooding and to soil heterogeneity. In low-elevated sites in the floodplain, flooding
is the most important factor that affects plant growth and survival. In higher-elevated sites,
responses to soil heterogeneity are expected to be important for the competitive ability of
plants. Since trade-offs can be expected in responses that are adaptive at different
elevations in the flooding gradient, we investigate whether a trade-off exists in the
morphological root responses to these factors. First I will give an overview of the existing
literature on root responses to these factors. I will then present the central objective and the
outline of the thesis.
Root responses to flooding
Flooding can lead to waterlogging of the soil or partial or total submergence of plants.
Species that grow in frequently flooded sites in the floodplain can have several adaptations
to survive flooding periods. The main constraint for plants during flooding is oxygen
deficiency, as oxygen diffuses approximately 10.000 times slower in water than in air
(Maberly & Spence, 1989). This constraint can be lifted by restoring contact with the air
through petiole or stem elongation (Voesenek et al., 2004), or by performing underwater
photosynthesis (Laan & Blom, 1990; Mommer et al., 2005). An important adaptation to
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flooding regarding the roots is the formation of adventitious roots (Jackson & Drew, 1984;
Visser et al., 1996; Vartapetian & Jackson, 1997). Under flooded conditions thick,
aerenchymatous roots can be formed that replace the original, non-adapted root system. The
high porosity of these roots, and of the petioles if the aboveground parts are also submerged,
facilitates root aeration by longitudinal oxygen transport, provided that the leaves are in
contact with the air. In shallow floods superficial adventitious roots can be formed close to
the air-water interface, where some oxygen may still be present (Jackson & Drew, 1984;
Laan et al., 1989a; Koncalová, 1990; Armstrong et al., 1994).
If species lack specific adaptations to flooding or change from aerobic to anaerobic
metabolism, which is a very inefficient process with regard to carbohydrate consumption
(Armstrong et al., 1994), plant biomass will strongly reduce during flooding. Van Eck et al.
(2004) showed, however, that some tolerant species can quickly recover after the flooding
subsides.
Root responses to soil heterogeneity
General economic principles dictate that new biomass is allocated to the plant organs
that acquire the most limiting resource (Bloom et al., 1985). When plants are grown in
nutrient-poor soil, they invest a greater proportion of their resources in root biomass than
plants growing in nutrient-rich soil. By growing more roots they can explore a bigger soil
volume in their search for nutrients and increase their competitive ability. However, when
plants grow in soil with a heterogeneous nutrient distribution, so that they have access to
patches with nutrient-rich as well as nutrient-poor soil, roots apparently behave opposite to
their response in homogeneous soil: root growth is increased in the nutrient-rich patches
where the resource is most abundant (Drew et al., 1973; Drew, 1975). In this way the plants
can benefit from the high nutrient concentration in the richer patches while they do not spend
resources searching for nutrients in the poor soil. A higher root length density, i.e. root length
per unit soil volume, can also increase the potential nutrient uptake from a rich patch
(Bilbrough & Caldwell, 1995; van Vuuren et al., 1996; Hodge et al., 1999b). Longer, and
possibly thinner, roots have a bigger surface area and can explore a bigger soil volume,
which means that the uptake of nutrients can be further increased.
In natural soils, nutrients are typically distributed heterogeneously. Spatial as well as
temporal variability is high, also at scales relevant to roots of individual plants (Jackson &
Caldwell, 1993; Stark, 1994; Cain et al., 1999; Farley & Fitter, 1999a). This heterogeneity
may for example be caused by small-scaled differences in soil substrate, patches of organic
matter or microbial activity. Mineralization rates often differ between seasons (Olff et al.,
1994; Farley & Fitter, 1999a), with most nutrients being released in spring. Many studies
have shown plants responding to this heterogeneity with selective placement of roots in rich
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patches. For example, in a study by Fransen et al. (1999a) the root biomass of three grass
species in an enriched patch was higher than in the surrounding soil and in the
homogeneous treatment. Hodge (2003) and Fransen et al. (1998) found an increase in root
length in rich patches in the soil. The proliferation response is nutrient specific (Drew, 1975;
Linkohr et al., 2002), species specific (Robinson, 1994; Fransen et al., 1998; Kembel &
Cahill, 2005) and depends on the nutrient status of the plant (Snapp et al., 1995).
Furthermore it can be affected by patch size (Farley & Fitter, 1999b; Fransen et al., 2001),
contrast (Wijesinghe & Hutchings, 1999) or patch strength, in other words the nutrient
concentration in the patch (Jackson & Caldwell, 1989; Hodge et al., 1999a). Selective
placement of roots in a rich soil patch in heterogeneous soil is generally accompanied by a
reduction of root growth in the poor soil (Granato & Raper, 1989; Robinson, 1994; but see
Fransen et al., 1999a; Linkohr et al., 2002). It has been suggested that the ability to forage
for localized supplies of nutrients is important for capturing sufficient amounts of limiting
nutrients and for the ability to compete for limiting resources (Hutchings & de Kroon, 1994;
Robinson et al., 1999; Hodge et al., 1999b; Hodge, 2004).
Despite the fact that growing more and longer roots in a rich patch is expected to be
beneficial in heterogeneous soil, the benefit for growth and nutrient uptake is not always
clear, especially in isolated plants (Fransen et al., 1998; Hodge et al., 2000; Johnson &
Biondini, 2001; Bliss et al., 2002; Day et al., 2003; Kembel & Cahill, 2005). Einsmann et al.
(1999) for example, found no correlation between proliferation of roots in fertile patches and
plant biomass in heterogeneous soils. Kembel & Cahill (2005) showed that for a data set of
90 species plant growth in heterogeneous vs. homogeneous soils was not related to the
degree of selective root placement in a rich patch. In an experiment by Van Vuuren et al.
(1996), the morphological response was realized only after the majority of the nutrients was
taken up.
So, why do plants bother to proliferate their roots in nutrient-rich patches in the soil
(Robinson, 1996; Hodge et al., 1999b)? Some authors suggest that the benefits of selective
root placement should become clear in competition with other species (Robinson et al., 1999;
Hodge, 2004). When plants are grown alone the timing of nutrient uptake is not so important,
because the nutrients will be available to the plant also on the longer term. In competition
with other species, however, the speed of uptake matters, because the available nutrients
are divided between the individuals. N capture was strongly associated with root proliferation
in interspecific competition for a local, finite supply of organic material with mixed N sources
(Robinson et al., 1999; Hodge et al., 1999b). The outcome of competition can change under
heterogeneous relative to homogeneous resource conditions (Fransen et al., 2001;
Novoplansky & Goldberg, 2001). In a study by Bliss et al. (2002), monocultures of six
species showed no significant difference in biomass in patchy and homogeneous soil nutrient
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conditions. In two-species plots, however, species that proliferated their roots in rich patches
had an increased relative competitive ability under heterogeneous conditions compared to
homogeneous conditions.
However, there is no general agreement on the importance of selective root
placement for competitive ability (de Kroon et al., 2003; Kembel & Cahill, 2005; de Kroon &
Mommer, 2006) since other studies found no benefit from root proliferation in competition
(e.g., Cahill & Casper, 1999; Fransen et al., 2001). De Kroon et al. (2003) argued that root
proliferation is advantageous when competing plants expand their roots in soil that is not yet
occupied by other roots. Rapid proliferation in rich patches can then result in rapid uptake of
the available nutrients. When the soil is already occupied and nutrients are depleted, rapid
root proliferation will only be beneficial under specific conditions. Nutrient renewal rates and
root turnover will be more important for competitive interactions at this stage (see also
Fransen et al., 2001).
If temporal variability is high and nutrients become available in short and
unpredictable pulses, a morphological response may be too slow to allow effective uptake of
these nutrients. Physiological plasticity may then play a role, which means that the rate of
nutrient uptake per unit root biomass or length can be altered. Fransen et al. (1999a)
subjected four grass species to a spatially heterogeneous soil treatment in which a specific
location in the soil was repeatedly enriched, a temporally heterogeneous treatment in which
the location of the enrichment alternated, and a homogeneous soil treatment. In the spatial
enrichment treatment, root biomass was increased in the rich patch. In the temporal
enrichment treatment no differences in root biomass were found, but 15N uptake rates were
higher than in the spatially heterogeneous treatment, due to physiological plasticity. In an
experiment with similar treatments, Crick & Grime (1987) found that Scirpus sylvaticus was
better in capturing nitrogen from short pulses, while Agrostis stolonifera produced more root
biomass in continuously enriched patches. In the long term physiological plasticity may be a
more beneficial response to soil heterogeneity than morphological plasticity. In a 2-year
experiment by Fransen et al. (2001) nutrient heterogeneity enhanced the competitive ability
of Anthoxanthum odoratum, the species with the better foraging ability probably due to a
higher physiological plasticity, relative to Festuca rubra. The denser root system of the latter
species was beneficial in the short term, but in the long term the benefit disappeared
probably due to patch depletion and root turnover (see also Fransen & de Kroon, 2001).
Root responses to flooding and soil heterogeneity
Root responses to flooding and to nutrient heterogeneity in the soil have never been
combined in one study. This thesis investigates the relation between the responses to these
contrasting environmental factors. We used plant species that occur in the floodplains of the
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river Rhine system in the Netherlands. Floodplain species are likely to encounter both
flooding and soil heterogeneity in their habitat.
Berendse et al. (1999) suggested that species from resource-poor versus resourcerich habitats differ only little in root foraging abilities, because the nutrient availability of all
habitats is patchy, and all species will have developed a behaviour with which the
heterogeneous resources may be exploited. They mention the exception of an extremely
nutrient-poor tundra habitat, where the survival of periods of resource depletion seems to be
more important than the level of plasticity. The floodplain habitat is no exception to the rule
that all habitats are patchy in their nutrient availability, but it is likely that flooding of the soil
reduces heterogeneity to a large extent. The mobility of nutrients in the soil moisture
increases, so that concentration gradients are more rapidly equalized (Stark, 1994; Bouma et
al., 2001a; Bouma et al., 2001b; Kirk, 2002). Mineralization and decomposition processes
slow down under anaerobic conditions (Gambrell & Patrick, 1978; Ponnamperuma, 1984), so
that the availability of nutrients decreases and contrasts between rich and poor patches are
levelled off. Because a flooded soil will be relatively homogeneous, detecting a rich patch
and selectively placing roots in it may be expected to be less important for plant species
growing in frequently flooded soils than for species growing in soils that are hardly ever, or
never flooded. As in the extremely nutrient-poor tundra habitat mentioned by Berendse et al.
(1999), in frequently flooded soils the ability of the roots to survive a flooding period is
probably more important than the ability to respond to soil nutrient heterogeneity.
Aim of this thesis
The central aim of this thesis is to investigate the morphological root responses of
floodplain species to flooding and to soil nutrient heterogeneity, the relation between these
responses and their consequences for plant growth and performance.
Both flooding and soil heterogeneity play a role in floodplain habitats and plants
growing here have to deal with both factors to a certain extent, depending on the elevation
level. It seems obvious that in low-elevated sites in the floodplain, flooding will have a much
bigger influence on the presence and growth of plants than in higher-elevated sites. On the
other hand, as explained above, plants in high-elevated habitats are likely to be faced more
with heterogeneity of nutrients in the soil. Since competition is intense at higher elevations,
where the vegetation is more dense (Lenssen et al., 2004; Lenssen & de Kroon, 2005), their
competitive ability will depend on the amount of nutrients that plants can take up and the
speed with which they do this.
This leads to the expectation that flooding and nutrient heterogeneity will not occur at
the same place at the same time and that plants, depending on the habitat in which they
occur, will be adapted to one of these factors. A trade-off between flood-tolerance and
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selective root placement in rich patches in heterogeneous soil can be expected if these
responses are adaptive only at different parts of the flooding gradient. Apart from the
ecological aspects, there may also be physiological constraints involved in combining root
proliferation in patchy soils with adventitious root formation in flooded soils. Induction of a
specific signalling pathway possibly rules out the opportunity to induce a response via
another pathway (see for example Voesenek et al., 2004).
Outline of the thesis
The morphological root responses of plant species to flooding on the one hand and
nutrient heterogeneity in the soil on the other hand are investigated in chapter 2. We asked
whether a trade-off in the responses to these factors exists in eight plant species, originating
from different habitats in the floodplain. An extension of this study with three wetland species
is described in chapter 3, as well as an experiment in which soil flooding and nutrient
heterogeneity are combined. Plants were successively subjected to both factors, in order to
determine whether and how the root responses to flooding and nutrient heterogeneity are
expressed in the same individual.
Rumex palustris proved to be very plastic in its root responses. In the previous
experiments, we partly rejected our trade-off hypothesis because R. palustris was the only
species that was both tolerant to soil flooding and had a high selective root placement in
nutrient-rich patches in heterogeneous soil. In later experiments, we focused on this species
in order to investigate how its plasticity affects its performance in its dynamic habitat. In
natural soils, spatial and temporal variability in nutrient availability is high and patches are
likely to appear and disappear frequently, and this seems particularly true in the specific
habitat of R. palustris. In chapter 4 we studied whether there are costs associated with the
disappearance or switch in location of nutrient-rich patches in the soil for R. palustris, after
the roots proliferated in the patch. Chapter 5 presents the results of a competition experiment
with R. palustris and Agrostis stolonifera. In its natural habitat, R. palustris does not
experience much competition, but its high selective root placement suggests a high
competitive ability for nutrients belowground. We thus investigated whether the high selective
root placement of R. palustris is beneficial when it has to compete for nutrients in the soil.
Finally, all results are summarized and discussed in chapter 6.
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Investigating a trade-off in root morphological responses
to a heterogeneous nutrient supply and to flooding

C. Jansen, H.M. van de Steeg and H. de Kroon
Functional Ecology (2005) 19, 952-960

Chapter 2

Abstract
Flood sensitive plant species are restricted to high-elevated sites in floodplains, but
why flood tolerant plants don’t grow at higher elevations is much less clear. We test the
hypothesis that a trade-off exists between flooding tolerance and selective root placement in
nutrient rich patches, a putatively important trait in the more competitive high-elevated sites.
Achillea ptarmica, A. millefolium, Rumex palustris, R. thyrsiflorus, Ranunculus repens,
R. bulbosus, Festuca arundinacea and F. rubra were subjected to a drained, waterlogged or
partially submerged treatment in order to test their flooding tolerance. Within each species
pair, the former are more tolerant to flooding while the latter are relatively flood sensitive. In
another experiment, plants were grown in soil with either a homogeneous or a
heterogeneous nutrient distribution. All species placed their roots selectively in the enriched
patch, but overall, the flood tolerant species were less selective than the flood sensitive
species. The wetland species Rumex palustris was an exception, with very high root
plasticity in response to both flooding and nutrient heterogeneity.
The negative correlation between selective root placement and flooding tolerance for
7 out of 8 species suggests that each of these traits have been selected for in their own
environment. The exception of R. palustris indicates that there are no physiological or
genetic trade-offs involved in explaining this correlation. Species from more frequently
flooded habitats were less able to respond morphologically to nutrient rich patches in the soil,
and are therefore more likely to be outcompeted at the more highly-elevated sites. R.
palustris may use its ability to selectively place roots in nutrient enriched patches to benefit
from the nutrients released during drained periods in its dynamic habitat.

Introduction
Along freshwater flooding gradients a distinct zonation of plant species is commonly
observed. Relative flood tolerant species are generally found at low, regularly flooded
habitats, and plants in these habitats possess specific adaptations in order to deal with the
oxygen deficit under water. On the other hand, flood sensitive species lacking these
adaptations are restricted to high-elevated sites that are only occasionally flooded (Sýkora et
al., 1988; Vervuren et al., 2003; van Eck et al., 2004). A common response to flooding is
adventitious root formation (Jackson & Drew, 1984; Voesenek et al., 1989; Visser et al.,
1996). Two kinds of adventitious roots can be distinguished, i.e. thick adventitious roots
containing aerenchyma, facilitating root aeration, and thin roots that are formed in the upper
soil layer, where some oxygen may still be present (Jackson & Drew, 1984; Koncalová,
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1990). Bouma et al. (2001b) found that Chenopodiaceae from a frequently inundated low
marsh, in contrast to species from a high marsh, had herringbone-like roots, which minimize
oxygen leakage and are advantageous because of high nutrient mobility in this wet
environment. Plants of high-elevated sites are typically not capable of transporting oxygen to
the root tips and are not able to continue the growth of these roots under flooded conditions
(Justin & Armstrong, 1987; Laan et al., 1989a; Laan et al., 1989b).
Much less clear than the absence of flood sensitive species at low-elevated sites is
why flood tolerant plants are generally not found at higher elevations. Both relatively dry
conditions and competition at higher elevations may restrict flood tolerant plants to lower
parts of the gradient. Silvertown et al. (1999) found a trade-off between tolerance to soil
drying and waterlogging for 83 species in the field. Lenssen & de Kroon (2005) suggested
that physiological tolerance, probably drought tolerance, is the primary factor determining
species upper limits along flooding gradients, and within this limit competitive ability is
important.
Here, we investigate the hypothesis that flood tolerant plants are inferior to flood
sensitive species with respect to their ability for selective root placement in nutrient rich
patches. Selective root placement is important for capturing sufficient amounts of limiting
nutrients and especially for the ability to compete for such limiting resources (Hodge et al.,
1999b; Robinson et al., 1999; Hodge, 2004). Morphological responses of roots to nutrient
rich patches in the soil comprise the selective proliferation of roots in the patches by
enhanced branching or enhanced root elongation (Drew et al., 1973; Drew, 1975). An
increase in root length density may increase the surface area of the roots, thereby enhancing
nutrient uptake (Bilbrough & Caldwell, 1995; van Vuuren et al., 1996; Hodge et al., 1999b).
At low elevated sites, flooding tolerance is important for survival. We propose that
selective root placement is more important under the drier competitive conditions at higher
elevations, than in the moist soils at lower elevations. Under more moist conditions, the
mobility of nutrients in the soil is high and nutrients are likely to be more homogeneously
distributed (Bouma et al., 2001a; Bouma et al., 2001b; Kirk, 2002). This may especially hold
for nitrogen, which is usually the most limiting nutrient in floodplain grasslands and highly
dependent on soil moisture levels (Grootjans et al., 1985; Paul et al., 2003). In addition, in
low-elevated grasslands that are flooded for a long period during winter, the structure of the
vegetation is more open in the beginning of the growing season than in high-elevated
grasslands (Lenssen et al., 2004). Competition, particularly belowground competition for
nutrient-rich patches, may thus be stronger at the higher elevated sites, as was found by
Lenssen & de Kroon (2005) along a freshwater flooding gradient comparable to the sites
where the species that were used in this experiment originated from. Because of the higher
patchiness and stronger competition, selective placement of roots in nutrient-rich patches
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may be an important factor for growth at higher-elevation sites. Therefore, a trade-off
between selective root placement and flooding tolerance in herb-dominated communities can
be expected because flooding and nutrient heterogeneity will not occur at the same place at
the same time. Moreover, there may be physiological constraints involved in combining root
proliferation in patchy soils with adventitious root formation in flooded soils.
To examine the correlation between the root responses to flooding and to nutrient
heterogeneity, we studied the root morphological responses and the growth of 4 pairs of
related herbaceous species that differ in their flooding tolerance. This was done in two
separate experiments.
In the first experiment, the responses to flooding were tested by subjecting plants to
either a drained control, waterlogged or partially submerged treatment. The latter two
treatments represent two levels of flooding stress that these plants can experience in the
field. Visser et al. (2000) showed differences in responses to these different levels of
flooding for different Carex species. Root biomass, relative to the drained control, was taken
as a measure for flooding tolerance. Plants that do not grow adventitious roots and that are
not able to increase the porosity of their roots, will show a decrease in root biomass and
gradual death of the root system.
In the second experiment, the response to a heterogeneous nutrient supply in the soil
was investigated. The plants were subjected to either a heterogeneous treatment in which
half of the pot was filled with nutrient poor soil and the other half with rich soil, or a
homogeneous treatment in which the same total amount of nutrients was distributed evenly.
Root biomass and root length in the rich versus poor patch were taken as measures for
selective root placement. If a trade-off exists between flooding tolerance and selective root
placement a negative correlation between these traits will appear among the 8 species.

Materials and Methods
Plant species and pre-treatment
The experiments were carried out with Achillea ptarmica L., Achillea millefolium L.,
Rumex palustris Sm., Rumex thyrsiflorus Fingerh., Ranunculus repens L., Ranunculus
bulbosus L., Festuca arundinacea Schreb. and Festuca rubra L., all more or less common
floodplain species in the Netherlands. For each genus, the first species listed above has a
relatively high flooding tolerance and the second has a relatively low tolerance to flooding. R.
palustris occurs on mudflats around stagnant waters in the floodplain around 10.60 m above
sea level, on very frequently but not permanently flooded soils. R. repens, A. ptarmica and F.

18

Investigating a trade-off in root morphological responses

arundinacea are species from low level floodplain grasslands, with frequent and
unpredictable floods (van de Steeg & Blom, 1998). Flooding tolerant grassland species
showed a sharp lower boundary at 10.90 m above sea level in 2000 (van Eck et al., 2004). A.
millefolium, R. thyrsiflorus, R. bulbosus and F. rubra are flooding sensitive grassland species
that occur on sandy high-elevated natural levees that are infrequently flooded in winter
(Sýkora et al., 1988; He et al., 1999; van Eck et al., 2004; Voesenek et al., 2004). The
flooding tolerant grassland type is replaced by a flooding sensitive grassland type from 12.00
to 13.00 m above sea level, depending on site and soil conditions (Vervuren et al., 2003).
The Ellenberg moisture values for the Achillea, Rumex, Ranunculus and Festuca species are
4, 3, 3 and 6 respectively for the flood sensitive species and 8, 9, 7 and 7 respectively for the
flood tolerant species (Ellenberg et al., 1992).
Seeds of all species were collected from field sites in the floodplain of the river Rhine
in the eastern part of the Netherlands. Seeds of A. ptarmica (collected from a field site near
Ooy, the Netherlands, in 2002), A. millefolium (from Haalderen, 2001), R. palustris (from the
Ewijk floodplain, 2000), R. thyrsiflorus (from Tolkamer, 1999), F. arundinacea cv. ‘Dovey’
(purveyor Barenbrug, The Netherlands) and F. rubra (from Millingerduin, 1999) were
germinated on wet filter paper in petri-dishes in a growth chamber (16 hours light, 25.5ºC; 8
hours dark, 10ºC) for 1-2 weeks. Seeds of R. repens (from the Kekerdom floodplain, 2001)
and R. bulbosus (from Neerijnen, 2001) were germinated in a greenhouse for 3 weeks on a
1:1 mixture of potting soil and vermiculite and sprayed once with gibberellic acid (0.1 mM) to
increase germination. Seedlings of all species were grown in 5.5 cm diameter pots for 4
weeks. In the root placement experiment, an extra open mesh pot of the same size was used
inside these pots. The substrate was a 1:1 mixture of sand and potting compost for the plants
in the flooding experiment and a 1:1 mixture of sand and loamy sand for the plants in the root
placement experiment. After this period, the plants were potted individually in 18 cm diameter
(3.75 litre) pots. The open mesh pots and the soil therein were not removed.
Flooding experiment
The substrate was a 4:1 mixture of sand and potting compost. 3.3 g osmocote-plus
was added per pot, containing 15%N, 11%P, 13%K, 2%MgO2 and micronutrients. The
nutrients were slowly released for a period of 3-4 months. All pots were filled with the same
bulk density of 1.2 kg dm-3. The plants were allowed to establish in the pot under drained
conditions for 2 weeks. The plants were then randomly assigned to either an initial harvest or
one of the following three treatments:
1) Drained control - the plants were watered three times a week.
2) Waterlogging - the water level was maintained at the soil surface. Plants were placed
in containers with a height of 19.5 cm, 2 pots per container.
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3) Partial submergence - the water level was maintained at approximately 6 cm above
the soil surface. At the start of the treatment, the plants were almost totally
submerged, but after 1 week the shoots of all the plants had emerged above the
water surface. The plants were placed in containers with a height of 34.5 cm, 4 pots
per container.
Every species x treatment combination was replicated 8 times. The plants were divided in
four blocks, each with two replicates. Per block the plants were placed randomly in the
containers and per block the containers and pots were placed randomly on a table in the
greenhouse.
The plants were harvested three weeks after the start of the experiment. This period
of flooding was long enough to induce morphological responses (see Voesenek et al. 1989,
Visser et al. 1996a, He et al. 1999). No plants had died after three weeks of flooding. All
plants were divided into shoot, fine roots and, if present, taproots (> 1 mm diameter). All root
samples were carefully washed to remove soil particles. All samples were dried at 70ºC for at
least 48 hours, after which the dry weight was measured.
The flooding experiment was carried out in two parts. Four species, i.e. the Rumex
and Ranunculus species, were investigated in April 2002. The other four, i.e. the Achillea and
Festuca species, were investigated in November / December 2002. All experiments were
conducted in a heated greenhouse. The plants were supplemented with light from High
Pressure Sodium lamps (600 W) to maintain a minimum day length of 16 h. During the first
part of the experiment, temperature was on average 21.8ºC (day) and 18.6ºC (night) and
relative air humidity was about 64%. During the second part of the experiment, temperature
was on average 20.2ºC (day) and 18.5ºC (night) and relative air humidity was on average
66.5%.
Root placement experiment
The plants were randomly assigned to either an initial harvest or one of the
treatments, which were a homogeneous control treatment and a heterogeneous soil
treatment. A 1:1 mixture of sand and loamy sand was used as a substrate in the control pots
with homogeneous soil. The sand contained 1.36 mg NO3- kg-1 DW, the loamy sand
contained 26.4 mg NO3- kg-1 DW. NH4+ was not detectable in the substrates. In the
heterogeneous soil treatment, the same total amount of sand and loamy sand were used.
One half of the pot was filled with nutrient-rich soil (a 1:4 mixture of sand and loamy sand)
and the other half with nutrient-poor soil (a 4:1 mixture of sand and loamy sand).
Consequently the total amount of nutrients was the same in both treatments. The pots were
filled with the help of a partition, which was removed after filling. Plants in their open mesh
pots were placed in the middle of the pots at the border between rich and poor soil. All pots
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were filled with the same bulk density of 1.3 kg dm-3. Every species x treatment combination
was replicated 8 times. These were divided in four blocks, each with two replicates. Per block
the plants were placed randomly on a table in the greenhouse and after 2 and 6 weeks they
were randomly repositioned. The plants were watered three times a week.
One replicate per block was harvested eleven weeks after the start of the treatments,
the second replicate per block was harvested one week later. All plants were divided into
shoot and roots. The roots in the open mesh pots in which the plants were pregrown were
sampled separately. The roots in the rich and poor halves of the pot in the heterogeneous
soil treatment were separated with a sharp metal blade and harvested separately. The roots
of the control plants were also harvested in two similar halves, which were randomly
assigned as left and right. In the Rumex species the taproots were separated from the fine
roots in all samples, with taproots defined as thick (> 1 mm diameter), colored roots. All root
samples were carefully washed to remove soil particles and fresh weight (FW) was
determined. A representative part of each fine root sample used to estimate root length was
stored in a refrigerator and the remaining roots and the shoots were dried at 70ºC for at least
48 hours, after which the dry weight (DW) was measured. Because some roots were retained
for length estimates, the total root dry weight could not be determined directly. Instead, this
was estimated using the DW / FW ratio of the rest of the root system. Later, the stored root
samples were spread out in a glass tray with water and scanned. The total root length of
these samples was determined by analysing the images with WinRHIZO (Regent
Instruments Inc., Quebec, Canada). These measurements were used to calculate the root
length density (RLD), i.e. the root length per unit soil volume.
The dried shoot samples were ground and 1-2 mg of the material was used for the
analysis of the nitrogen content of the shoot in a nitrogen/carbon/sulphur analyzer (NA 1500,
Carlo Erba Instruments, Milano, Italy). 200 mg of the ground shoot material was digested in
sealed Teflon vessels in a Milestone destruction microwave oven (MLS 1200 mega, Sorisole,
Italy) with nitric acid and hydrogen peroxide. The phosphorus content of these samples was
measured with an inductively coupled plasma emission spectrometer (Spectroflame, Spectro
Analytical Instruments, Kleve, Germany).
The root placement experiment was carried out for all 8 species simultaneously
between November 2002 and February 2003 in a greenhouse under conditions that were
similar to those of the flooding experiment, described above. Temperature was on average
19.7ºC (day) and 18.4ºC (night) and relative air humidity was about 65%.
Comparing flooding tolerance and selective root placement
Relative values for selective root placement, waterlogging tolerance and partial
submergence tolerance were calculated in order to compare the flooding tolerance and the
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selective root placement of the species. An index for relative selective root placement was
computed as follows. We standardized the index by dividing the root biomass difference
between the rich and the poor patch per plant by the total pot root biomass (Mou et al.,
1997).

relative selective root placement =

(root biomass rich half) - (root biomass poor half)
total pot root biomass

A value of 0 means no selectivity in root placement. When all the roots in the heterogeneous
treatment develop in the rich part of the pot with no roots in the poor part, i.e. selectivity in
root placement is maximal, the value of the index equals 1.
An index for relative waterlogging tolerance was computed as follows:

relative waterlogging tolerance =

root biomass waterlogged
average root biomass drained

with the root biomass in the waterlogged treatment per plant divided by the overall average
of all replicates of the root biomass in the drained treatment. The latter average was used
because a certain replicate of the waterlogged treatment could not be associated with one of
the replicates of the drained treatment. A relative value of 0 means no roots in the flooded
treatment, so the plants died, a value of 1 indicates that there was no difference in root
biomass between drained and flooded plants. A value higher than 1 represents a higher root
biomass in flooded plants compared to drained plants. The relative partial submergence
tolerance was calculated in a similar way.
Statistical analyses

Flooding experiment
All data were analysed with SAS (version 8, SAS Institute Inc, Cary, USA). The effect
of genus and flood tolerance of species (nested within genus) on response to treatment was
analysed using analysis of variance for shoot and root biomass. Genus was treated as a
random factor, species tolerance (within genus) and treatment were treated as fixed factors.
The factor block was included in the model to correct for differences among blocks. The
treatment effect was tested over the genus * treatment interaction. In addition, for each
genus separately, the effect of treatments on shoot and root biomass was tested in two-way
ANOVA’s with species tolerance and treatment as fixed main factors. Prior to analyses, all
data of the flooding experiment were log transformed in order to enable comparisons among
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species and to comply with the conditions for analysis of variance. Treatment means were
compared with Tukey’s tests performed for each species separately.
Root placement experiment
For the analysis of root biomass and root length density (RLD) the differences
between the rich and the poor half in one heterogeneous pot were compared with the
differences between the left and the right half in homogeneous pots. Left minus right was
expected to be 0. A larger (positive) difference between the rich and poor half per pot than
between the left and right half of control pots was taken as evidence of selective root
placement in the rich part.
These differences were tested with ANOVA with genus as a random factor and species
flooding tolerance (within genus) and treatment as fixed factors. Harvest date and block were
included in the model. The treatment effect was tested over the genus * treatment
interaction. Shoot and total root biomass, total RLD per pot, nitrogen content and phosphorus
content of the shoot were analysed in the same way. In addition the effects of treatments on
selective root placement in terms of root biomass and RLD, as well as shoot and total root
biomass, total RLD per pot and shoot nitrogen and phosphorus content were tested using
two-way ANOVA’s, for each genus separately. Treatment means were compared with
Tukey’s tests performed for each species separately.

Results
Flooding experiment

In all species except R. palustris, shoot as well as root biomass decreased under
flooded conditions (P < 0.01, Table 1, Fig. 1). Overall, the species that were chosen for their
relatively low flooding tolerance were indeed more negatively affected by flooding than the
species that were chosen because of their high flooding tolerance (P < 0.001, Table 1).
R. palustris was the only species that showed an increase in shoot and root biomass

under both waterlogged and partially submerged conditions compared to the drained control
(Fig. 1). This species had thick aerenchymatous roots and superficial roots growing near the
water surface in both flooding treatments. The decrease in shoot and root biomass in A.
millefolium was stronger than in A. ptarmica, which was only significantly affected by partial

submergence (P < 0.001, Fig. 1). When the plants were harvested we observed decaying
roots in both R. thyrsiflorus and A. millefolium under flooded conditions, but not in the flood
tolerant R. palustris and A. ptarmica. Both Ranunculus species and both Festuca species
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Flooding experiment. a) shoot biomass (DW) and b) fine root biomass (DW) after

the treatments drained control (white bars), waterlogged (grey bars) and partially submerged (black
bars). Ap = Achillea ptarmica; Am = Achillea millefolium; Rup = Rumex palustris; Rut = Rumex
thyrsiflorus; Rar = Ranunculus repens; Rab = Ranunculus bulbosus; Fa = Festuca arundinacea; Fr =
Festuca rubra. Values are means +/- SE. *** indicates a significant (P<0.001), $ a marginally
significant (P<0.1) interaction between species and treatment within a genus.

were more equally affected by waterlogging and partial submergence, though the decrease
in root biomass in F. rubra was a bit stronger than in F. arundinacea (Fig. 1b).
Root placement experiment

Overall, the differences between rich and poor were larger than the differences
between left and right (significant treatment effect, Table 1, Fig. 2b,c) for both root biomass
and root length density (RLD), indicating that roots were selectively placed in the rich part of
the pot in the heterogeneous treatment. For RLD there was a difference in the response of
the species with low and high flooding tolerance. Overall, the species with a low flooding
tolerance selectively placed a larger proportion of their root length in the rich part of the pot
than the species with a high flooding tolerance (Table 1, P < 0.001 species tolerance (genus)
* treatment interaction). A similar trend for root biomass was not significant (Fig. 2b). There
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Figure 2:

Root placement experiment. a) shoot biomass (DW), b) fine root biomass (DW) and

c) root length density. In a grey bars represent the homogeneous soil treatment and black bars
represent the heterogeneous treatment. In b and c separate values are given for the left and right
halves (grey bars) of the homogeneous soil treatment and for the rich (black bars) and poor (white
bars) halves of the heterogeneous soil treatment. Ap = Achillea ptarmica; Am = Achillea millefolium;
Rup = Rumex palustris; Rut = Rumex thyrsiflorus; Rar = Ranunculus repens; Rab = Ranunculus
bulbosus; Fa = Festuca arundinacea; Fr = Festuca rubra. Values are means +/- SE. ** indicates a
significant (P<0.01), $ a marginally significant (P<0.1) interaction between species and treatment
within a genus.

was no difference in total root biomass per plant or total RLD per pot between the
treatments, except for R. thyrsiflorus, which had a lower total RLD per pot in the
heterogeneous treatment than in the homogeneous treatment (data not shown).
The species with the low flooding tolerance showed a higher degree of selective root
length placement in the rich patch in the Achillea and the Ranunculus couple, although for
Ranunculus the difference was only marginally significant (Fig. 2c). A similar trend in
Festuca was not significant. By contrast, the flood tolerant R. palustris showed a stronger
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response to heterogeneity with respect to root length than the less flooding tolerant R.
thyrsiflorus (P < 0.01, Fig. 2c).

As in many other studies (Fransen et al., 1998; Hodge et al., 2000; Johnson &
Biondini, 2001) there were no overall differences in shoot biomass (Fig. 2a, Table 1) or in
nitrogen or phosphorus content between the treatments (Table 1).
Comparing flooding tolerance and selective root placement

We found significant negative correlations between relative selective root placement
and relative waterlogging tolerance (R2 = 0.63, P < 0.05, n = 7) as well as between relative
selective root placement and relative partial submergence tolerance (R2 = 0.84, P < 0.01, n =
7, Fig. 3) for analyses with 7 species. When R. palustris was included in the analysis as the
eighth species, there were no significant correlations. This species was an outlier, because
the relative flooding tolerance was much higher than that of the other 7 species and the
relative selective root placement was also the highest of all species (Fig. 3).

Discussion

Our experiments indicated that, overall, species that were more tolerant to flooding
(waterlogging and partial submergence) showed less selective root placement in a nutrientrich patch in heterogeneous soil than species that were less tolerant to flooding. This result
suggests that a trade-off exists between morphological root responses to heterogeneous soil
and to flooding for the 7 species included in the analysis (Fig. 3). Rumex palustris was a
marked exception. This is the only true wetland species included in the experiment, and it
showed a very high flooding tolerance as well as a high selective root placement in a
nutrient-rich patch. Here we discuss the root responses, the exceptional response of R.
palustris, and the ecological significance and implications of the proposed trade-off.
Root responses

The responses to flooding were as expected. The species from higher elevated
habitats showed the largest decrease in root biomass under flooded conditions. These
species had reduced ability to grow new, adventitious roots and thereby reduce the negative
effect of flooding on the root system.
For all our species except Rumex thyrsiflorus, the total root biomass and root length
density per pot were not different between the heterogeneous and the homogeneous
treatment in the root placement experiment. As more roots were found in the rich than in the
poor half, this means there was a shift in the location of root growth in the heterogeneous soil
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compared to the homogeneous soil, rather than a change in the amount of root biomass
produced. These results are consistent with the general idea that enhanced root growth in
nutrient-enriched patches may occur at the expense of root growth elsewhere in the root
system (Hutchings & de Kroon, 1994; Robinson, 1994).
Reminiscent of the equation used to quantify selective root placement, we can
formulate an index to indicate “selective nutrient placement” for the soil mixtures that were
used to create the poor and rich patch in the heterogeneous treatment. On a scale from 0
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Figure 3:

Relative selective root placement compared with a) relative waterlogging

tolerance, and b) relative partial submergence tolerance. Black symbols represent the flood
tolerant species; white symbols represent the flood sensitive species. Ap = Achillea ptarmica;
Am = Achillea millefolium; Rup = Rumex palustris; Rut = Rumex thyrsiflorus; Rar = Ranunculus
repens; Rab = Ranunculus bulbosus; Fa = Festuca arundinacea; Fr = Festuca rubra. Values
are means +/- SE.
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(homogeneity) to 1 (all nutrients in the rich patch), the selective nutrient placement in our
experiment was 0.6, assuming that the sand that was used in the soil mixtures contained a
negligible amount of nutrients. Figure 3 shows that the relative selective root placement did
not exceed 0.35 for any of our species. This means that, with the same total biomass, the
plants did not place their roots exactly as would be expected according to the nutrient
distribution in the pot. Because the nitrogen and phosphorus content of the shoots were the
same for the plants in the homogeneous and heterogeneous treatment, the roots in the rich
patch in the heterogeneous treatment probably had an increased uptake rate compared to
the roots in the poor patch and the homogeneous treatment (cf. Fransen et al., 1999a;
Einsmann et al., 1999). Reducing root placement in poor patches and increasing uptake
rates in rich patches (rather than increasing root densities) may be the most efficient way for
nutrient uptake in heterogeneous soils, avoiding root overproduction and long-term costs
(Fransen & de Kroon, 2001).
Rumex palustris
R. palustris showed a very high flooding tolerance as well as a high selective root

placement in a nutrient-rich patch. A small additional experiment with this species showed
that plants that had been waterlogged for two weeks were still able to respond to a
heterogeneous distribution of nutrients with selective root placement after draining the soil
(data not shown). This means that a single individual of R. palustris can respond to both
flooding and nutrient heterogeneity and that, at least in this species, there are no
physiological constraints to combining both responses.
R. palustris typically occurs on mudflats around stagnant waters in the floodplain. Its

habitat is characterized by long flooding duration and a low soil dehydration rate (Voesenek
et al., 2004). R. palustris is the only species out of the eight used in this study that grows at

these very low-elevated sites. R. palustris experiences little competition from other species. It
is a pioneer species in this highly variable habitat with strong fluctuations in water level. The
high plasticity of its roots might be beneficial in its dynamic habitat to respond quickly to
flooding, and after the water has retreated to respond quickly to the new conditions and start
foraging for nutrients (cf. Poorter & Lambers, 1986; Kembel & Cahill, 2005). The selective
root placement seen in R. palustris may thus be a byproduct of the rapid root proliferation
when conditions change. It is not clear whether its plastic response is typical for wetland
species.
In the very low elevated sites where R. palustris grows, tolerance to frequent and
long-term flooding is the most important factor for persistence (Vervuren et al., 2003; van Eck
et al., 2004; Voesenek et al., 2004). But as R. palustris also showed a high degree of

selective root placement, this species should be able to compete also with the species at
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higher elevated sites if selective root placement is important for belowground competition
(Hodge, 2004). According to Lenssen & de Kroon (2005), the minimum and maximum
elevation of a species along a floodplain gradient is first determined by its physiological
tolerances to flooding and drought, and subsequently its competitive ability determines which
part of the physiological range is actually occupied. Possibly R. palustris uses its ability to
selectively place roots in nutrient enriched patches to benefit from drained periods in its
variable habitat, but it may be too sensitive to drought to be able to compete with other
species at higher elevated sites. Indeed in an additional experiment, in which we subjected
the plants to differences in water availability ranging from 390 ml/day to 60 ml three times a
week, R. palustris produced less biomass with decreasing water availability (C. Jansen, J.
Gossen, unpublished results).
Another important reason for the absence of R. palustris at higher elevations might be
that the conditions for germination and establishment of this species are not suitable in these
grasslands. Germination of R. palustris seeds occurs at high temperatures and is light
dependent (Voesenek et al., 2004). In spring or summer, when the temperature is high
enough, there are however no open spaces with enough light in the grasslands. Suitable
conditions only occur on low-elevated mudflats.
Trade-off

Our results suggest that a negative correlation exists between morphological root
responses to heterogeneous soil and to flooding. However, the responses of the wetland
species R. palustris have shown that selective root placement and a high flooding tolerance
can be combined in a single species. Hence, there is no trade-off between these traits
resulting from physiological or genetic constraints. Rather, the negative correlation suggests
that each of these traits have been selected for in their own environment and that there are
costs involved in having these traits in the “wrong” environment (DeWitt et al., 1998). The
nature of these costs, and why they do not occur in R. palustris, requires further
investigation.
The correlation may contribute to the distribution of these species in the field. Current
evidence (Hodge, 2004) suggests that selective root placement may be particularly
advantageous in competition with other species, and this will be especially the case in the
drier and presumably more heterogeneous soils and denser vegetations at higher elevation.
We have shown that, overall, species from more frequently flooded habitats are less able to
respond morphologically to nutrient rich patches in the soil, and are therefore more likely to
be outcompeted at the more highly-elevated sites.
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Abstract
In previous experiments the wetland species Rumex palustris showed high root
plasticity in response to both flooding and soil heterogeneity, in contrast to seven grassland
species. In two studies we further focus on this remarkable plasticity of R. palustris. First we
investigated whether the root responses to flooding and soil nutrient heterogeneity can be
expressed sequentially in a single individual. Secondly we investigated whether other
species from wet habitats are as plastic in their root responses as R. palustris.
In the first study plants of two wetland species, R. palustris and Ranunculus
sceleratus, were first waterlogged for two weeks or kept as a drained control. After the roots
had adapted to the flooded conditions, the soil was drained and the plants were transferred
to bigger pots with either heterogeneous or homogeneous nutrient distribution. In the second
study we tested the flood-tolerance and the selectivity in root placement of R. palustris and
three other wetland species, R. sceleratus, Mentha aquatica and Oenanthe fistulosa. Plants
of all species were exposed to a partially submerged or a drained treatment, and in another
experiment plants were grown in soil with either heterogeneous or homogeneous nutrient
distribution.
In the first study, R. palustris and R. sceleratus selectively placed their roots in the
rich quadrant in heterogeneous soil, irrespective of whether they had been drained or
waterlogged before. This result suggests that adaptations to flooding do not constrain
subsequent adaptations to soil heterogeneity. The second study showed that the root
systems of M. aquatica, R. sceleratus and O. fistulosa were well adapted to flooded
conditions, although their biomass was reduced relative to drained conditions. All three
species were very selective in their root placement in heterogeneous soil, just as R. palustris.
All wetland species showed a high plasticity in root responses. We suggest that their
high root plasticity may be a by-product of high root growth rates, which may be beneficial in
their dynamic habitats.

Introduction
Flooding is the main environmental factor for plant species in floodplain habitats. In
floodplains a gradient of wet to dry habitats exists (Sýkora et al., 1988; Silvertown et al.,
1999; Lenssen & de Kroon, 2005). At low-elevated sites, flooding occurs frequently and for
long periods. Plants growing at these sites need to have adaptations to deal with the oxygen
deficit under flooded conditions (Laan et al., 1989a; Visser et al., 1996; Blom, 1999). In
higher elevated sites, conditions are less harsh with respect to flooding. The nature of
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competition changes along the flooding gradient, from competition for open spaces that
become available after flooding in low-elevated sites, to competition for above- and
belowground resources in the dense vegetations in higher-elevated sites (Lenssen & de
Kroon, 2005; Lenssen et al., 2005). The species composition also changes along this
gradient (van de Steeg & Blom, 1998; van Eck et al., 2004). This suggests that some species
are adapted to flooding and others are adapted to the competitive regime at the drier end of
the gradient.
Results of our previous experiments suggest that root responses may partly underlie
the distribution of species along the flooding gradient. In chapter 2 we investigated the root
responses of eight floodplain species to flooding and soil heterogeneity in two separate
experiments. We found a negative correlation in morphological root responses to a
heterogeneous nutrient supply and to flooding for seven species originating from floodplain
grasslands of different elevations (Chapter 2). These results suggest a trade-off, with species
more tolerant to flooding being less able to selectively place their roots in a rich patch in
heterogeneous soil. However, the single wetland species in this study, Rumex palustris,
showed high root plasticity in response to both flooding and soil heterogeneity. We
hypothesized that this high root plasticity of R. palustris is typical for wetland species and
adaptive in their dynamic habitat, but further proof is needed to ascertain this contention.
Here, we report the results of two studies that further focus on the exceptional
response of the wetland species R. palustris. In the first experiment, subsequently referred to
as the “combined responses study”, we investigated whether the root responses to flooding
and soil nutrient heterogeneity can be combined in one individual plant. As the results
mentioned above were gathered from separate experiments with plants either exposed to
flooding or to soil heterogeneity, we do not know whether both root responses can be
expressed sequentially in a single individual. Although the results obtained before for R.
palustris showed that there are no physiological constraints for this species to express both
types of root responses separately, after an individual plant has adapted its root system to
flooded conditions by forming adventitious roots, it may not be able to proliferate its roots in
rich patches in heterogeneous soil. This would constrain the response of a single plant in the
field, when the water level falls after a flooding period and plants start foraging for nutrients.
We determined whether R. palustris and Ranunculus sceleratus were able to respond to soil
heterogeneity with an adventitious root system adapted to soil flooding.
Secondly, we investigated whether the results found previously for R. palustris have
more general validity. In this set of experiments, subsequently referred to as the “trade-off
study”, we investigated whether other species from wet habitats are as plastic in their root
responses as R. palustris. We used Ranunculus sceleratus, Mentha aquatica, Oenanthe
fistulosa and again R. palustris in a flooding experiment and a separate root-placement
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experiment. From the results we calculated the relative partial submergence tolerance and
the relative selective root placement, in order to compare these with the values found for the
species used in chapter 2.

Materials and Methods
Combined responses study
The experiment was carried out with Rumex palustris and Ranunculus sceleratus. R.
palustris is a biannual species that occurs on mudflats around stagnant waters in the
floodplain on very frequently but not permanently flooded soils (Visser et al., 1996; Voesenek
et al., 2004), with large fluctuations in water levels. Ranunculus sceleratus is a biannual that
grows on mudflats of stagnant waters with minor fluctuations in water levels (van der Toorn,
1980; He et al., 1999).
Seeds of R. palustris (Ewijkse waard, 2000) and R. sceleratus (Regulieren,
Geldermalsen, 2005) were germinated on wet filter paper in petri-dishes in a growth chamber
(16 hours light, 25.5ºC; 8 hours dark, 10ºC) for 1-2 weeks. Plants were pre-grown for 4
weeks in 5.5 cm diameter pots in a climate chamber on a substrate of 1:1 sand and potting
compost. An open mesh pot was placed inside the pots. After this period the plants plus
mesh pots were transferred to 10.5 cm pots (Fig. 1a) with a substrate of 1:1 sand and loamy
sand. The experiment started one week after they were transferred to the bigger pots. The
experiment was carried out in April and May 2005.
Plants were randomly assigned to one of four treatments: 1) drained Æ
homogeneous soil (D-Hom); 2) drained Æ heterogeneous soil (D-Het); 3) waterlogged Æ
homogeneous soil (W-Hom) and 4) waterlogged Æ heterogeneous soil (W-Het). We used
nine replicates per treatment divided in three blocks. Six plants per species were used for an
initial harvest.
In the first part of the experiment, plants were either waterlogged or kept as a drained
control. Per treatment the plants were randomly placed in boxes with six pots per box. In the
waterlogged treatments the water level in the box was maintained at the soil surface. The
plants in the drained treatments were watered four times per week. After two weeks, the
flooding treatment was stopped. Three replicate plants per treatment were harvested
(harvest 1). These plants were divided into shoot, fine roots and, if present, pink taproots (> 1
mm diameter). The roots in the 5.5 cm mesh pots were collected separately. All root samples
were carefully washed to remove soil particles. All samples were dried at 70ºC for at least 48
hours, after which the dry weight was measured.
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Set-up of the combined responses study (a,b) and the trade-off study (c,d). a)

Side view of the pots that were used in the combined responses study. The 5.5 cm mesh pot was
not removed when the plants were potted in bigger pots. The plants were in the 10.5 cm pot
during the drained or waterlogged treatment. The 10.5 cm pot, but not the soil therein, was
removed when the plants were transplanted to the 18 cm pots for the homogeneous or
heterogeneous treatment. b) View from above of the pots in the homogeneous and
heterogeneous treatment in the combined responses study, and the numbering of the quadrants.
In the outer pot, grey = homogeneous soil, black = rich soil, white = poor soil. c) Drained and
partially submerged treatment, respectively, in the flooding experiment of the trade-off study. The
water level was maintained at about 5 cm above the soil surface. d) View from above of the
homogeneous and heterogeneous treatment in the root placement experiment of the trade-off
study. Grey = homogeneous nutrient supply, black = rich nutrient supply, white = poor nutrient
supply. Plants were placed in the middle of the pots.

In the second part of the experiment, six replicates per treatment were either planted
in homogeneous soil or in heterogeneous soil. The plants with soil from the 10.5 cm diameter
pots were placed in the middle of 18 cm diameter pots (Fig. 1a). In the heterogeneous
treatments one quadrant of the 18 cm pot was filled with a rich soil mixture and the other
quadrants with a poor soil mixture (Fig. 1b). The homogeneous treatments had the same
overall nutrient content as the heterogeneous treatments. The background soil was a 2:2:1
mixture of sand, vermiculite and loamy sand. In order to apply the differences in nutrient
content we added osmocote (Osmocote Exact Mini, Scotts International B.V., Heerlen, The
Netherlands), containing 16% N (8.4% NO3-N and 7.6% NH4-N), 8% P2O5, 11% K2O, 2.0%
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MgO and micronutrients, slowly released for a period of 3-4 months. 8g osmocote per litre
soil was added to create the rich soil, and 2g per litre for the homogeneous soil. The poor soil
contained no osmocote. The 18 cm pots were filled one week before the plants were planted
and watered from then on, so that the osmocote started to release its nutrients.
Four weeks after the start of the second part of the experiment all plants were
harvested (harvest 2). The shoot was cut from the plant. All R. sceleratus plants were
flowering during the second part of the experiment, and the shoot sample contained the
flowering stalks as well as the leaves. The roots in the 5.5 cm mesh pots were collected
separately. The four quadrants of the pot were separated and their roots harvested
separately. The quadrants consisted of the soil from the 10.5 cm pot plus the soil from the 18
cm pot. In the heterogeneous treatment, the rich quadrant of the pot was always assigned as
quadrant 1 (Fig. 1b). In the homogeneous treatment a random quadrant was assigned as
quadrant 1. All root samples were carefully washed to remove soil particles. If present, pink
taproots (> 1 mm diameter) were separated from fine roots in all samples. All samples were
dried at 70ºC for at least 48 hours, after which the dry weight was measured.
Statistical analyses
All data were analysed with SAS (version 9.1, SAS Institute Inc, Cary, NC, USA). For
harvest 1 and harvest 2, the fixed effects of species and treatment were analysed using twoway analysis of variance for shoot and total fine root biomass. The random factor block was
included in the model to correct for differences among blocks. For harvest 1 the factor
treatment was drained or waterlogged, for harvest 2 the treatments were drainedhomogeneous (D-Hom), drained-heterogeneous (D-Het), waterlogged-homogeneous (WHom) and waterlogged-heterogeneous (W-Het). Treatment means were compared with
Tukey’s tests. The fine root biomass per quadrant at harvest 2 was analysed for both species
separately. The effect of flooding and soil heterogeneity treatments (D-Hom, D-Het, W-Hom,
W-Het) was analysed with one-way ANOVA for fine root biomass in quadrant 1, quadrant 3
and for the difference between quadrant 1 and 3. A priori contrasts were used to test for
differences between the treatments. We contrasted the effects of the homogeneous (D-Hom
and W-Hom) versus the heterogeneous (D-Het and W-Het) treatments in order to see
whether there were differences in root placement. Furthermore we contrasted the
heterogeneous treatments (D-Het vs. W-Het) to see whether the treatment in the first period,
i.e. drained or waterlogged, had an effect on the root placement in the second period of the
experiment. Prior to analyses, some data were log transformed in order to comply with the
conditions for analysis of variance.
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Trade-off study
Plant species and pre-treatment
The experiments were carried out with Rumex palustris, Mentha aquatica,
Ranunculus sceleratus and Oenanthe fistulosa. R. palustris and Ranunculus sceleratus were
described above. Mentha aquatica is a perennial marshland species. It grows around
stagnant waters with medium fluctuations in water levels during the growing season
(Lenssen et al., 1999; Lenssen et al., 2000). Oenanthe fistulosa is a perennial wet grassland
species that is often accompanied by M. aquatica. It grows in extremely wet or permanently
waterlogged grasslands with an open structure as a result of cattle grazing and trampling. It
is a poor competitor and can only establish itself in places where competition is low (Weeda
et al., 1994).
Seeds of R. palustris and M. aquatica were collected in the floodplain of the river
Rhine in the eastern part of the Netherlands (Ewijkse waard and Kekerdomse waard,
respectively, 2000), and germinated on wet filter paper in petri-dishes in a growth chamber
(16 hours light, 25.5ºC; 8 hours dark, 10ºC) for 1-2 weeks. Seedlings of R. sceleratus were
collected at another field site (Regulieren, Geldermalsen, 2005) and rooted shoots of the
clonal O. fistulosa were excised from plants obtained from a garden center.
Seedlings of all species were grown in 5.5 cm diameter pots on a 1:1 mixture of sand
and potting compost for the plants in the flooding experiment and on a 1:1 mixture of sand
and loamy sand for the plants in the root placement experiment. An extra open mesh pot of
the same size was used inside these pots. Seedlings were pre-grown for three weeks for the
flooding experiment and four weeks for the foraging experiment. After this period, the plants
were potted individually in 18 cm diameter (3.75 litre) pots. The open mesh pots and the soil
therein were not removed. The experiments were carried out between May and July 2005.
Flooding experiment
The substrate in this experiment was a 1:1 mixture of sand and potting compost. All
pots were filled to a bulk density of about 0.92 kg dm-3. The plants were allowed to establish
in the pot under drained conditions for one week and were then randomly assigned to an
initial harvest, a drained control treatment in which the plants were watered four times a
week, and to a partial submergence treatment in which the pots were placed in boxes and
the water level was maintained at approximately 5 cm above the soil surface (Fig. 1c). Every
species x treatment combination was replicated 8 times. The plants were randomly placed in
the greenhouse in four blocks of two replicates each. The experiment was similar to the
flooding experiment described in chapter 2. The plants were harvested three weeks after the
start of the experiment. All plants were divided into shoot, fine roots and, if present, pink
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taproots (> 1 mm diameter). Root samples were carefully washed to remove soil particles. All
samples were dried at 70ºC for at least 48 hours, after which the dry weight was measured.
The temperature in the greenhouse was on average 22.7ºC (day) and 18.5ºC (night) and
relative air humidity was about 61% during the day.
Root placement experiment
A 1:1 mixture of sand and vermiculite was used as a substrate. Plants in their open
mesh pots were placed in the middle of the 18 cm diameter pots. All pots were filled to the
same bulk density of 1.0 kg dm-3. We used the same dripping system and set-up for watering
and providing nutrients to the plants as was used in chapter 4 in order to create specific
nutrient patches. We supplied 60 ml of nutrient solution to each of four quadrants per pot.
The plants were randomly assigned to an initial harvest, a homogeneous control treatment,
in which all quadrants were supplied with the same nutrient solution, and a heterogeneous
soil treatment, in which one quadrant was supplied with a rich solution and the other 3 with a
poor solution (Fig. 1d). The way of applying heterogeneity was thus different from that in
chapter 2, where half of the pot was filled with rich soil and the other half with poor soil. The
nutrient rich solution was a modified ½ strength Hoagland solution (Hoagland & Arnon, 1950;
Johnson et al., 1957). This solution contained 4 mM Ca (NO3)2 ·4 H2O, 2.5 mM K2SO4, 1 mM
KH2PO4, 1 mM MgSO4 ·7 H2O, 240 mM Fe3+NaEDTA and micronutrients. The nutrient poor
solution had a strength of 1⁄64 Hoagland solution and for the uniform nutrient supply in the
homogeneous treatment the strength was approximately 1⁄8. The total nutrient supply in the
heterogeneous and homogeneous treatments was the same. Every species x treatment

Table 1:

Combined responses study. Analysis of variance of shoot biomass (DW) and

total fine root biomass (DW) at harvest 1 (n=3) and 2 (n=6). Treatment in the first period was
drained or waterlogged soil. Treatment in the second period was drained-homogeneous,
drained-heterogeneous, waterlogged-homogeneous or waterlogged-heterogeneous. df:
numerator, denominator. F values are given with their level of significance: ***P<0.001,
**P<0.01, *P<0.05, $ P<0.1, ns not significant.
Harvest 1
df

Harvest 2

F-value

df

Shoot DW

Root DW

Shoot DW

Root DW

Species

1,18

7.02*

26.34***

1,36

1.26ns

168.44***

Treatment

1, 18

13.55**

7.90*

3,36

0.90ns

3.35*

S*T

1, 18

1.19ns

0.14ns

3,36

0.97ns

1.94ns

Block

2, 18

0.54ns

2.08ns

2,36

1.65ns

3.06$

40

Root responses to flooding and soil heterogeneity in wetland species

Table 2:

Combined responses study. Analysis of variance of fine root biomass (DW) in

quadrant 1 (q1), quadrant 3 (q3) and the difference between quadrant 1 and 3 (q1-q3) at harvest 2
for Rumex palustris and Ranunculus sceleratus separately (n=6). Treatment was drainedhomogeneous, drained-heterogeneous, waterlogged-homogeneous or waterloggedheterogeneous. df: numerator, denominator. F values are given with their level of significance:
**P<0.01, *P<0.05, $ P<0.1, ns not significant.
Rumex palustris
df

Ranunculus sceleratus

F-value
q1

q3

q1-q3

q1

q3

q1-q3

Treatment

3,17

4.53*

2.49$

5.54**

1.68ns

6.97**

1.86ns

Block

2,17

0.72ns

0.17ns

0.25ns

2.75$

1.15ns

2.01ns

A: Hom vs. Het

1,17

12.71**

7.37*

15.54**

0.07ns

7.89*

4.74*

B: D-Het vs. W-Het

1,17

0.76ns

0.04ns

0.94ns

0.29ns

0.00ns

0.01ns

A contrast: D-Hom and W-Hom vs. D-Het and W-Het
B contrast: D-Het vs. W-Het

combination was replicated 8 times. The plants were divided in four blocks of two replicates
and placed randomly, per block, in the climate chamber. They were watered 4 times a week.
The plants were harvested five weeks after the start of the treatments. The shoot was cut
from the plant. The roots in the open mesh pots in which the plants were pre-grown were
sampled separately. The roots in the four quadrants of the pot were harvested separately. In
the heterogeneous treatment, the rich quadrant was always assigned as quadrant 1 (Fig.
1d). In the homogeneous treatment one of the quadrants was at random assigned as
quadrant 1. All root samples were carefully washed to remove soil particles. For R. palustris
pink taproots (> 1 mm diameter) were separated from the white fine roots in all samples. All
samples were dried at 70ºC for at least 48 hours, after which the dry weight was measured.
Comparing flood-tolerance and selective root placement
Relative values for selective root placement and partial submergence tolerance were
calculated in order to compare the flood-tolerance and the selective root placement of the
species (see chapter 2). An index for relative partial submergence tolerance was computed
as follows:

relative partial submergence tolerance =

root biomass submerged
average root biomass drained
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A relative value of 0 means no roots in the flooded treatment, so the plants died, a value of 1
indicates that there was no difference in root biomass between drained and flooded plants. A
value higher than 1 represents a higher root biomass in flooded plants compared to drained
plants. The index for relative selective root placement was calculated for plants in the
heterogeneous treatment as follows:
relative selective root placement =

root biomass q1- root biomass q3
root biomass q1+ root biomass q3

The rich quadrant 1 (q1) was compared with the poor quadrant 3 (q3) that was located
opposite to quadrant 1 in the pot (Fig. 1d). A value of 0 means no selectivity in root
placement. When all the roots develop in the rich quadrant, i.e. selectivity is maximal, the
value of the index equals 1. With this index, the value for selectivity is independent from
patch size, so it is comparable to that in chapter 2, where the rich patch consisted of half of
the soil volume instead of a quadrant.
Statistical analyses

All data were analysed with SAS (version 9.1, SAS Institute Inc, Cary, NC, USA). For
the flooding experiment, the fixed effects of species and treatment were analysed using twoway analysis of variance for shoot and fine root biomass. The random factor block was
included in the model to correct for differences among blocks. Prior to analyses, the data
were log transformed in order to comply with the conditions for analysis of variance. Species
and treatment means were compared with Tukey’s tests.

a
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b

*

*
Root biomass (g)

Shoot biomass (g)

3,0
2,5
2,0
1,5
1,0
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3
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1
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0,0

Rup

Ras

Species

Figure 2:

*

5
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Combined responses study. a) shoot biomass (DW) and b) fine root biomass

(DW) at harvest 1 after the treatments drained control (white bars) and waterlogging (black bars).
Rup = Rumex palustris; Ras = Ranunculus sceleratus. * indicates a significant difference between
treatments (table 1). Values are means +/- SE.
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The effects of species and treatment on shoot and fine root biomass in the root
placement experiment were analyzed in the same way as for the flooding experiment. Prior
to analyses, the data were square root transformed. Additionally, the difference in fine root
biomass between the rich quadrant 1 and the poor quadrant 3 in heterogeneous pots was
compared with the difference between quadrant 1 and 3 in homogeneous pots. In the
homogeneous treatment this difference was expected to be 0. A larger, positive, difference
between the rich and poor quadrant in the heterogeneous treatment was taken as evidence
of selective root placement in the rich quadrant 1. Using two-way analysis of variance, the
fixed effects of species and treatment were analysed for fine root biomass in q1-q3.
Treatment means were compared with Tukey’s tests performed for each species separately.

Results
Combined responses study

At the first harvest, after the flooding treatment but prior to subjecting the plants to
soil heterogeneity, the shoot biomass as well as the fine root biomass of both R. palustris
and R. sceleratus was slightly but significantly higher for the plants in the waterlogging
treatment than for those in the drained control treatment (Fig. 2, Table 1). Both species
produced thick adventitious roots belowground and R. palustris also produced superficial
roots in the top layer of the soil. The root system of R. sceleratus consisted only of
adventitious roots (He et al., 1999).
At harvest 2 there was no difference in shoot biomass between the 4 treatments
(Fig. 3a, Table 1). There was a significant difference in total fine root biomass between the
treatments (Table 1, graph not shown), and Tukey tests revealed that the total fine root
biomass in the waterlogged-homogeneous treatment in R. sceleratus was higher than that in
the drained-homogenous treatment. The plants in the waterlogged-heterogeneous treatment
did not show an increased fine root biomass relative to the drained-heterogeneous treatment.
R. palustris selectively placed its roots in the rich quadrant 1 in heterogeneous soil

(Fig. 3b, significant contrast A for q1-q3, Table 2). Selectivity in root placement was the same
for plants with the drained and plants with the waterlogged treatment in the first period of the
experiment (non-significant contrast B for q1-q3, Table 2). R. palustris placed 39-40% of its
root biomass in the rich quadrant 1 in treatment D-Het and W-Het, while 19-21% of the roots
was placed in the poor quadrant 3. As expected, R. palustris placed 23-27% of its roots in
both quadrant 1 and quadrant 3 in the homogeneous treatments (Fig. 3b). The fine root
biomass of R. palustris in the rich quadrant 1 in the heterogeneous treatments was higher
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D-Hom

D-Het

W-Hom

W-Het

Treatment

Combined responses study. a) shoot biomass (DW) for Rumex palustris and

Ranunculus sceleratus, b) fine root biomass (DW) in quadrant 1 and 3 for Rumex palustris and c)
fine root biomass (DW) in quadrant 1 and 3 for Ranunculus sceleratus at harvest 2. D-Hom =
Drained-Homogeneous; D-Het = Drained-Heterogeneous; W-Hom = Waterlogged-Homogeneous;
W-Het = Waterlogged-Heterogeneous. In a there were no significant differences between
treatments (table 1). In b and c separate values are given for quadrant 1 (black bars) and 3 (grey
bars) in every treatment. In the heterogeneous treatments, quadrant 1 was the rich patch. *
indicates significant selective root placement in quadrant 1 (see contrasts q1-q3, table 2). Values
are means +/- SE.

than that in quadrant 1 in the homogeneous treatments, while the fine root biomass in the
poor quadrant 3 was lower in the heterogeneous than in the homogeneous treatments for
this species (contrast A and B, Table 2, Fig. 3b).
Also R. sceleratus selectively placed its roots in the rich quadrant 1 in the
heterogeneous treatments (Fig. 3c, significant contrast A for q1-q3, Table 2), and also for this
species the selectivity was the same for plants pre-grown under drained and waterlogged
conditions (non-significant contrast B for q1-q3 respectively, Table 2). In the heterogeneous
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Table 3:

Trade-off study. Analysis of variance of shoot biomass (DW) and fine root biomass

(DW) in the flooding experiment (n=8) and in the root placement experiment (n=8). Treatments in
the flooding experiment were drained or partially submerged. In the root placement experiment the
total fine root biomass was tested, as well as the difference in root biomass between quadrant 1
(enriched in heterogeneous treatment) and quadrant 3. Treatments in the root placement
experiment were homogeneous or heterogeneous soil. df: numerator, denominator. F values are
given with their level of significance: ***P<0.001, *P<0.05, $ P<0.1, ns not significant.

Flooding experiment
df

Root placement experiment

F-value

Shoot DW

Root DW

Shoot DW

Root DW

Root DW q1-q3

Species

3,x

67.25***

71.26***

111.47***

93.97***

3.86*

Treatment

1,x

35.58***

51.66***

3.98$

0.02ns

103.75***

S*T

3,x

13.72***

14.40***

10.73***

1.84ns

4.00*

Block

3,x

4.01 *

2.87 *

2.05ns

1.55ns

1.61ns

x = 53 for flooding experiment, 52 for root placement experiment

treatments D-Het and W-Het 31-35% of the roots was placed in quadrant 1 and 21% was
placed in quadrant 3, while in the homogeneous treatments D-Hom and W-Hom 24-29% of
the roots were placed in quadrant 1 and 3. For R. sceleratus no differences were found in the
fine root biomass in quadrant 1 between the homogeneous and the heterogeneous
treatments (Fig. 3c). This was due to the high root biomass in both quadrants 1 and 3 in
treatment W-Hom. We did find a lower fine root biomass in quadrant 3 in the heterogeneous
than in the homogeneous treatments (Table 2).

Trade-off study
Flooding experiment

The species responded differently to the treatments in the flooding experiment
(Table 3). The shoot as well as the root biomass of R. palustris and R. sceleratus were not
different between the partially submerged and the drained control treatment (Fig. 4). For the
other two species, M. aquatica and O. fistulosa, the biomass was lower in the partially
submerged treatment. Especially for M. aquatica the shoot biomass in the partially
submerged treatment was strongly reduced and only 36% of that in the drained treatment. All
species produced thick adventitious roots belowground and superficial roots in the water
layer above the soil.
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Trade-off study, flooding experiment. a) shoot biomass (DW) and b) fine root

biomass (DW) after the treatments drained control (white bars) and partially submerged (black bars).
Rup = Rumex palustris; Ma = Mentha aquatica; Ras = Ranunculus sceleratus; Of = Oenanthe
fistulosa. Bars with the same letter are not significantly different (Tukey test, P>0.05). Values are
means +/- SE.

Root placement experiment

All species selectively placed roots in the nutrient-rich quadrant in heterogeneous
soil (Fig. 5b, Table 3). 38-46% of the roots were placed in the rich quadrant of the
heterogeneous soil, while only 17-19% was placed in the poor quadrant 3. In the
homogeneous treatment, all quadrants contained 22-29% of the roots per pot. The shoot
biomass of M. aquatica was higher in the heterogeneous treatment than in the homogeneous
treatment (Fig. 5a). R. palustris, R. sceleratus and O. fistulosa showed no difference in shoot
biomass between the heterogeneous and the homogeneous treatments.
Comparing flood-tolerance and selective root placement

The values for relative selective root placement and relative partial submergence
tolerance of R. palustris found in the current experiment were similar to those found for the
same species in chapter 2. We may thus directly compare the species responses of both
experiments (Fig. 6). The relative selective root placement of M. aquatica, R. sceleratus and
O. fistulosa was as least as high as that of R. palustris (Fig. 6). The degree of selectivity of

these wetland species was systematically higher than the selective root placement of all
grassland species that were used before. The relative partial submergence tolerance of the
three species from wet habitats was lower than that of R. palustris. The values were in the
same range as those for the flood-tolerant species from the previous experiment.
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Trade-off study, root placement experiment. a) shoot biomass (DW), b) fine root

biomass (DW). In a grey bars represent the homogeneous soil treatment and black bars represent
the heterogeneous treatment. In b separate values are given for quadrant 1 and 3 (grey bars) of
the homogeneous soil treatment and for the rich quadrant 1 (black bars) and poor quadrant 3
(white bars) of the heterogeneous soil treatment. Rup = Rumex palustris; Ma = Mentha aquatica;
Ras = Ranunculus sceleratus; Of = Oenanthe fistulosa. In a bars with the same letter are not
significantly different (Tukey test, P>0.05). In b * indicates a significant difference in root
placement between the homogeneous and the heterogeneous treatment for this species (Tukey
test, P<0.05). Values are means +/- SE.

Discussion

Our study shows that wetland species have very dynamic root systems, not only in
response to flooding but also in response to soil heterogeneity. In the combined responses
study we tested if the selective root placement of R. palustris and R. sceleratus was affected
by the preceding waterlogging treatment. Despite the presence of adventitious roots that
were induced by waterlogging in the waterlogged-heterogeneous treatment, roots were
selectively placed in the rich quadrant in both the drained-heterogeneous and the
waterlogged-heterogeneous treatment. This suggests that adaptations to flooding do not
constrain subsequent adaptations to soil heterogeneity. In chapter 2 we found a trade-off in
morphological root responses to flooding and to a heterogeneous nutrient supply for seven
grassland species. If we assume that the current results also hold for the grassland species
used in chapter 2, this means that the trade-off we found for the grassland species is not a
physiological trade-off, because the responses can be combined in a single individual. The
results in chapter 2 thus suggest an ecological trade-off, originating from the selection
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pressures that exist in the lower and higher sites of the floodplain habitat. The nature of this
trade-off remains unclear.
In the trade-off study, we asked whether combining a high flood-tolerance with a
high selective root placement as seen in R. palustris is more common among wetland
species. The three other wetland species we used here, M. aquatica, R. sceleratus and O.
fistulosa, had a high selective root placement, but their partial submergence tolerance was

not as high as was expected for wetland species. In contrast to R. palustris, the biomass of
their root systems was lower under partial submergence than under drained conditions,
although this was not significant for R. sceleratus. However, the root systems of M. aquatica,
R. sceleratus and O. fistulosa were well adapted to flooded conditions, in the sense that they

formed adventitious roots and superficial roots in the water layer. It has been shown before
that flood-tolerant species can lose a relatively large amount of biomass under submerged
conditions (van Eck et al., 2004). In case of the wetland species this may only have been
temporarily, because by the time of harvest the plants may still have been in the process of
building up a flood-tolerant root system. Apparently, in R. palustris this transition takes place
much faster. Alternatively, some species that naturally occur in wet soil may be well adapted
to soil flooding, but suffer from partial submergence. Visser et al. (2000) investigated the
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Figure 6:

Trade-off study. Relative selective root placement compared with relative partial

submergence tolerance. Black and white symbols represent the flood tolerant species and flood
sensitive species from chapter 2. Grey symbols represent the species from the current experiment.
Ap = Achillea ptarmica; Am = Achillea millefolium; Rup = Rumex palustris; Rut = Rumex
thyrsiflorus; Rar = Ranunculus repens; Rab = Ranunculus bulbosus; Fa = Festuca arundinacea; Fr
= Festuca rubra; Ma = Mentha aquatica; Ras = Ranunculus sceleratus; Of = Oenanthe fistulosa.
The values for R. palustris from the separate experiments are encircled. Values are means +/- SE.
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flooding tolerance of six Carex species from an alpine meadow, originating from habitats
differing in the degree of soil flooding. For one species normally found on water-saturated
soil, Carex davalliana, soil flooding did not affect its biomass or survival, but all plants died
when they were partially submerged. Other studies have shown that R. sceleratus and M.
aquatica were indeed tolerant to waterlogging (He et al., 1999; Lenssen et al., 1999). R.
sceleratus was also very tolerant to waterlogging in our combined responses study, where

the conditions were less harsh as in the trade-off study. Due to the waterlogging instead of
partial submergence treatment and the smaller pot size the soil was probably hypoxic, rather
than anoxic.
The relative values for selective root placement and partial submergence
tolerance found for R. palustris in the current experiment and in chapter 2 were similar,
despite some differences in the set-up of the root placement experiment. This suggests that
the response of R. palustris is a robust result and that also the results of the other species
may be directly compared between the experiments (Chapter 2). In figure 6, the terrestrial
species and the wetland species can clearly be distinguished as separate groups. Within the
group of terrestrial species, there was a negative relationship between relative selective root
placement and relative partial submergence tolerance (Chapter 2). Within the wetland
species there is also a tendency for a negative relation between these factors, but with a
higher intercept, indicating an overall higher selective root placement. According to our
original trade-off hypothesis, the high selective root placement in wetland species was
unexpected, because the soil in the wet habitats of these species is likely to be more
homogeneous in nutrient availability than the soils of drier sites (Chapter 2). It matches,
however, with the high selectivity of R. palustris.
As was argued in chapter 2, the high root plasticity of wetland species may be
beneficial in their dynamic habitat. The plants need to respond quickly to flooding with the
formation of adventitious roots. After the water has retreated, nutrients are being released
and plants start foraging for nutrients. They then need to extend their root system and
replace the adventitious root system with finer roots, since adventitious roots are likely to be
less efficient in nutrient uptake because of their low surface to volume ratio and low number
of branches. Rapid root growth will speed up the responses to changing conditions. This is
especially applicable to R. palustris, the species with the most dynamic habitat. The results
found in this study thus suggest that the high selective root placement of wetland species
may be a by-product of rapid root proliferation when conditions change (cf. Poorter &
Lambers, 1986; Kembel & Cahill, 2005). Until now, selective root placement has been
studied too much in isolation (de Kroon & Mommer, 2006), while it may be correlated with
other traits that affect plant performance in other conditions. Further studies that focus more
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on traits underlying selective root placement will contribute to our understanding of the
ecological significance of selective root placement in different environments.
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Abstract
Nutrient hotspots in the soil have a limited lifespan, but the costs and benefits for root
foraging are still underexposed. We assessed short term costs that may arise when a
nutrient-rich patch induces root proliferation, but then rapidly disappears.
Rumex palustris plants were grown with a homogeneous or heterogeneous nutrient
application. After root proliferation in a nutrient-rich patch, nutrient supply was switched from
homogeneous to heterogeneous and vice versa, or the patch location was changed.
R. palustris proliferated its roots in the rich patch. After switching, the relative growth
rates of the roots were adjusted to the novel pattern of nutrient availability. However, the
changes in local root biomass lagged behind the rapid shift in nutrient supply, because the
realized root mass in specific sectors could not be rapidly relocated. Despite this, R. palustris
did not exhibit costs of switching in terms of biomass or nitrogen uptake.
Our data suggest that rapid shifts in uptake rate and redistribution of nitrogen within
the plant may have lowered the costs of wrong root placement.

Introduction
In natural soils, spatial as well as temporal variation in nutrient availability is high, also
at scales relevant to plant roots (Jackson & Caldwell, 1993; Cain et al., 1999; Farley & Fitter,
1999a). The ability to forage for localized supplies of nutrients is important for capturing
sufficient amounts of limiting nutrients and for the ability to compete for limiting resources
(Hutchings & de Kroon, 1994; Hodge et al., 1999b; Robinson et al., 1999; Hodge, 2004).
Morphological responses to a nutrient rich patch in the soil include the proliferation of roots in
the patch by enhanced branching or elongation of roots (Drew et al., 1973; Drew, 1975).
Root proliferation might however not be cost-effective if the patch disappears or a competitor
occupies it more rapidly (van Vuuren et al., 1996; Leyser & Fitter, 1998).
Farley and Fitter (1999a) showed that localized peaks in nutrient concentration in a
woodland soil were short-lived, lasting only 2-4 weeks. This implies that a specific patch can
rapidly disappear, while another patch appears elsewhere. Although specific data are
lacking, it is likely that patches of similar limited duration also exist in other ecosystems. Van
Vuuren et al. (1996) showed that more root biomass is produced in nutrient rich patches than
necessary to acquire the available nutrients. Especially if patches are ephemeral, and
frequently appear elsewhere, this overproduction may be a major cost (Hutchings & de
Kroon, 1994; Fransen & de Kroon, 2001). The costs of wrong root placement in patches of
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limited duration are still underexplored, however, even though this could be an important
factor in a species’ natural habitat.
In this study we want to assess short term costs that may arise when a patch persists
long enough to induce root proliferation (see Crick & Grime, 1987; Fransen et al., 1999a), but
then rapidly disappears while another patch appears at another location. That is, we ask the
question if such rapidly changing soil environment will lead to a reduction in growth due to
the lost investment or if plants are able to adapt rapidly to the new nutrient conditions.
We investigated the costs associated with root proliferation in a short-lived

nutrient-

rich patch for Rumex palustris. An earlier study revealed that this species is very plastic in its
root responses to flooding and to soil nutrient heterogeneity (Chapter 2). In the current
experiment R. palustris plants were grown with either a homogeneous or a heterogeneous
nutrient application, but with the same overall nutrient supply. After roots had proliferated in a
nutrient-rich patch, the patch disappeared, or was shifted in location. The effects on root and
shoot growth were measured.
Based on the current knowledge, it is not clear whether we can expect costs of a
switch in nutrient supply. Two alternative hypotheses are presented here. First we expect
that the proliferation of roots is beneficial for R. palustris, if a larger root surface area in a rich
patch increases the nutrient uptake from this patch (Robinson, 1994). Consequently, we
predict costs in terms of a reduced nutrient uptake and reduced plant growth in the switched
treatments relative to control treatments associated with producing roots at the “wrong”
location. After the switch in nutrient application the benefits of the former root proliferation will
decrease, because after patches change location there will be too much root surface in
formerly enriched locations while new roots have to be formed at other locations.
Alternatively, however, costs of changes in patch location may be limited. For a data set of
90 species, Kembel & Cahill (2005) showed that plant growth in heterogeneous vs.
homogeneous soils was not related to the degree of selective root placement in a rich patch.
If the benefits of selective root placement are limited for R. palustris, the costs may also be
limited.

Materials and Methods
Plant species and pre-treatment
The experiment was carried out with Rumex palustris Sm., a common floodplain
species in the Netherlands. R. palustris is a fast-growing, biannual species from frequently
but not permanently flooded soils (Voesenek et al., 2004). It typically occurs on mudflats
around stagnant waters in the floodplain. Switches in nutrient availability are likely to occur in
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this habitat, as frequent flooding events give a lot of temporal and spatial variation in nutrient
availability.
R. palustris seeds were collected in 2000 from the Ewijkse waard, a field site in the
floodplains of the river Rhine near Nijmegen in the east of the Netherlands. Seeds were
germinated on wet filter paper in petri-dishes in a growth chamber (16 hours light, 25.5ºC; 8
hours dark, 10ºC). Seedlings were planted in 5.5 cm diameter pots, with an open mesh pot of
the same size inside. The substrate was a 1:1 mixture of sand and loamy sand on a volume
basis. Once a week the seedlings were supplied with a nutrient solution containing 2 mM Ca
(NO3)2 ·4 H2O, 1.25 mM K2SO4, 0.5 mM KH2PO4, 0.5 mM MgSO4 ·7 H2O, 120 mM
Fe3+NaEDTA and micronutrients. After 4 weeks, the mesh pots with plants were placed in the
middle of 14 cm diameter (1.4 litre) pots filled with a 1:1 mixture of sand and vermiculite on a
volume basis. The bulk soil density was 1.3 kg 1-1. This very poor substrate was used in
order to be able to vary the nutrient availability in space and time, by applying different
nutrient solutions (see next section).
Seedlings and plants were grown in a climate chamber with 16 hours light from 600
W High Pressure Sodium lamps and a temperature of 20˚C. The mean light intensity was
280 µmol m-2 sec-1. The experiment was carried out between March and June 2004.

The experimental design
We used a dripping system for watering and providing nutrients to the plants, creating
specific nutrient patches. This system made it possible to add the same volume of different
nutrient solutions to four quadrants per pot, to precise locations on the soil surface. Campbell
and Grime (1989) and Johnson and Biondini (2001) showed that in this way distinct borders
can be created between the four quadrants. In our experiment, each dripping system had 4
syringes that were filled with 40 ml nutrient solution per syringe. Small taps under these
syringes were opened at the same time, so that the solution was led through a tube to the
middle of each quadrant. The solutions were dripped onto the quadrants at virtually the same
rate, which assured that there was no lateral transport between the quadrants.
Depending on the treatment, the 4 quadrants were either all supplied with the same
nutrient solution (homogeneous treatment), or one quadrant was supplied with a rich solution
and the other 3 with a poor solution (heterogeneous treatment). The nutrient rich solution
was a modified ½ strength Hoagland solution (Hoagland & Arnon, 1950; Johnson et al.,
1957). This solution contained 4 mM Ca (NO3)2 ·4 H2O, 2.5 mM K2SO4, 1 mM KH2PO4, 1 mM
MgSO4 ·7 H2O, 240 mM Fe3+NaEDTA and micronutrients. The nutrient poor solution had a
strength of 1⁄64 Hoagland solution and for the uniform nutrient supply in the homogeneous
treatment the strength was approximately 1⁄8. The strength of the latter solution was such that
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the total nutrient supply in the heterogeneous and homogeneous treatments was the same.
All plants were placed randomly in the climate chamber and were watered 4 times a week.
The experiment consisted of five nutrient supply treatments (Fig. 1), with 18 replicates
per treatment and 2 harvests. As described above, all treatments started with either a
heterogeneous or a homogeneous nutrient application. At the moment of transplanting the
seedlings into the larger pots, 10 plants were harvested to quantify the start weight (harvest
0). After 4 weeks, additional plants from the heterogeneous treatment showed root
proliferation in the rich quadrant, so that a switch in nutrient application could be made (see
Fig. 1). The homogeneous nutrient application was either maintained (Hom-Hom) or
switched to heterogeneous (Hom-He1), and the heterogeneous application was either
maintained (He1-He1), switched to homogeneous (He1-Hom), or the nutrient-rich patch was
shifted to the opposite quadrant in the pot (He1-He3). Immediately before the nutrient
application was switched, all four quadrants were watered three times with an excess
amount (± 200 ml) of poor nutrient solution in order to remove surplus nutrients from the soil.
A water saturated soil contained approximately 600 ml water per pot.
At the time of the switch, 8 replicates per treatment were harvested (harvest 1), to
quantify the response in root growth to the homogeneous and heterogeneous nutrient
application. The shoot was cut from the plant. The roots in the open mesh pots in which the
plants were pre-grown were sampled separately. The roots in the 4 quadrants of the pot
were separated with a sharp metal blade and harvested separately. In the heterogeneous
treatment, the rich quadrant of the pot was always assigned as quadrant 1. In the
homogeneous treatment one of the quadrants was at random assigned as quadrant 1. All
root samples were carefully washed to remove soil particles. The pink taproots (> 1 mm

Figure 1:

The treatments used in the experiment. Hom = homogeneous nutrient supply, He =

heterogeneous nutrient supply. A rich patch was created in quadrant 1 (He1), or 3 (He3).
nutrient rich,

= nutrient poor,

=

= homogeneous nutrient supply. Æ denotes a switch in nutrient

supply. Numbers 1-4 indicate the quadrants in a pot.
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diameter) were separated from the white fine roots in all samples. All samples were dried at
70ºC for at least 48 hours, after which the dry weight was measured.
After the switch in nutrient application, the experiment was continued for another 3.5
weeks. Then the remaining 10 replicates per treatment were harvested in the same way as
the first harvest (harvest 2).
The dried shoot material of the plants of each of the harvests was ground and used to
analyse the nitrogen content of the shoot in a nitrogen/carbon/sulphur analyzer (NA 1500,
Carlo Erba Instruments, Milan, Italy).
Two weeks after the start of the experiment, soil moisture samples were taken from
five randomly selected pots with a heterogeneous and four with a homogeneous treatment.
During the second part of the experiment, two weeks after the switch, we sampled 3
replicates per treatment. In these pots, ceramic Rhizon tubes (diameter 0.3 cm, length 10
cm) were placed in the centre of each quadrant to collect soil moisture. All soil moisture
samples were stored in a freezer in plastic iodinated pots to prevent absorption of phosphate.
These samples were subsequently analysed colorimetrically with a continuous–flow analyser
for NO3- (Traacs 800+, analytical Console of Bran and Luebbe, Norderstedt, Germany) and
PO43- (auto-analyser II, Bran and Luebbe, Norderstedt, Germany).
Nutrient dosage experiment
As costs of a switch in nutrient supply will be limited if nutrients are available in
excess, we investigated whether nutrients were limiting plant growth in the main experiment.
We conducted another experiment in which we grew R. palustris plants on nutrient solutions
of different strength. The pre-treatment of these plants and the conditions during the
experiment were similar as in the main experiment. There were 5 nutrient concentration
treatments: 1/64, 1/16, 1/8, ¼ and ½ strength modified Hoagland solution with 10 replicates
per treatment. The plants were watered 4 times per week with 160 ml nutrient solution, an
amount similar to what was given in the main experiment. The 1/8 nutrient treatment was
comparable to the overall nutrient supply in the main experiment.
Seedlings and plants were grown in the same climate chamber under similar
conditions as the main experiment. The nutrient dosage experiment was carried out between
September and November 2005.
After 27 days 5 replicates were harvested (harvest 1) in the same way as in the main
experiment, except that the root system was not divided in 4 quadrants. The other 5
replicates were harvested 27 days later (harvest 2), again in the same way as described
before. To prevent turgor loss the plants in the treatments with the ¼ and ½ strength
Hoagland solution received extra tap water before every application of nutrient solution
during the second half of the experiment.
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Data analysis
In order to determine the rate of root biomass increment of the plants and how it was
affected by switching nutrient patches, root Relative Growth Rate (RGR) was calculated for
all quadrants in all treatments and for period 1 and 2 separately with the following formula:

RGR =

ln DW t + 1 - ln DW t
Tt + 1 - Tt

with DW = dry weight and T = time, for period t to t+1. The RGR for the first part of the
experiment was calculated with the same value for DWt for all quadrants. That is, the fine
root biomass of the plants at harvest 0 was divided by 4 to get a value per quadrant,
assuming that the roots were equally divided over the small pots at the start of the
experiment. Fine root biomass data per quadrant from harvest 1 were used for DWt+1. The
duration of the first part of the experiment was 27 days.
To calculate the RGR in the second part of the experiment, data from harvest 2 were
used for DWt+1. Because the plants used for harvest 2 were different individuals than the
ones used for harvest 1, we used the average of all homogeneous or rich or poor quadrants
in harvest 1 as the DWt value for a given quadrant. The duration of the second part of the
experiment was 25 days.
Statistical analysis

All data were analysed with SAS (version 8.02, SAS Institute Inc, Cary, NC, USA).
The fixed effect of treatment was analysed using one-way analysis of variance for nitrate
concentration in the soil moisture, fine root biomass per quadrant, Relative Growth Rate per
quadrant, shoot biomass, shoot nitrogen content and total root biomass per pot. This was
done separately for the data from harvest 1 and 2. Quadrant 1 and quadrant 3 were analysed
separately for the fine root biomass and RGR data and the soil moisture nutrient data of the
second part of the experiment, because the biggest changes occurred in these quadrants.
Prior to analysis, the soil moisture nutrient data and the fine root biomass data were log
transformed to improve normality and homogeneity of variances. Means of the significantly
different total root biomass data were compared with Tukey’s tests.
A priori contrasts were used to test for differences between the treatments in the
nitrate concentration in the soil moisture and fine root biomass in quadrant 1. We contrasted
the effects of the three possible local levels of nutrient supply, i.e. rich, poor or
homogeneous, before or after the switch. For the data of harvest 1, we contrasted the
treatments that were homogeneous (Hom) vs. rich (He1) in quadrant 1 in the first period of
the experiment (Hom-Hom and Hom-He1 vs. He1-He1 and He1-Hom, contrast A), in order to
test whether root proliferation in the rich patch occurred. For the data of harvest 2 we also
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determined whether the nutrient concentration in the soil moisture and the root biomass in
quadrant 1 were still influenced by the nutrient supply in the first period. To this purpose we
applied the same contrast as for the data of harvest 1, so homogeneous vs. rich in period 1
(Hom-Hom and Hom-He1 vs. He1-He1 and He1-Hom, contrast A) to the quadrant 1 data of
the second period. In order to test whether the actual nutrient supply in the second period
affected the results for nitrate concentration in the soil moisture and fine root biomass in
quadrant 1, we compared the treatments that had a homogeneous vs. rich nutrient supply in
the second period (Hom-Hom and He1-Hom vs. Hom-He1 and He1-He1, contrast B). For
these two contrasts (A and B) we excluded the fifth treatment He1-He3, because the other
four treatments complete a full factorial design of homogenous and heterogeneous nutrient
supply. In the third contrast for the data of harvest 2, we did include treatment He1-He3 to
see the effect of a change in location of the rich patch. We contrasted the treatments with a
rich vs. a poor nutrient supply in quadrant 1 after the switch (Hom-He1 and He1-He1 vs.
He1-He3, contrast C).
For quadrant 3 we performed the same contrasts as for quadrant 1, but the local
nutrient levels were different. As contrasts A and B, as explained above, test for
homogeneous vs. rich nutrient supply in quadrant 1, for quadrant 3 the same contrasts
compare homogeneous vs. poor nutrient supply. Contrast C compares the poor vs. rich
nutrient supply in quadrant 3. As the contrasts were not orthogonal, adjusted p-values were
calculated with the Dunn-Šidák method (Sokal & Rohlf, 1981).
The root RGR data of the second harvest were used to determine whether an
increase or decrease in nutrient supply in a quadrant after the switch leads to an increased
or decreased growth rate of the roots in that quadrant. The nutrient supply in quadrant 1
increased after the switch in treatment Hom-He1, while it decreased in He1-Hom and He1He3. The opposite occurred in quadrant 3. We thus contrasted the treatments in which the
nutrient supply increased (plus) vs. decreased (minus) for a certain quadrant (Hom-He1 vs.
He1-Hom and He1-He3, contrast D).

Results
Soil moisture nutrient concentrations

Soil moisture analyses showed that the nutrient concentrations in the different
quadrants closely followed the nutrient application at the time (Fig. 2). This means that our
method of dripping the solutions onto the different quadrants of a pot worked well and that
the nutrients did not diffuse through the pot. In the homogeneous treatments the nitrate
concentration was always the same for the 4 quadrants per pot. In the heterogeneous
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Table 1:

Analysis of variance of nitrate concentration in the soil moisture and fine root biomass

(DW) in quadrant 1 and 3. See text for an explanation of the contrasts. Homogeneous (hom), rich
and poor represent the local levels of nutrient supply. df: numerator, denominator. F values are
given with their level of significance: ***P<0.001, **P<0.01, ns not significant. Because the contrasts
were not orthogonal, adjusted p-values for the contrasts were: ***P<0.0003, **P<0.0033.
df

F value
NO3-

Quadrant 1 period 1

df

concentration

F value
Root DW

1,7

16.78**

4,35

15.97***

-

-

1,35

54.63***

1,7

68.03***

4,35

8.15***

-

-

1,35

27.04***

4,10

72.65***

4,44

11.28***

A: hom vs. rich period 1

1,10

0.54ns

1,44

42.30***

B: hom vs. rich period 2

1,10

64.04***

1,44

0.98ns

C: rich vs. poor period 2

1,10

288.02***

1,44

0.33ns

4,10

59.56***

4,44

18.09***

A: hom vs. poor period 1

1,10

1.51ns

1,44

24.02***

B: hom vs. poor period 2

1,10

133.54***

1,44

19.15***

C: poor vs. rich period 2

1,10

195.72***

1,44

26.83***

A: hom vs. rich period 1
Quadrant 3 period 1
A: hom vs. poor period 1
Quadrant 1 period 2

Quadrant 3 period 2

A contrast: Hom-Hom and Hom-He1 vs. He1-He1 and He1-Hom
B contrast: Hom-Hom and He1-Hom vs. Hom-He1 and He1-He1
C contrast: Hom-He1 and He1-He1 vs. He1-He3

treatments the nitrate concentration in quadrant 1 was much higher, and in quadrant 3 lower,
than in the homogeneous treatments (Fig. 2, Table 1). In treatment He1-He3 the rich patch
was successfully displaced to quadrant 3 in the second part of the experiment. The soil
moisture samples that were taken two weeks after the switch in nutrient supply showed no
traces of the treatments applied during the first part (p>0.05 for contrast A, Table 1). The
phosphate concentrations showed the same pattern as the nitrate data (data not shown).
Nutrient dosage experiment

From the nutrient dosage experiment it is clear that nutrients were limiting plant
growth in the main experiment (Fig. 3), as plant biomass increased over the entire gradient of
nutrient concentration. The same pattern was shown for shoot and root growth separately
(data not shown). In the main experiment the plant biomass at harvest 1 was between 3 and
4 gram for all treatments, while it was between 12 and 13 gram at harvest 2. These values
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Figure 2:
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Nitrate concentrations in the soil moisture samples per quadrant a) two weeks after

the start of the experiment and b) two weeks after the switch. The codes of the treatments indicate
the nutrient supply before and after the switch. Hom = homogeneous nutrient supply, He =
heterogeneous nutrient supply. A rich patch was created in quadrant 1 (He1), or 3 (He3).
quadrant 1,

= quadrant 2,

= quadrant 3,

=

= quadrant 4. Values are means +/- SE.

are comparable with the biomass of the plants with the corresponding nutrient solution
strength (i.e. 1/8 strength modified Hoagland solution) in the nutrient dosage experiment. The
fine root density (g DW per liter) of the plants in the nutrient dosage experiment was as high
as 2,5 g l-1 in the ½ strength nutrient solution treatment, while in the main experiment the
maximum fine root density in the enriched patch was only 0,82 g l-1. We may thus draw the
conclusion that root proliferation in the rich patch in the main experiment was not restricted
by maximum rooting densities.
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Figure 3:

Nutrient dosage experiment. Plant biomass (DW) at harvest 1 (closed symbols) and

harvest 2 (open symbols) as a function of the strength of the modified Hoagland solution. Values are
means +/- SE. Note that in most cases the SE was smaller than the symbol.
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Root growth

During the first part of the experiment, Rumex palustris responded to the
heterogeneous nutrient application with the proliferation of roots in the rich quadrant of the
pot. At the first harvest, the fine root biomass in quadrant 1 was higher in the heterogeneous
than in the homogeneous treatments while the root biomass in quadrant 3 was lower in
heterogeneous than in homogeneous soil (Fig. 4a, contrast A, Table 1). In the
heterogeneous treatment, the root biomass in quadrant 1 was 2-3 times higher than that in
quadrant 3. The roots of the plants in the homogeneous treatment were distributed evenly
over the pot (Fig. 4a). The same responses were apparent in the relative growth rates (RGR,
Fig. 4c).
The plants did show strong root growth in the second period, as the total fine root
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Figure 4:

0,00

Fine root biomass (DW) per quadrant a) at harvest 1 and b) at harvest 2, and root

Relative Growth Rate c) before the switch and d) after the switch. The codes of the treatments
indicate the nutrient supply before and after the switch. Hom = homogeneous nutrient supply, He =
heterogeneous nutrient supply. A rich patch was created in quadrant 1 (He1), or 3 (He3).
quadrant 1,

= quadrant 2,

= quadrant 3,

=

= quadrant 4. Values are means +/- SE. Note the

difference in scale.
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biomass at the second harvest was almost twice as large as that at the first harvest.
However, at the second harvest, the treatments that were imposed during the first period still
had a highly significant effect on the root biomass pattern (Fig. 4b, contrast A, Table 1). The
fine root biomass in quadrant 1 was still higher in the treatments where this quadrant was
enriched during the first period than in the treatments where it was homogeneous. The root
biomass in quadrant 3 was lower in the treatments where quadrant 3 had a poor nutrient
supply in the first period than in the treatments where it had a homogeneous nutrient supply.
There was no significant effect of the treatment applied during the second period on the root
biomass in quadrant 1, i.e. changing patches did not result in significant changing of rooting
patterns over the second period. By contrast, the root biomass in quadrant 3 was higher
when this quadrant was enriched (treatment He1-He3) than when it was poor (He1-He1 and
Hom-He1) in the second period, and it was higher in the homogeneous treatments than in
the poor quadrant in the He1 treatments (contrast C and B respectively, Table 1). This
suggests that an increase in root biomass when the nutrient supply was increased, as in
quadrant 3, was realized faster by R. palustris than a decrease in root biomass when the
nutrient supply was decreased, as in quadrant 1. Apparently the biomass distribution realized
in the first part of the experiment slowed down the process of adapting the roots to the actual
nutrient supply during the second period.
The RGR of the roots in the second part of the experiment was lower than that in the
first part of the experiment for all plants, indicating that growth was gradually slowing down.
RGR in the treatments in which nutrient patches remained stable (Hom-Hom and He1-He1)
was more or less the same in all quadrants (Fig. 4d), which was expected because the
nutrient application was not different from that in the first period. In the other three treatments

Table 2:

Analysis of variance of shifts in Relative Growth Rate of roots per quadrant in the

second period of the experiment. Plus or minus indicate that the nutrient supply in a certain
quadrant was increased or decreased after the switch in nutrient supply, respectively. See text for
an explanation of the contrast. df: numerator, denominator. F values are given with their level of
significance: ***P<0.001, **P<0.01.
df

F value
RGR

Quadrant 1 period 2
D: - vs. +
Quadrant 3 period 2
D: + vs. -

4,44

5.55**

1,44

14.60***

4,44

23.55***

1,44

49.41***

D contrast: He1-Hom and He1-He3 vs. Hom-He1
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Table 3:

Analysis of variance of shoot biomass (DW), nitrogen content of the shoot and

total root biomass per pot at harvest 1 and 2. df: numerator, denominator. F values are given with
their level of significance: *P<0.05, ns not significant.
df
Harvest 1
Harvest 2
a

F value
Shoot DW

N content

Total root DW

4,35

a

2.17ns

0.99ns

0.66ns

4,44

b

1.95ns

1.80ns

2.75*

b

denominator = 31 for N content shoot. denominator = 40 for N content shoot

the nutrient application was changed, and the local RGR of the roots clearly responded to the
switch (Fig. 4d). The quadrants that had an increased nutrient supply after the switch had a
higher RGR than those with a decreased supply (contrast A, Table 2).
Plant biomass and nutrient content

Both at harvest 1 and 2 the shoot biomass (Fig. 5a) was the same for all treatments
(Table 3). At harvest 2, there was a significant difference in total root biomass per pot
between the treatments (Table 3), because it was higher in treatment Hom-He1 than in He1He3. The other three treatments were not significantly different from either one of these two
treatments or from each other. A large part of the root biomass consisted of taproots, ranging
from 7.7 gram for the plants in treatment He1-He3 to 8.9 gram for the plants in Hom-He1.
For the first as well as the second harvest the nitrogen content of the shoot did not
differ between treatments (Fig. 5b, Table 3), so the total nutrient uptake was the same. The
nitrogen concentration in the shoot declined from about 24 mg N per gram shoot at the first
harvest to around 16 mg N per gram shoot at the second harvest, while the shoot biomass
doubled (Fig. 5a).
From the shoot N content, we calculated how much nitrogen was taken up during the
first and the second period. As the shoot N concentration (mg N per gram shoot) was always
higher at harvest 1 than at harvest 2, we also calculated how much N was redistributed to
new biomass during the second period. Assuming that nitrogen concentration is the same in
old and new tissues, that no N losses in the second period occurred e.g. due to leaf
senescence, and assuming a negligible contribution by redistribution from the roots, a similar
amount of N was redistributed from the biomass formed in the first period (grey bars in Fig.
5b) as was taken up during the second part of the experiment (white bars in Fig. 5b). The
estimated contribution of redistribution (grey bars) to the N content of the biomass formed in
the second part of the experiment (grey + white bars) was approximately 54% for the
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a

Shoot biomass (g)
Shoot biomass (g)

4
4,0

3
3,0

2
2,0

1
1,0

0
0,0
Hom-Hom

Hom-He1

He1-He1

He1- Hom

He1-He3

Treatment
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b

N content (mg)

60
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period 2
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30
period 1

20
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0
Hom-Hom Hom-He1

He1-He1

He1-Hom

He1-He3

Treatment

Figure 5:

a) shoot biomass (DW) at harvest 1 (

) and harvest 2 (total,

+

) and b)

nitrogen content of the shoot at harvest 1 and harvest 2. The nitrogen amount taken up during the
first period is divided in the amount that remained in the old biomass during the second period
(

) and the amount that was redistributed to new biomass (

).

= the amount that was taken

up during the second part of the experiment. The codes of the treatments indicate the nutrient
supply before and after the switch. Hom = homogeneous nutrient supply, He = heterogeneous
nutrient supply. A rich patch was created in quadrant 1 (He1), or 3 (He3). Values are means +/SE.

treatments in which nutrient patches remained stable (Hom-Hom and He1-He1), and around
43% for the switched treatments.

Discussion
Rumex palustris responded to a heterogeneous nutrient supply with the proliferation

of roots in a nutrient-rich patch, as numerous other species have shown (Robinson, 1994;
Kembel & Cahill, 2005, Chapter 2). After a switch in nutrient application, the relative growth
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rates of the roots in the 4 quadrants of every pot were adjusted to the novel conditions.
However, the changes in local root biomass lagged behind the changes in nutrient supply,
because the realized root mass in specific quadrants could not be rapidly relocated. Despite
this wrong placement of the roots, R. palustris did not exhibit costs of switching in terms of
shoot biomass or nitrogen uptake.
Root growth

During the first part of the experiment, in the heterogeneous treatment 91% of the
nutrients was supplied in one quadrant of the pot and 9% was supplied to the remaining 3
quadrants. 40-49% of the roots in these pots was placed in the rich quadrant. In the
homogeneous treatment, 25% of the nutrients as well as about 25% of the roots was placed
in every quadrant of the pot. As the total root and shoot biomass and N content were the
same for plants in both the homogeneous and the heterogeneous treatment in harvest 1, the
roots in the rich patch in the heterogeneous treatment must have had an uptake rate per unit
root biomass that was twice as large as the uptake rate of the roots in the homogeneous
treatment (cf. Jackson et al., 1990; Fransen et al., 1998; Hodge, 2004).
The clearest examples of slow root biomass relocation during the second part of the
experiment were the high percentages of roots remaining in the formerly rich quadrants in
switched treatments He1-Hom and He1-He3. Especially in the latter treatment, 36% of the
roots in these pots was still present in the formerly rich quadrant at harvest 2, while only 3%
of the nutrients was supplied to this quadrant in the second period. For comparison, in the
stable heterogeneous treatment (He1-He1) only 15% of the roots were present in the
quadrant opposite the rich quadrant. In spite of strong root growth in newly enriched patches
in the second period, root placement was altered slowly, because substantial biomass
persisted at the wrong location. Although the growth rate in the former patch in treatment
He1-He3 significantly decreased, its effect on the local biomass was delayed as root life
spans are probably longer than the relatively short time span of our experiment (Eissenstat &
Yanai, 1997; Bouma et al., 2001c; Van der Krift & Berendse, 2002). We conclude that if
localized peaks in nutrient concentration in the field are short-lived (Cain et al., 1999; Farley
& Fitter, 1999a), wrong placement may commonly occur in the field in patches that persist
long enough to induce selective root placement but that are shorter-lived than the life span of
the roots.
Costs of a switch in nutrient supply

We expected costs of root proliferation in the switched treatments, because the plants
had to invest in root growth in other quadrants or had roots in quadrants where nutrients
could no longer be obtained in large amounts. Because the roots had proliferated a lot in the
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rich patches four weeks after the start of the experiment, we expected that a similar period
after the switch should be long enough for the plants to respond to the changes in nutrient
supply in terms of root placement. By choosing this time span we avoided the costs of root
death that come into play in long-term experiments (Fransen & de Kroon, 2001). Moreover,
our nutrient dosage results revealed that nutrients were limiting growth under the conditions
of our experiment and total plant biomass increased from less than 4 gram to more than 12
gram in all the treatments after the switch, so there was ample opportunity for the plants to
expose costs. We did however not find differences in shoot biomass or shoot nitrogen
content after the switch in nutrient application. We suggest two explanations for the lack of
costs.
First, costs may be reduced as a result of redistribution of stored nutrients to new
biomass, reducing the demand on new nutrient uptake. The fact that redistribution can play a
role in plants that are locally supplied with nutrients was recognized by Robinson (1994). In
our experiment, the availability of N in the soil stayed the same over the entire period, but the
N concentration in the shoots decreased after the switch while shoot biomass doubled.
Nutrient uptake was only half to less than 1/3 in the second period compared to the first
period. We may thus assume that the N that was already taken up in the first part of the
experiment was diluted and redistributed (Fig. 5b). Storage and redistribution are common in
plant species (Suzuki & Stuefer, 1999; Aerts & Chapin, 2000; Groeneveld & Voesenek,
2003). If a plant is able to buffer nutrient limitation by diluting nutrients that were taken up
earlier when luxury consumption was possible, it can continue to grow and might benefit in
competition with other species (van Wijk et al., 2003). Our results suggest temporary storage
and redistribution of nutrients as factors that can buffer the costs of root biomass relocation
by lowering the immediate nutrient demand but that hardly received any attention previously,
despite the attention given by Robinson (1994).
A second explanation for the lack of costs of wrong root placement may be a high
physiological plasticity. Our results suggest that the uptake kinetics of the roots in the rich
quadrants in switched treatments have been higher than in rich quadrants that were not
switched. For example, in the treatment in which the rich patch was relocated (He1-He3), the
same amount of N was taken up with only 26% of the root biomass located in the rich patch,
versus 46% of the same total root biomass in the rich patch in the stable treatment (He1He1). The plants in the switched treatment could probably take up more nutrients with the
many new actively growing roots, which may have a higher physiological plasticity than older
root parts (Passioura, 1988; Sorgona et al., 2005).
If switching patches would result in lower immediate nutrient uptake, one would
expect that the contribution of stored nutrients to new shoot biomass would be higher in
treatments in which nutrient patches were switched compared to treatments in which they
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were stable. However, our calculations revealed that the contribution of redistribution to the N
content of the shoot biomass formed in the second period was lower, rather than higher for
the switched treatments than for the non-switched treatments. Also the increase in N content
of the shoot during the second period was higher rather than lower in the switched
treatments compared with the stable treatments (Fig. 5). These calculations together suggest
that increased uptake kinetics in the switched treatments, together with the buffering effect of
redistribution of stored nutrient reserves, more than compensated for the costs of wrong root
placement.
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Abstract
The importance of selective root placement in enriched micro-sites for competitive
ability is disputed. We try to elucidate the interplay between soil heterogeneity, selective root
placement and interspecific competition by studying two common floodplain species, Rumex
palustris and Agrostis stolonifera, that differ in selective root placement.
Our main questions were 1) whether belowground plant-plant interactions affect
selectivity in root placement and 2) whether the competitive ability of R. palustris increases
relative to A. stolonifera in heterogeneous soil compared to homogeneous soil, because of
the better ability of R. palustris to forage for nutrients. R. palustris and A. stolonifera were
grown alone or in interspecific competition, in pots with homogeneous or heterogeneous soil.
The selectivity in root placement in the enriched quadrant in heterogeneous soil was
stronger for R. palustris than for A. stolonifera. Because the roots of the two species could be
separated at harvest, we were able to show that the selectivity of R. palustris increased
when the species were grown in competition, while that of A. stolonifera decreased.
R. palustris was the better competitor, but its competitive ability did not change with
the nutrient distribution in the soil, since shoot biomass of A. stolonifera was similarly
suppressed in heterogeneous and homogeneous soil. A 15N pulse was applied twice during
the experiment to the rich patch and the corresponding patch in homogeneous soil. The 15N
uptake of A. stolonifera in competition was greatly reduced compared to plants grown alone
in both homogeneous and heterogeneous soil. On a longer time-scale, R. palustris may
benefit more from its higher selectivity in root placement, since the shoot N content of A.
stolonifera was more strongly reduced in heterogeneous than in homogeneous soil.
Our results suggest that selective root placement as such is not crucial for a species’
competitive ability in heterogeneous soil. We propose a model to explain our unexpected
results, based on nutrient uptake related to the nutrient availability at a specific location in the
soil, independent from the nutrient distribution in the soil.

Introduction
Selective placement of roots in nutrient-rich patches is generally considered to be
important for capturing limiting nutrients in heterogeneous soil (Hutchings & de Kroon, 1994;
Hodge et al., 1999b; Robinson et al., 1999; Hodge, 2004). In a large number of studies,
isolated plants that proliferated roots in a rich patch in heterogeneous soil showed similar or
larger growth and nutrient uptake as in homogeneous soil containing the same overall
amount of nutrients (Fransen et al., 1998; Hodge et al., 2000; Johnson & Biondini, 2001; Day

70

Selective root placement has no immediate benefits for competitive ability

et al., 2003, Chapter 2). Robinson et al. (1999) stated that the benefits of selective root
placement should become particularly clear in competition with other species. N capture was
indeed shown to be strongly associated with root proliferation in interspecific competition for
a local, finite supply of organic material with mixed N sources (Hodge et al., 1999b; Robinson
et al., 1999). However, other studies found no consistent benefits from root proliferation in
competition (e.g., Cahill & Casper, 1999; Fransen et al., 2001; Bliss et al., 2002). Therefore,
the importance of selective root placement for competitive ability remains disputed (de Kroon
et al., 2003; Kembel & Cahill, 2005; de Kroon & Mommer, 2006). Moreover, not much is
known about the effect of competition on the selective root placement response, since only
few studies have been able to distinguish between the roots of competing species (but see
Huante et al., 1998; Genney et al., 2002; Janecek et al., 2004).
Here we try to elucidate the interplay between soil heterogeneity, selective root
placement and competitive ability by studying in detail the belowground plant-plant
interactions of two common floodplain species, Rumex palustris and Agrostis stolonifera. The
herb R. palustris strongly proliferated its roots in a rich patch in heterogeneous soil in
previous studies (Chapter 2, 4). Therefore, if proliferation enhances competitive ability, we
should see such an effect in this species. In contrast, the grass A. stolonifera responded
poorly to soil heterogeneity in a pilot study, thus we do not expect a competitive advantage
for this species.
We focused on two specific questions. Firstly, do belowground plant-plant
interactions affect selectivity in root placement? R. palustris and A. stolonifera were grown
alone or in interspecific competition, in pots with either homogeneous or heterogeneous soil.
We were able to separate the roots of the two species at harvest, giving insight into
proliferation responses in interspecific competition relative to responses in plants grown
alone. Secondly, does the competitive ability of R. palustris increase relative to A. stolonifera
in heterogeneous soil compared to homogeneous soil, due to the better ability of R. palustris
to forage for nutrients? If R. palustris benefits from its high selective root placement, this was
expected to be expressed as an increase in biomass or nitrogen content. Furthermore, a 15N
pulse was applied twice during the experiment in order to determine the nitrogen uptake of
the roots in the nutrient-rich patch and the corresponding location in homogeneous soil,
giving insight in the nitrogen uptake of established roots at these locations.

71

Chapter 5

Materials and Methods
Plant species and pre-treatment
The experiment was carried out with Rumex palustris Sm. and Agrostis stolonifera L.
Both are common floodplain species in the Netherlands. R. palustris is a fast-growing,
biannual species from frequently but not permanently flooded soils (Voesenek et al., 2004). It
occurs on species-poor mudflats around stagnant waters in the floodplain. It sometimes cooccurs with A. stolonifera, which is the most characteristic grass species of frequently and
prolonged flooded grassland (van Eck et al., 2004). This grass species has an elongated
stoloniferous growth form and competes for open spaces in the vegetation (Lenssen et al.,
2005).
R. palustris seeds were collected in 2000 from the Ewijkse waard, a field site in the
floodplains of the river Rhine near Nijmegen in the east of the Netherlands. Rooted shoots of
separate clones of A. stolonifera were collected in the Ewijkse waard in 2004, at least 50
meter from each other. These were potted and kept in a greenhouse.
Seeds of R. palustris were germinated on wet filter paper in petri-dishes in a growth
chamber (16 hours light, 25.5ºC; 8 hours dark, 10ºC). Seedlings of R. palustris and cuttings
of A. stolonifera, consisting of 2 shoots with roots, were planted in 5.5 cm diameter pots, with
an open mesh pot of the same size inside. The substrate was a 1:1 (v:v) mixture of sand and
loamy sand.
All plants were grown in a climate chamber with 16 hours light from 600 W High
Pressure Sodium lamps and a temperature of 20˚C. The mean light intensity was 245
µmol/m2/sec. The experiment was carried out in January and February 2005.
The experimental design
Similar-sized plants of R. palustris and A. stolonifera, grown for 22 and 15 days,
respectively, were placed in 18 cm diameter (3.75 litre) pots. Mesh pots were not removed.
At the moment of transplantation into the larger pots, 10 plants per species were harvested
to quantify the initial biomass.
The experiment consisted of six treatments (Fig. 1), with twelve replicates per
treatment. The two species were grown alone or in competition with each other, in
homogeneous as well as in heterogeneous soil. In the heterogeneous soil treatment, one
quadrant of the pot was filled with rich soil (a 1:4:¼ (v:v:v) mixture of sand, loamy sand and
potting compost), and the other three quadrants with poor soil (a 4:1 (v:v) mixture of sand
and loamy sand). The substrate in the homogeneous treatments was a mixture of the same
total amounts of sand, loamy sand and potting compost per pot as in the heterogeneous
treatments.
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Figure 1:

The treatments used in the experiment.

nutrient rich soil,

= nutrient poor soil. X = R. palustris,

= homogeneous soil,

=

= A. stolonifera. The upper left

circle shows the numbering of the quadrants.

The nutrient concentrations of the soil substrates were determined by extracting 5-10
g of fresh soil with 100 ml 0.2 M KCl for 1 hour. The soil water content was determined after
drying the soil at 70ºC for at least 48 h. The extracts were analysed colorimetrically with
continuous-flow analyzers for NO3-, NH4+ and PO43- (AutoAnalyzer 3, Bran+Luebbe,
Norderstedt, Germany). The rich soil mixture contained 59 mg NO3- -N kg-1 DW, 4.6 mg NH4+
-N kg-1 DW and 2.7 mg PO43--P kg-1 DW. The poor mixture contained 5.1 mg NO3- -N kg-1
DW, 0.74 mg NH4+ -N kg-1 DW and 0.62 mg PO43- kg-1 DW. The homogeneous soil contained
19 mg NO3- -N kg-1 DW, 1.7 mg NH4+ -N kg-1 DW and 1.3 mg PO43- kg-1 DW.
In the heterogeneous treatment, the rich soil quadrant was always assigned as
quadrant 1 (figure 1). In the homogeneous treatment a random quadrant was assigned as
quadrant 1. R. palustris was always planted in quadrant 2, while A. stolonifera was planted in
quadrant 4. In order to control for differences between clones of A. stolonifera, cuttings
originating from the same clones were used for every treatment. We thus used twelve clones
for the twelve replicates.
The replicates were divided in six blocks with two replicates each. All plants were
placed randomly, within block, in the climate chamber and were watered 3 times a week. A
plate was placed under every pot and filled with water to improve the water supply. The
plants were re-randomized per block two weeks after the start of the experiment.
15

N application
Labelled nitrogen was applied twice to the plants, two and three weeks after the start

of the treatments, i.e. 1 and 2 weeks before harvesting. The double application gave a more
integrated measure over the time scale of the experiment than a single application would
have done. 1 mg K15NO3 per pot dissolved in 5 ml demineralised water (0.029 g/l 15N) was
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injected in the middle of the rich patch in the heterogeneous treatments or in the
corresponding quadrant in the homogeneous treatments. The other three quadrants per pot
were simultaneously injected with 5 ml demineralised water. The solution with labelled N was
applied after watering and it was injected 5 cm below the soil surface. Seven to ten replicates
per treatment received labelled N, two other replicates and two extra plants per treatment
received only demineralised water as a control.
Harvest
All plants were harvested four weeks after the start of the treatments. The shoots
were cut from the plant. The roots in the open mesh pots in which the plants were pre-grown
were sampled separately. The roots in the 4 quadrants of the pot were separated with a
sharp metal blade and harvested separately. All root samples were carefully washed to
remove soil particles, after which the roots of the two species were separated. We were able
to make a distinction between the roots of the two species in the competition treatments on
the basis of differences in root colour and thickness. For R. palustris, the pink taproots (> 1
mm diameter) were separated from the white fine roots in all samples, since the taproots are
storage organs which do not contribute to the uptake of nutrients. A representative part of
each fine root sample was stored in 0.01% HgCl2 at 4ºC for root length estimates. All root
samples and the shoots were dried at 70ºC for at least 48 hours, after which the dry weight
(DW) was measured. Because some roots were retained for length estimates, the total root
dry weight could not be determined directly. Instead, this was estimated using the DW / FW
ratio of the rest of the root system. Later, the stored root samples were spread out in a glass
tray with water and scanned. The total root length of these samples was determined by
analysing the images with WinRHIZO (Regent Instruments Inc., Quebec, Canada). These
measurements were used to calculate the specific root length (SRL), i.e. the root length per
unit root biomass.
The dried shoot material of both species and the dried taproot material of R. palustris
was ground and used to analyse the N and 15N concentration with a combination of an
elemental analyzer (EA 1110, Carlo Erba – Thermo Electron, Milan, Italy) and a mass
spectrometer (DeltaPlus, Thermo Finnigan, Bremen, Germany). The background 15N
concentration, as found in plants that were not labelled, was subtracted from the 15N
concentrations that were measured in the labelled plants. This gave the excess 15N
concentration, originating from the 15N application.
Statistical analysis
All data were analysed with SAS (version 9.1, SAS Institute Inc, Cary, NC, USA). The
fixed effects of species, homogeneous vs. heterogeneous nutrient distribution and
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competition were analysed using three-way analysis of variance for shoot biomass, total fine
root and total root biomass, nitrogen content of the shoot, excess 15N content in the plant and
fine root biomass for quadrant 1 and 3 separately. The random factor block was included in
the model to correct for differences among blocks. Total fine root biomass is the sum of the
fine root biomass in all 4 quadrants. Total root biomass further includes the taproots of R.
palustris and the roots in the open mesh pots in which the plants were pre-grown.
If our hypothesis that R. palustris is a better competitor relative to A. stolonifera under
heterogeneous conditions than under homogeneous conditions is true, we expect a
significant species * competition * nutrient interaction. Following Cahill et al. (2005), this
analysis is equivalent with the analysis of competitive effect and response (Goldberg, 1990).
In our experiment, competitive effect of one species is the same as competitive response of
the other species.
Results
The total plant biomass at the start of the experiment was the same for both species
(one-way ANOVA, F1,22 = 0.01; p>0.05), although the shoot biomass of A. stolonifera tended
to be higher than that of R. palustris (mean ± SE = 0.057 ± 0.003 g for R. palustris, 0.069 ±
0.006 g for A. stolonifera, F1,22 = 3.20; p<0.10) and the root biomass of R. palustris was
higher than that of A. stolonifera (0.038 ± 0.001 g for R. palustris, 0.027 ± 0.003 g for A.
stolonifera, F1,22 = 13.01; p<0.01).
During the experiment aboveground competition for light was minimal because of
the prostrate growth form of A. stolonifera. With its many long, thin leaves and horizontal
growth, this species did not shade R. palustris to a large extent, and only small parts of its
above-ground structures were shaded by R. palustris (personal observation).
Single plant growth and selective root placement
At harvest the biomass of the shoots of R. palustris was similar to the shoot biomass
of A. stolonifera for the plants that were grown alone. The shoot biomass as well as the
nitrogen content of the shoot was higher in heterogeneous than in homogeneous soil for both
species (Fig. 2, table 1). Total fine root biomass and total root biomass showed a similar
response to heterogeneity as shoot biomass (Fig. 3, Table 1). The average biomass of the
taproots of R. palustris was 1.41 g, which means that about 38% of R. palustris total plant
biomass consisted of taproots. The average specific root length of the thin roots of R.
palustris was 810 m/g, while that of the roots of A. stolonifera was 660 m/g.
In the homogeneous treatment, we expected the species to divide their fine root
biomass equally over quadrants 1 and 3, because both quadrants are at the same distance
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from the home quadrants of both species. Both species indeed placed 22-24% of their fine
root biomass in each of these quadrants (Fig. 3a). More than 25% of the roots were found in
the species’ home quadrant. In the heterogeneous treatment both R. palustris and A.
stolonifera selectively placed fine root biomass in the enriched quadrant 1 when they were
grown alone (Fig. 3b). R. palustris placed 42% of its root biomass in the rich quadrant, A.
stolonifera 34%. The selectivity in root placement was indeed stronger for R. palustris than
for A. stolonifera (one-way ANOVA for percentage fine root biomass in the rich quadrant,
F1,22 = 26.00; p<0.0001).
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Figure 2:

R. palustris A. stolonifera

single competition single

single competition single

HOM

HET

a) shoot biomass, b) shoot nitrogen content and c) excess plant labelled nitrogen

(15N) content in homogeneous (HOM) and heterogeneous (HET) soil for R. palustris (grey
bars) and A. stolonifera (white bars). Open bars represent single plants, hatched bars
represent competition treatments. Note that in the single plant treatments one plant was
grown per pot, while in the competition treatments two plants were grown per pot. In c,
0.29 mg 15N was applied to the soil. Values are means +/- SE.
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Figure 3:

Fine root biomass per quadrant in a) homogeneous and b) heterogeneous soil for

R. palustris (Rp, grey bars) and A. stolonifera (As, white bars). Open bars represent single (s)
plants, hatched bars represent competition (comp) treatments. In heterogeneous soil quadrant 1
was the rich quadrant and quadrant 3 was the poor quadrant. R. palustris was planted in quadrant
2, A. stolonifera in quadrant 4. Values are means +/- SE.

The effects of competition
Comparing the plants grown in competition with the plants that were grown alone,
competition had an overall significant negative effect on shoot and root biomass and shoot
nitrogen content (Table 1). The shoot biomass and shoot N content of A. stolonifera were
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reduced more by competition than those of R. palustris (Fig. 2a,b, significant Competition *
Species interaction, Table 1). These results display R. palustris as a stronger competitor
than A. stolonifera over both nutrient treatments.
When they were grown in competition in the homogeneous treatment, both species
placed 22-26% of their fine root biomass in each of the quadrants 1 and 3, as expected in
uniform soil. In the heterogeneous treatment R. palustris placed 46% (vs. 42% when grown
alone) of its fine root biomass in the enriched quadrant 1, and A. stolonifera 28% (vs. 34%
when grown alone). The difference in root placement selectivity between the species
increased significantly under competition relative to when the plants were grown alone (twoway ANOVA, significant competition* species interaction: F1,44 = 12.46; p=0.001).
In contrast to our hypothesis that R. palustris is a better competitor relative to A.
stolonifera under heterogeneous conditions as compared to homogeneous conditions, we
observed no significant Nutrient * Competition * Species interaction for the biomass data.
However, we did find a significant N*C*S effect for nitrogen content of the shoot, suggesting
that the N uptake of A. stolonifera was more strongly suppressed in heterogeneous than
homogeneous soil. As can be seen in figure 2b, the shoot N content of A. stolonifera in
competition in heterogeneous soil was similar to that in homogeneous soil. The significant
N*C*S effect is thus due to the benefit that single A. stolonifera plants had in heterogeneous
relative to homogeneous soil, a benefit that was lost in competition with R. palustris. The
effect of competition on the latter species was not affected by nutrient distribution.
15

N application
Total recovery of 15N per pot was not different for species and treatment.

Approximately 60% of the 15N that was applied per pot was retrieved in the shoot of A.
stolonifera and in the shoot and taproots of R. palustris when the plants were grown alone. In
the competition treatments the same amount of 15N was retrieved, but this was divided
between the species. R. palustris captured 77 and 85% of the retrieved 15N in the
heterogeneous and homogeneous treatment, while A. stolonifera was able to capture only 23
and 15%, respectively.
The pattern of nutrient application had no effect on the excess 15N content in the
plant (Fig. 2c). The excess 15N content of A. stolonifera was reduced more by competition
than that of R. palustris (significant Competition * Species interaction, Table 1), but this was
not dependent on the nutrient distribution in the soil (non-significant N*C*S interaction, Table
1).

79

Chapter 5

Discussion
Grown as isolated plants, R. palustris showed a higher selective root placement in
the rich patch in heterogeneous soil than A. stolonifera, and this difference in selectivity
increased when the species experienced interspecific competition. Overall, R. palustris was
the better competitor, but the biomass of A. stolonifera was equally reduced in homogeneous
and heterogeneous conditions. This was in contrast with our hypothesis of an increment in
the competitive effect of R. palustris from homogeneous to heterogeneous soil due to the
difference in selectivity. Here we discuss these unexpected responses, and propose a
general model to explain our results. The model is based on nutrient uptake related to the
nutrient availability at a specific location in the soil, independent from the nutrient distribution
in the soil.
Selective root placement
Although much is known about the proliferation of roots of plants grown individually,
few studies have been able to distinguish quantitatively between the roots of competing
species. Here we showed that for R. palustris the selectivity in root placement increased in
competition relative to plants grown alone, while the selectivity of A. stolonifera was reduced
in interspecific competition. To our knowledge, this is the first study showing an increase in
selective root placement in interspecific competition. Shifts in selectivity in interspecific
competition were, however, also found in other studies. In a competition study with two
tropical tree species (Huante et al., 1998), one of the tree species was not able to proliferate
its roots in a rich patch in the soil when it was grown in interspecific competition, while it did
proliferate its roots when it was grown alone. Genney et al. (2002) showed that Nardus
stricta placed a greater proportion of its root length in the rich top layer of the soil when it was
grown in monoculture than in competition with Calluna vulgaris. Also, Janeček et al. (2004)
observed that the precision in root placement in nutrient-rich patches of Carex hartmanii was
higher than that of Molinia caerulea when these species were grown alone. In interspecific
competition this difference disappeared. Together these studies indicate that belowground
plant-plant interactions affect the allocation of roots into enriched micro-sites. We must
therefore be cautious in making inferences from selective root placement in single grown
plants about their response in interspecific competition. This underlines the importance of
realistic growth conditions and of determining the responses of species separately, also
when grown in competition.
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Effects on biomass and N content
There is some evidence for the notion that a high degree of selective root placement
is beneficial in competition with other species with less proliferation (Robinson et al., 1999;
Hodge, 2004). The higher root biomass of the competitively superior species in the enriched
patch should lead to increasing dominance and stronger suppression of the less competitive
species. However, shoot biomass of A. stolonifera was similarly suppressed in
heterogeneous and homogeneous soil. Shoot N content in A. stolonifera was more strongly
reduced in heterogeneous soil than in homogeneous soil, but this was mainly due to the
reduction of the high N content that single A. stolonifera plants obtained in heterogeneous
relative to homogeneous soil; the N content of A. stolonifera under competition was identical
for homogeneous and heterogeneous soils. The data from the 15N application to the rich
patch in heterogeneous soil and to the corresponding patch in homogeneous soil show that
A. stolonifera roots were only able to take up a small fraction of the applied 15N in
competition. There was no significant difference in 15N uptake between homogeneous and
heterogeneous soils. R. palustris probably proliferated its roots faster than A. stolonifera,
resulting in higher root densities and higher 15N uptake towards the end of the experiment.
The stronger reduction of A. stolonifera N content in heterogeneous soil does suggest
that R. palustris gained a small and delayed benefit in N uptake relative to A. stolonifera in
competition in heterogeneous soil. If the difference in N content leads to a difference in
biomass on a longer time scale, R. palustris will benefit more from its higher selective root
placement. However, the very low uptake of 15N by extant roots of A. stolonifera suggests
that the competitive effect is likely to increase in both homogeneous and heterogeneous soil
if the experiment would have been prolonged.
Root growth related to nutrient availability
Despite the higher selectivity in root placement of R. palustris, we found limited
benefits for this species in heterogeneous soil. How can this counterintuitive result be
explained? All other things being equal, plants with a higher root density in a soil nutrient
source will take up more nutrients, and have a competitive advantage over plants with a
lower root density (Casper & Jackson, 1997; Schwinning & Weiner, 1998). This will be true
for nutrient hotspots, but also for homogeneous soils. Figure 4 shows fine root biomass in all
quadrants separately as a function of soil nitrogen concentration, irrespective of treatment.
The root biomass of A. stolonifera was always lower than that of R. palustris, and its root
biomass increased not as much with increasing nutrient content of the soil as that of R.
palustris, i.e. the slopes in figure 4 are steeper for R. palustris. In competition, the root
biomass of A. stolonifera decreased more relative to single grown plants than that of R.
palustris, in homogeneous soil as well as in the rich patch of the heterogeneous soil. This
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Figure 4:

Fine root biomass per quadrant of Rumex palustris and Agrostis stolonifera

related to the nitrogen concentration in the soil in a quadrant. Closed symbols represent R.
palustris, open symbols represent A. stolonifera. Triangles denote single grown plants,
circles denote plants grown in competition. Poor soil contained 5.1 mg NO3- -N kg-1 DW,
homogeneous soil 19 mg NO3- -N kg-1 DW and the soil in the rich patch contained 59 mg
NO3- -N kg-1 DW. Values are means +/- SE.

representation suggests that R. palustris won competition belowground because it developed
a higher root density than A. stolonifera, irrespective of nutrient distribution.
The relationships between nutrient concentration of the soil and root biomass as
depicted in figure 4, depend on a number of species specific traits. Roots respond to a
localized supply of nutrients by increased branching and an increase in root length (Drew et
al., 1973; Drew, 1975). Species with higher root densities will have a higher intercept, while
species with a higher relative growth rate (RGR) will have a steeper slope as the root
branching and root length growth will develop faster when more nutrients are available.
Indeed in our experiment R. palustris had a slightly higher RGR than A. stolonifera (0.13 and
0.11 g*g-1*d-1, respectively). A higher root growth rate, if expressed locally, will result in
increased selectivity in root placement, if plants are harvested at the same time (Fransen et
al., 1999b; Aanderud et al., 2003). In addition, selectivity will increase if part of the root
response is non-local (cf. Hutchings & de Kroon, 1994; de Kroon et al., 2005), increasing
root density in rich patches and decreasing root density in poor patches, resulting in steeper
slopes in figure 4. It is unclear whether such non-local effects occurred in our experiment.
Comparisons with uniform high and low nutrient treatments are needed to elucidate these
effects (see Hutchings & de Kroon, 1994). This model of root density regulation based on
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local nutrient availability is consistent with the current knowledge about the regulation of
selective root placement (Walch-Liu et al., 2006). The downward shift of lines in competition
represents the competitive effect, depending among other things on the speed by which a
given soil volume is occupied. Again species with a higher RGR are likely to have an
advantage. As indicated above, selective root placement may change under competition,
depending on how local root growth rates and non-local responses are affected.
Following this model, the outcome of interspecific competition for nutrients depends
on the root biomasses that a specific species and its competitor realize under a particular
nutrient regime, with a higher root mass increasing a species’ competitive ability (cf Aerts et
al., 1991; Schwinning & Weiner, 1998). Whether the outcome of competition is different in
homogeneous and heterogeneous soil depends on species specific root density – nutrient
availability relationships as depicted in figure 4 and the strength of competitive effects.
Parallel lines imply that one species wins competition irrespective of the nutrient
concentration. Yet, there is no reason to assume why the lines of different species in figure 4
cannot cross. Crossing lines could imply that a species with a relatively high root density
wins under homogeneous conditions, while a very responsive species, with a steep slope,
would win under heterogeneous conditions. Variation among species in slopes and
intercepts may explain why relationships between competitive ability and selective root
placement have been non-consistent.
In conclusion, a high selective root placement does not necessarily result in a higher
competitive advantage in heterogeneous soil. In order to elucidate the effects of selective
root placement, we suggest that future studies should focus on the relationships between
nutrient concentration and local root biomass, as depicted in figure 4, mediated by non-local
root allocation and species interactions. This will reveal if selective root placement is a byproduct of root growth responses to nutrients or a species-specific trait in itself.
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Background and hypothesis
Floodplains are characterized by gradients from wet to dry. The low-elevated sites
are flooded frequently and for longer periods, while the higher-elevated sites may only
occasionally be flooded. A clear zonation of plant species along the floodplain gradient can
be observed, with flood-tolerant species occurring in lower-elevated sites than flood-sensitive
species (van Eck et al., 2004). The wet-dry gradient in river forelands received a lot of
attention (Visser et al., 1996; Voesenek et al., 2004; Lenssen & de Kroon, 2005). The main
constraint for plant growth in flooded conditions is the limited supply of oxygen, since oxygen
diffuses approximately 104 times slower in water than in air (Maberly & Spence, 1989). Plants
growing in low-elevated habitats need to have specific adaptations in order to deal with this
constraint (Voesenek et al., 2006). An important adaptation belowground is the formation of
adventitious roots with a high porosity that facilitates root aeration (Jackson & Drew, 1984;
Visser et al., 1996; Vartapetian & Jackson, 1997; Visser & Voesenek, 2004). These roots are
developed above or just below the root-shoot junction (Laan et al., 1989a; Visser et al., 1996)
during flooding and replace the original root system.
Soil characteristics also vary in the floodplain area. The soil profile is strongly
dependent on the flooding dynamics in a specific site. Clay and sand are deposited at
different locations (Voesenek et al., 2004). Distance to the river, flow velocity, elevation and
water depth, among other things, determine the amount and type of substrate that is
deposited at a specific site (Thonon, 2006). The presence of dunes, dikes, embankments
and depressions in old river branches results in a mosaic of erosion and sedimentation. The
pattern is dynamic and periods of clay deposition can be alternated with periods of sand
deposition as the flow in river gulleys changes.
Natural soils are patchy in their nutrient availability (Cain et al., 1999; Farley & Fitter,
1999a). Plants can respond to heterogeneity of nutrient supply in the soil with the selective
placement of roots in nutrient-rich patches (Drew et al., 1973; Drew, 1975; Robinson, 1994;
Hodge et al., 1999b). This may be important for capturing sufficient amounts of limiting
nutrients and for the ability to compete for limiting resources. In the floodplain habitat, the soil
in high-elevated sites is likely to be more heterogeneous than in the wetter, lower-elevated
sites, where the mobility of ions is high and the availability of nutrients is low in flooded soil.
Figure 1 illustrates this assumption. At a low mudflat near Deest (Fig. 1a,b) in the river
foreland near Nijmegen, The Netherlands, the upper centimeters of the soil consisted of a
mixture of sand and clay, while the deeper part consisted of only sand. Especially after winter
flooding, the soil is saturated with water and the soil profile is very homogeneous (personal
communication, Harry van de Steeg). Rumex palustris and Rumex maritimus, among other
species, were present in large numbers. This site slowly dries out every summer, enabling R.
palustris to germinate. The soil profile in a grassland on a riverine dune near Ewijk (Fig. 1c,d)
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a
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Figure 1:

a) a low-elevated floodplain site: a mudflat in a clay pit near Deest. b) soil sample

taken with a soil auger (3.3 cm diameter) from the mudflat in a. c) autumn view of a high-elevated
floodplain site: a densely vegetated flood-sensitive grassland on a riverine dune near Ewijk. The
river Waal can be seen at the background in the upper left corner. d) soil sample taken with a soil
auger (1.1 cm diameter) from the grassland in c. In b the upper centimeters of the soil consist of a
mixture of sand and clay, deeper parts consist of only sand. In d alternating layers of sand and clay
are present below the humus top layer.

consisted of many more distinct layers. Below the humus top layer, alternating layers of sand
and clay are present. Festuca rubra and Achillea millefolium grow in these relatively dry
sites. The soil profiles for the low and the high-elevated site as shown in figure 1 confirm our
expectations about soil heterogeneity along the wet-dry gradient.
In low-elevated sites in the floodplain, plants require adaptations, like the formation of
adventitious roots, to deal with frequent flooding. In the less frequently flooded high-elevated

87

Chapter 6

sites, where the soil is more heterogeneous and the vegetation is more dense, selective
placement of roots in nutrient-rich patches may be important. Since flooding and nutrient
heterogeneity are not expected to occur at the same place at the same time, plants may be
adapted to one of these factors, depending on their habitat. We hypothesized that a trade-off
in morphological root responses exists between flood-tolerance and selective root placement
in rich patches in heterogeneous soil if these responses are adaptive only at different
elevations in the flooding gradient.
Root responses in grassland and wetland species
We started with testing the flood-tolerance and the selectivity in root placement for
four pairs of related species (Chapter 2). We used Achillea ptarmica, A. millefolium, Rumex
palustris, R. thyrsiflorus, Ranunculus repens, R. bulbosus, Festuca arundinacea and F.
rubra. Within each congeneric species pair, the former are relatively flood-tolerant while the
latter are relatively flood-sensitive. Seven of these species may be characterized as species
from dry to moist grasslands (van de Steeg & Blom, 1998; van Eck et al., 2004; Voesenek et
al., 2004), while one species, Rumex palustris, is a wetland species (Voesenek et al., 2004).
In one experiment, all species were subjected to a drained, waterlogged and partially
submerged treatment in order to test their flooding tolerance. In another experiment, plants
were grown in soil with either a homogeneous or a heterogeneous nutrient distribution.
All species placed their roots selectively in the enriched patch, but overall, the floodtolerant species were less selective than the flood sensitive species. We found a negative
correlation between selective root placement and flooding tolerance for the 7 grassland
species (Fig. 2), suggesting that each of these traits have been selected for in their own
environment. Species from more frequently flooded habitats were less able to respond
morphologically to nutrient rich patches in the soil. The existence of a trade-off was thus
confirmed for the grassland species (Chapter 2). However, the wetland species Rumex
palustris was an exception, since it showed high root plasticity in response to both flooding
and nutrient heterogeneity (Fig. 2).
To further investigate the exceptional response of R. palustris, we asked whether
other wetland species are as plastic in their morphological root responses as R. palustris
(chapter 3). We tested the flood-tolerance and the selectivity in root placement of R. palustris
and three other wetland species, Mentha aquatica, Ranunculus sceleratus and Oenanthe
fistulosa in experiments similar to those in chapter 2.
Surprisingly, Mentha aquatica, Ranunculus sceleratus and Oenanthe fistulosa
showed a major loss in biomass under partially submerged conditions, suggesting a low
partial submergence tolerance (Fig. 2). However, all wetland species responded to partial
submergence with the formation of adventitious roots. These species may still have been in

88

Summarising discussion

the process of building up a flood-adapted root system, or may be sensitive to partial
submergence, although they are tolerant to waterlogging. Another surprise was that all
wetland species very selectively placed their roots in the rich patch in heterogeneous soil
(see Fig. 2). The roots of all wetland species were thus able to adjust to both flooding and
nutrient heterogeneity in the soil.
In chapter 3 we also investigated whether the morphological root responses to
flooding and nutrient heterogeneity can be combined in one single individual. Although the
wetland species were shown to be able to respond to both factors, it is theoretically possible
that these responses cannot be combined in a single individual since the expression of one
type of plasticity, i.e. the formation of flood-tolerant roots, may constrain another type of
plasticity, i.e. selective root placement. Two wetland species, R. palustris and Ranunculus
sceleratus, were subjected to soil flooding and, after adventitious roots had formed,
subsequently drained and subjected to soil heterogeneity. Both species selectively placed
their roots in the rich patch of the heterogeneous soil, independent from whether they had
been flooded or kept as a drained control (Chapter 3). These results show that morphological
root responses to both flooding and soil nutrient heterogeneity can be displayed sequentially
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Figure 2:

Relative selective root placement compared with relative partial submergence

tolerance. Black and white symbols represent the flood-tolerant and flood-sensitive species,
respectively, from chapter 2, grey symbols represent the wetland species from chapter 3. Ap =
Achillea ptarmica; Am = Achillea millefolium; Rup = Rumex palustris; Rut = Rumex thyrsiflorus; Rar
= Ranunculus repens; Rab = Ranunculus bulbosus; Fa = Festuca arundinacea; Fr = Festuca rubra;
Ma = Mentha aquatica; Ras = Ranunculus sceleratus; Of = Oenanthe fistulosa. There was a
significant negative correlation for the grassland species in chapter 2 (R2 = 0.84, P < 0.01, n = 7).
The values for R. palustris from the separate experiments are encircled. Values are means +/- SE.
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by the same individual. This means that in these species there are no physiological
constraints to showing both responses.
Selective root placement in Rumex palustris
The high selectivity in root placement in heterogeneous soil of R. palustris was further
examined in chapter 4. Nutrient hotspots in the soil have a limited lifespan (Cain et al., 1999;
Farley & Fitter, 1999a), but the costs of wrong root placement have been underexposed in
the literature so far. Since the high temporal variability in the habitat of R. palustris probably
causes nutrient-rich patches to appear and disappear frequently, we studied whether there
are costs associated with the disappearance or switch in location of rich patches, after the
roots have proliferated into the patch. Rumex palustris plants were grown with a
homogeneous or heterogeneous nutrient application. Four quadrants in a pot were supplied
with different nutrient solutions. After the roots had proliferated in the nutrient-rich patch,
nutrient supply was switched from homogeneous to heterogeneous and vice versa, or the
patch location was changed.
After switching, R. palustris rapidly adjusted its root relative growth rates in the
quadrants to the novel pattern of nutrient availability. However, the changes in local root
biomass lagged behind the rapid shift in nutrient supply, because the root mass already
realized in specific quadrants could not be rapidly relocated. Nevertheless, R. palustris did
not exhibit costs of switching in terms of biomass or nitrogen uptake (Chapter 4). The data
suggest that rapid shifts in nutrient uptake rate and redistribution of nitrogen within the plant
may have lowered the costs of wrong root placement.
In chapter 5 we studied the importance of selective root placement in heterogeneous
soil in interspecific competition. Some authors have argued that selective root placement is
particularly beneficial in interspecific competition (Hodge et al., 1999b; Robinson et al.,
1999). When plants have to compete for nutrients belowground, the species with the highest
selective root placement may capture most of the available nutrients. However, since other
studies found no consistent benefits from root proliferation in competition (Cahill & Casper,
1999; Fransen et al., 2001; Bliss et al., 2002), the importance of selective root placement for
competitive ability remains disputed. We tried to elucidate the interplay between soil
heterogeneity, selective root placement and interspecific competition by studying Rumex
palustris and Agrostis stolonifera, species which differ in selective root placement in rich
patches in heterogeneous soil. Our main questions were 1) whether belowground plant-plant
interactions affect selectivity in root placement and 2) whether the competitive ability of R.
palustris increases relative to A. stolonifera in heterogeneous soil compared to
homogeneous soil, due to the better ability of R. palustris to forage for nutrients.
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R. palustris and A. stolonifera plants were grown alone or in interspecific competition,
in pots with homogeneous or heterogeneous soil. A 15N pulse was applied twice during the
experiment in order to determine the nitrogen uptake of the roots in the rich patch. At harvest
the roots of the two species were separated.
In the heterogeneous treatment the selectivity in root placement in the enriched
quadrant was stronger for R. palustris than for A. stolonifera. The difference in selectivity
between the species increased significantly under competition relative to when the plants
were grown alone. R. palustris was the better competitor, but its competitive ability did not
change with the nutrient distribution in the soil, since shoot biomass of A. stolonifera was
similarly suppressed in heterogeneous and homogeneous soil. On a longer time-scale, R.
palustris may possibly benefit from its higher selectivity in root placement, since the shoot N
content of A. stolonifera was more strongly reduced in heterogeneous soil than in
homogeneous soil. However, the 15N uptake of A. stolonifera in competition was greatly
reduced compared to the 15N uptake in A. stolonifera grown alone, but not more strongly in
heterogeneous than in homogeneous soils, suggesting that N uptake of extant roots was not
additionally suppressed under heterogeneous conditions.
Our results suggest that selective root placement as such is not crucial for a species’
competitive ability in heterogeneous soil. We proposed a model to explain this
counterintuitive result, based on nutrient uptake related to the nutrient availability at a specific
location in the soil, independent from the nutrient distribution in the soil, and independent
from selectivity in root placement in rich patches.
Trade-off in root responses to flooding and soil heterogeneity
If our results for the seven grassland species have more general validity, they
suggest the existence of a trade-off between root morphological responses to flooding and
soil heterogeneity. At this point we can only speculate about the nature of this trade-off.
Theoretically, having the regulatory system allowing the appropriate response to one
of these factors could rule out the ability to respond to the other factor, due to interactions in
regulatory pathways (cf. Voesenek et al., 2004; Cipollini, 2004). However, physiological
constraints are unlikely to be involved in combining root proliferation in patchy soils with
adventitious root formation in flooded soils. In chapter 3 we showed that for R. palustris and
Ranunculus sceleratus there are no physiological constraints to showing both responses
sequentially. If we assume that this is also true for the grassland species, there are no
physiological constraints involved in explaining the trade-off that was found in chapter 2.
The trade-off between flood-tolerance and selective root placement that we found
among the grassland species is thus likely to be an ecological trade-off, i.e. the different
responses have been selected for in their own environment and there are constraints

91

Chapter 6

associated with these responses for other responses expressed in another environment. In
the low sites of the floodplain, tolerance to flooding is the most important factor for plant
growth (van de Steeg & Blom, 1998; van Eck et al., 2004; Mommer et al., 2006). Selection in
these sites is likely to be driven by this factor. In higher-elevated sites, soil nutrient
heterogeneity is probably more common and the suggested trade-off implies that there may
be selective pressures on the ability to selectively place roots in rich patches. Somehow, the
ability to tolerate flooding constrains the ability to place roots in nutrient hotspots in another
environment.
As our evidence is only based on seven species, more grassland species should be
tested, not only for the ability to morphologically respond to both factors, but also for the
combination of responses to flooding and nutrient heterogeneity. A lot is known about the
regulation of adaptations to flooding, especially of shoot elongation (Voesenek et al., 2004)
and the mechanisms behind root foraging responses are also beginning to be elucidated
(Walch-Liu et al., 2006). More knowledge about the mechanisms and signaling pathways
involved in root responses to flooding and soil heterogeneity is, however, needed in order to
clarify the nature of this trade-off.
Wetland species
The wetland species Rumex palustris, Mentha aquatica, Ranunculus sceleratus and
Oenanthe fistulosa were very plastic in their root responses, as they formed adventitious
roots in response to flooding and were also very selective in its root placement in rich
patches in heterogeneous soil (Chapter 2 and 3, Fig. 2). Since their habitats are very wet, all
wetland species adapted their root system to flooding, although some species responded
slowly. However, the high selectivity in root placement in heterogeneous soil was
unexpected. What is the adaptive benefit of selective root placement for these species? We
first focus on R. palustris, and will later attempt to answer this question also for the other
wetland species.
Rather than serving to exploit spatially distinct nutrient hotspots, or providing the
species with enhanced competitive ability, we suggested that the high selective root
placement of R. palustris is a by-product of its ability to rapidly proliferate its roots when
conditions change. Such a responsive root system may be essential in its dynamic habitat
where temporal heterogeneity is high. R. palustris has a high growth rate, resulting in a high
root mass density (Chapter 5), and it can quickly respond to changes in soil conditions
(Chapter 2, 3, 4). The high selectivity in root placement in nutrient-rich patches may at least
partly arise from a high local root growth in response to an increased availability of nutrients
(Fransen et al., 1999b; Aanderud et al., 2003, Chapter 5). A high growth rate would clearly
be beneficial in such a dynamic habitat, where frequent flooding events urge the plant to

92

Summarising discussion

adjust its root system to the low oxygen availability under water and after the flood has
retreated to replace the thick adventitious roots, since fine roots are likely to be more efficient
in nutrient uptake. In fact, according to Kembel and Cahill (2005), a high growth rate itself
may help plants to respond rapidly to a patchy environment. We found that the costs of rapid
responses of root growth may be small (cf. Bouma et al., 2001c; Hodge, 2006), as the costs
of changes in root placement when patch locations change were small for R. palustris
(Chapter 4).
Grubb (1994) distinguished two possible situations in root competition. In the first
situation the soil is initially empty, with the roots expanding in the bare soil. This occurs for
example after disturbance. In the second situation the soil is more or less filled with roots and
nutrients are depleted. In the initially empty soil rapid root proliferation is suggested to be
important for competitive ability, since the species with the higher root length density will
explore a larger soil volume, reach nutrient-rich patches first and take up most of the
nutrients (Grubb, 1994; de Kroon et al., 2003). The low-elevated floodplain habitat seems an
example of this situation, since regular disturbances diminish the vegetation and leave open
spaces available for colonisation. This is true aboveground (Lenssen et al., 2004; Lenssen et
al., 2005) and may also apply to belowground conditions.
We thus propose that the high selectivity in root placement in R. palustris is a sideeffect of the rapid changes in root growth that may be essential in its highly dynamic habitat.
Is this also true for the other wetland species, M. aquatica, R. sceleratus and O. fistulosa? If
temporal heterogeneity is high, a fast response to local stimuli is important. The temporal
heterogeneity in the habitat of M. aquatica, R. sceleratus and O. fistulosa is, however, not as
high as that in the habitat of R. palustris. These species grow in wet soils, but with less
fluctuation in water level. As shown before, a high spatial heterogeneity in their habitat is also
unlikely.
Further investigations on soil processes in the habitat of these species are needed to
elucidate their plastic responses. Information about processes that determine spatial and
temporal heterogeneity belowground, like biogeochemical and rhizosphere processes, could
help to solve this issue (de Kroon & Mommer, 2006). Furthermore, we need to know more
about the mechanisms of selective root placement and relations with other traits. Species
from dynamic habitats may generally be faster in their response to changing conditions than
species from more stable habitats. To test this, the timing of responses to, for example,
flooding and soil heterogeneity could be monitored in species from habitats differing in
dynamics, like species that are irregularly flooded compared with species that have to deal
with more stagnant water levels. In a combination study, the speed of patch detection after
drainage of the soil after flooding could be investigated.
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Conclusion
For the floodplain species studied here, selective root placement was correlated to
flood tolerance in complex and unexpected ways. This reinforces the argument (de Kroon &
Mommer, 2006) that this form of root plasticity has been studied too much in isolation.
Selective root placement may also be correlated with other traits that we did not investigate.
The surprisingly high selective root placement that we found in wetland species may affect
plant performance through other processes or in other conditions. Moreover, more attention
must be given to traits underlying selective root placement, such as local and non-local root
growth responses to soil nutrient concentration. Together, such studies will contribute to our
understanding of the ecological significance of selective root placement in different
environments.
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Inleiding
Uiterwaarden langs rivieren in Nederland worden gekenmerkt door een gradiënt van
nat, dichtbij de rivier, naar droog, hogerop het land. Laag gelegen delen overstromen vaak
en voor lange tijd, terwijl hoger gelegen delen zeer zelden overstromen. Er is een duidelijke
zonering van plantensoorten zichtbaar langs deze gradiënt, waarbij overstromingstolerante
soorten op lagere plekken voorkomen dan soorten die gevoelig zijn voor overstroming. Het
grootste probleem voor planten in overstroomde omstandigheden is het gebrek aan zuurstof.
Zuurstof diffundeert 10.000 keer langzamer in water dan in lucht, waardoor de aanvoer onder
water niet voldoende is. Overstromingstolerante planten hebben speciale aanpassingen om
het zuurstoftekort te beperken. Een belangrijke aanpassing, vooral van belang bij
bodemoverstroming, is de vorming van adventieve wortels met luchtkanalen, waardoor
zuurstof kan worden aangevoerd vanuit delen van de plant die boven water uitsteken.
In natuurlijke bodems zijn er altijd plekken met meer of minder beschikbare
nutriënten. Planten reageren op deze heterogeniteit door selectief wortels te plaatsen in
nutriëntenrijke plekken. We noemen dit het foerageergedrag van planten. Er is verondersteld
dat dit belangrijk is voor de opname van nutriënten en de onderlinge concurrentie tussen
plantensoorten. Het bodemprofiel in de uiterwaarden wordt bepaald door afzettingen van klei
en zand tijdens overstromingen. Het lijkt aannemelijk dat de bodem in de hogere delen
heterogener is dan die in de nattere, lagere delen. In natte bodems is de mobiliteit van ionen
namelijk hoog en de beschikbaarheid van nutriënten laag, wat leidt tot een meer gelijkmatige
verdeling van nutriënten. Door het nemen van bodemmonsters in een laaggelegen
moddervlakte bij Deest en op een hoog rivierduin bij Ewijk in de uiterwaarden in de omgeving
van Nijmegen hebben we dit kunnen illustreren. De bodemprofielen in de lage en hoog
gelegen delen van de uiterwaarden bevestigen onze verwachtingen over de heterogeniteit
van de bodem in de nat – droog gradiënt.
In dit proefschrift worden complexe interacties tussen overstromingstolerantie en
selectieve wortelplaatsing onderzocht. Zoals gezegd hebben planten in laaggelegen delen
van de uiterwaarden aanpassingen nodig, zoals de vorming van adventieve wortels, om de
overstroming te overleven. In de minder vaak overstroomde hoger gelegen delen, waar de
beschikbaarheid van nutriënten in de bodem heterogener is en de vegetatie dichter, kan
selectieve wortelplaatsing in rijke plekken een belangrijke eigenschap zijn voor het verhogen
van de concurrentiekracht. Omdat overstroming en heterogeniteit van nutriënten
waarschijnlijk niet tegelijkertijd voorkomen op dezelfde plek, zouden planten wel eens
aangepast kunnen zijn aan slechts één van deze factoren, afhankelijk van waar ze
voorkomen. Omdat er kosten zijn verbonden aan het hebben van deze aanpassingen is het
aannemelijk dat planten die goed zijn in het één, het andere niet goed kunnen.
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Aanpassingen van wortels in grasland- en moerassoorten
In hoofdstuk 2 is in twee verschillende experimenten de overstromingstolerantie en
de selectiviteit in wortelplaatsing van acht plantensoorten getest. Dit waren wilde bertram
(Achillea ptarmica), gewoon duizendblad (Achillea millefolium), moeraszuring (Rumex
palustris), geoorde zuring (Rumex thyrsiflorus), kruipende boterbloem (Ranunculus repens),
knolboterbloem (Ranunculus bulbosus), rietzwenkgras (Festuca arundinacea) en rood
zwenkgras (Festuca rubra). Deze soorten komen voor in droog tot nat grasland, behalve
moeraszuring, die kan worden getypeerd als moerassoort.
Alle soorten plaatsten meer wortels in het rijke deel van de heterogene bodem dan in
het arme deel, maar in het algemeen deden de overstromingstolerante soorten dit minder
goed dan de overstromingsgevoelige soorten. Dit negatieve verband geldt althans voor de
graslandsoorten; moeraszuring was een uitzondering, omdat deze soort een grote
wortelplasticiteit liet zien bij zowel overstroming als heterogeniteit van nutriënten.
Moeraszuring kon zijn wortelmassa het best in leven houden door adventieve wortelvorming
en kon zelfs groeien bij overstroming.
De uitzonderlijk plastische respons van moeraszuring in de verschillende condities is
vervolgens vergeleken met de respons van andere moerassoorten, om te zien of deze ook
zo plastisch zijn in hun morfologische wortelresponsen. We hebben daarom de
overstromingstolerantie en de selectiviteit in wortelplaatsing van moeraszuring en drie
andere moerassoorten onderzocht (Hoofdstuk 3), namelijk watermunt (Mentha aquatica),
blaartrekkende boterbloem (Ranunculus sceleratus) en pijptorkruid (Oenanthe fistulosa).
Een verrassend resultaat was dat alle moerassoorten zeer selectief waren in hun
wortelplaatsing in heterogene bodem. Ze waren minder tolerant voor overstroming in de
experimentele setting dan verwacht was op grond van hun natte standplaats. Alle
moerassoorten vormden echter adventieve wortels tijdens overstroming. De wortels van alle
moerassoorten konden dus reageren op zowel overstroming als op heterogeniteit van
nutriënten in de bodem. Bovendien bleek dat de morfologische wortelresponsen op
overstroming en heterogeniteit van nutriënten gecombineerd kunnen worden en na elkaar tot
uiting kunnen komen in hetzelfde individu. Dit betekent dat de expressie van één type
plasticiteit, nl. de vorming van adventieve wortels, de expressie van een ander type
plasticiteit, nl. selectieve wortelplaatsing, niet beperkt.
Selectieve wortelplaatsing in moeraszuring
De grote plasticiteit van moeraszuring is nader onder de loep genomen in de overige
hoofdstukken van het proefschrift. Nutriëntenrijke plekken in de bodem hebben een beperkte
levensduur. Ze kunnen uitgeput raken als alle nutriënten opgenomen worden en er kunnen
nieuwe rijke plekken ontstaan, maar tot nu toe is weinig aandacht besteed aan deze
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dynamiek en de eventuele kosten van verkeerde wortelplaatsing. In hoofdstuk 4 is
onderzocht of planten er nadeel van hebben als ze wortels plaatsen in een rijke plek en die
plek vervolgens verplaatst. De planten zijn dan als het ware op het verkeerde been gezet.
Planten van moeraszuring zijn daarvoor opgekweekt in potten waarbij de nutriënten ofwel
gelijkmatig over de bodem verdeeld werden (homogeen) ofwel geconcentreerd in een
kwadrant van de bodem werden aangeboden (heterogeen). Nadat de wortels in de
heterogene behandeling zich sterk hadden uitgebreid in het nutriëntenrijke kwadrant, werd
de nutriëntentoevoeging gewisseld van homogeen naar heterogeen en vice versa, of de
locatie van de rijke plek werd veranderd.
Na deze wisseling paste moeraszuring de relatieve groeisnelheid van de wortels snel
aan aan het nieuwe patroon van nutriëntenbeschikbaarheid. De wortels gingen sneller
groeien op plekken waar het nutriëntenaanbod omhoog was gegaan. De wortelbiomassa op
een bepaalde plek veranderde echter niet zo snel, omdat de wortelmassa die op een plek
aanwezig was niet snel verplaatst kon worden. Toch vonden we geen verschillen in
biomassa of nutriëntenopname tussen planten waarvan de nutriëntentoevoeging veranderd
was en die waarbij niets veranderd was. Dit wijst erop dat moeraszuring geen nadeel heeft
van de verandering in het patroon van nutriëntentoevoeging en de daaropvolgende
veranderingen in wortelgroei (Hoofdstuk 4). Snelle veranderingen in opnamesnelheid en
herverdeling van stikstof binnen de plant lijken de kosten van verkeerde wortelplaatsing te
dempen.
In hoofdstuk 5 is het belang van selectieve wortelplaatsing in heterogene bodem voor
de concurrentie tussen soorten onderzocht. Eerder was door anderen gesuggereerd dat het
voordeel van selectieve wortelplaatsing vooral zichtbaar zou worden in competitie met een
andere soort. Als planten ondergronds moeten concurreren voor nutriënten, zou de soort die
de meeste wortels plaatst in de rijke plek het grootste deel van de beschikbare nutriënten op
kunnen nemen. Deze theorie is vooralsnog niet bevestigd, omdat andere studies geen
consistent voordeel van selectieve wortelplaatsing in competitie hebben gevonden. Met
moeraszuring, onze zeer plastische soort, en fioringras (Agrostis stolonifera), een soort die
minder selectief is in wortelplaatsing in rijke plekken in heterogene bodem, is onderzocht 1)
of ondergrondse plant-plant interacties de selectiviteit in wortelplaatsing beïnvloeden en 2) of
het concurrentievermogen van moeraszuring toeneemt ten opzichte van fioringras in
heterogene bodem vergeleken met homogene bodem, door het grotere vermogen van
moeraszuring om te foerageren.
De selectiviteit van wortelplaatsing in de heterogene bodem was al groter voor
moeraszuring dan voor fioringras (42% t.o.v. 34% van de wortels in het rijke kwadrant van de
pot) en dit verschil werd alleen maar groter in competitie. Moeraszuring was de sterkste
concurrent, maar zijn concurrentievermogen was niet afhankelijk van de verdeling van
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nutriënten in de bodem, omdat de bovengrondse biomassa van fioringras evenveel werd
geremd in heterogene en homogene bodem.
Onze resultaten suggereren dat selectieve wortelplaatsing op zich een soort geen
groter concurrentievermogen geeft in een heterogene bodem. We hebben een model
voorgesteld om deze ogenschijnlijk paradoxale resultaten te verklaren, gebaseerd op
nutriëntenopname gerelateerd aan de nutriëntenbeschikbaarheid op een bepaalde plek in de
bodem, onafhankelijk van de verdeling van nutriënten in de bodem, en onafhankelijk van
selectiviteit in wortelplaatsing. Dit model kan zowel onze resultaten als die van andere
studies verklaren.
Negatief verband tussen overstromingstolerantie en selectieve wortelplaatsing
Terug naar de resultaten voor de zeven graslandsoorten. Als deze resultaten
algemeen geldig zijn, suggereren ze het bestaan van een negatief verband tussen
morfologische responsen van wortels op overstroming en op bodemheterogeniteit. De
oorzaak is vooralsnog niet duidelijk en we kunnen alleen maar speculeren over de aard van
deze relatie.
Hoofdstuk 3 laat zien dat er voor moeraszuring en blaartrekkende boterbloem geen
fysiologische beperkingen zijn om beide responsen na elkaar te vertonen. Aannemend dat
dit ook geldt voor de graslandsoorten, kunnen fysiologische beperkingen de negatieve relatie
die is gevonden in hoofdstuk 2 niet verklaren.
De negatieve relatie tussen overstromingstolerantie en selectieve wortelplaatsing is
dus waarschijnlijk ecologisch van aard, dat wil zeggen dat de verschillende responsen zijn
geselecteerd in hun eigen omgeving en dat er beperkingen zijn, als gevolg van deze
aanpassingen, voor andere responsen die tot uiting komen in een andere omgeving. In de
laag gelegen delen van de uiterwaarden is overstromingstolerantie de belangrijkste factor
voor de overleving en groei van planten, en overstroming dus de overheersende
selectiefactor. In hoger gelegen delen is de bodem waarschijnlijk heterogener en de soorten
die hier groeien zijn selectiever in hun wortelplaatsing dan overstromingstolerante soorten,
wat doet vermoeden dat er een selectiedruk bestaat op selectieve wortelplaatsing in rijke
plekken. Op de één of andere manier verhindert de mogelijkheid om adventieve wortels te
maken bij overstoming in de ene omgeving het selectief plaatsen van wortels in
nutriëntenrijke plekken in een andere omgeving.
Omdat ons bewijs slechts op zeven soorten gebaseerd is, zouden meer
graslandsoorten getest moeten worden. Er is veel bekend over de regulatie van
aanpassingen aan overstroming, met name stengelstrekking en aerenchymvorming, en het
mechanisme achter foerageerresponsen van wortels wordt langzaamaan opgehelderd. Meer
kennis over de mechanismen en signaalroutes die betrokken zijn bij wortelresponsen op
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overstroming en bodemheterogeniteit is echter nodig om de aard van deze negatieve relatie
op te helderen.
Moerassoorten
De moerassoorten moeraszuring, watermunt, blaartrekkende boterbloem en
pijptorkruid waren zeer plastisch in hun wortelresponsen, omdat ze zowel adventieve wortels
vormden als reactie op overstroming en zeer selectief waren in hun wortelplaatsing in rijke
plekken in heterogene bodem (Hoofdstuk 2 en 3). Omdat hun habitats zeer nat zijn was
verwacht dat al deze soorten hun wortelstelsel aan overstroming aan zouden passen. Hun
hoge selectiviteit in wortelplaatsing in heterogene bodem was echter onverwacht. Wat is het
voordeel van selectieve wortelplaatsing voor deze soorten? We bespreken eerst
moeraszuring, en proberen later deze vraag ook te beantwoorden voor de andere
moerassoorten.
We hadden al geconcludeerd dat de bodem in het habitat van moeraszuring niet erg
heterogeen is en dat zijn hoge selectiviteit in wortelplaatsing geen voordeel oplevert in
competitie (Hoofdstuk 5). De hoge selectiviteit van moeraszuring zou wel eens een
bijprodukt kunnen zijn van het vermogen om zijn wortels snel aan te passen aan
veranderende omstandigheden. Zo’n plastisch wortelsysteem kan essentieel zijn in zijn
dynamische habitat. Moeraszuring heeft een hoge groeisnelheid, wat resulteert in een hoge
wortelmassa en –dichtheid (Hoofdstuk 5) en de plant kan snel reageren op veranderingen in
bodemcondities (Hoofdstuk 2, 3, 4). De hoge selectiviteit in wortelplaatsing in nutriëntenrijke
plekken zou zeker deels verklaard kunnen worden door snelle lokale wortelgroei als reactie
op een verhoogde beschikbaarheid van nutriënten (Hoofdstuk 5), zoals die kan optreden
nadat overstroomde bodems droogvallen. Een hoge groeisnelheid is duidelijk voordelig in
zo’n dynamisch habitat, waar regelmatige overstroming de plant dwingt zijn wortelsysteem
aan te passen aan de lage zuurstofconcentratie onder water en waar nadat het water zich
heeft teruggetrokken de dikke adventieve wortels vervangen moeten worden, omdat dunnere
wortels efficiënter zijn voor nutriëntenopname. De kosten van snelle aanpassingen in
wortelgroei zijn waarschijnlijk klein, omdat we hebben laten zien dat de kosten van
veranderingen in wortelplaatsing bij een verandering in locatie van een rijke plek klein waren
voor moeraszuring (Hoofdstuk 4).
We stellen dus voor dat de hoge selectiviteit in wortelplaatsing in moeraszuring een
bijprodukt is van snelle veranderingen in wortelgroei die essentieel kunnen zijn in zijn
dynamische habitat. Geldt dit ook voor de andere moerassoorten, watermunt, blaartrekkende
boterbloem en pijptorkruid? Als de temporele heterogeniteit hoog is, is een snelle respons op
lokale stimuli belangrijk. De temporele heterogeniteit in het habitat van deze soorten is echter
niet zo hoog als in het habitat van moeraszuring. Deze soorten groeien in natte bodems,
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maar met minder fluctuatie in waterstand. Zoals we eerder gezien hebben is een hoge
ruimtelijke heterogeniteit in hun habitat ook niet waarschijnlijk.
Meer onderzoek naar bodemprocessen in de habitat van deze soorten is nodig om de
plasticiteit in hun responsen op te helderen. Informatie over processen die de ondergrondse
heterogeniteit in ruimte en tijd bepalen, zoals biogeochemische processen, kunnen hierbij
helpen. Bovendien moeten we meer weten over de mechanismen van selectieve
wortelplaatsing en relaties met andere eigenschappen. Soorten van dynamische habitats
zouden in het algemeen sneller kunnen zijn in hun respons op veranderende
omstandigheden dan soorten uit meer stabiele habitats. Om dit te onderzoeken zou de
snelheid waarmee aanpassingen aan, bijvoorbeeld, overstroming en bodemheterogeniteit
ontstaan gevolgd moeten worden in soorten uit habitats die verschillen in dynamiek. Hiervoor
zouden soorten die onregelmatig overstroomd worden vergeleken kunnen worden met
soorten die in meer constante omstandigheden groeien.
Conclusie
Bij de uiterwaardsoorten die in dit proefschrift bestudeerd zijn, was selectieve
wortelplaatsing op onverwachte en complexe manieren gecorreleerd met
overstromingstolerantie. Dit soort correlaties zijn niet onderkend in de literatuur over
wortelplasticiteit, maar zijn mogelijk essentieel om variatie in wortelplasticiteit te kunnen
begrijpen. Selectieve wortelplaatsing zou ook gecorreleerd kunnen zijn met andere
eigenschappen die we niet onderzocht hebben. De verrassend hoge selectieve
wortelplaatsing die we vonden in moerassoorten kan via andere processen of in andere
omstandigheden invloed hebben op hoe goed planten het doen. Bovendien zou er meer
aandacht moeten zijn voor eigenschappen die gerelateerd zijn aan selectieve
wortelplaatsing, zoals lokale en niet-lokale groeiresponsen op de nutriëntenconcentratie in
de bodem. Dergelijke studies zullen bijdragen aan ons begrip van het ecologische belang
van selectieve wortelplaatsing in verschillende omstandigheden.
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