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General Infroduction

Disturbances

In plant ecology distubances, e.g. fire, drought or floods, are recognised as
important structuring mechanisms of species richness and species distribution in
many habitats along disturbance gradients (Grime 1979; Pickett & White 1985;
Collins et al. 1995; Turner & Dale 1998, Lytle 2001; Wilson & Tilman 2002). In many
wetland systems clear vegetation zonation patterns can be distinguished which are
predominantly determined by a species’ specific tolerance to flooding (Carter &
Grace 1990; Squires & Van der Valk 1992; Sand-Jensen & Frost-Christensen 1999; He
et al. 1999; Vervuren et al. 2003). Such distribution pattems are most clearly
observed along elevation gradients with regular variation in water depth and
duration, e.g. lakeshores and tidal salt marshes (Keddy 1984 Huiskes et al. 1985;
Squires & Van der Valk 1992). Similar zonation patterns can be observed along
gradients where flooding events occur more irregularly. Such highly dynamic
hydrological gradients are typically found in floodplains of non-regulated rivers
where, despite their seasonal component, the timing, frequency and duration of the
nafural inundation periods are often unpredictable, resulting in clear vegetation
patterns along the vertical gradient (Brock et al. 1987; Sykora et al. 1988; Van de
Steeg & Blom 1998; Silvertown et al. 1999; Vervuren et al. 2003).

River Rhine as a model system

The River Rhine floodplains in North-Western Europe are highly dynamic
ecosystems characterized by fluctuating water levels due o unpredictable changes
in river-water discharge (Vervuren et al. 2003). The Rhine originates in the Swiss Alps
and passes through France, Germany, and the Netherlands and is a combined
glacier-rainwater river, The length of this river is 1250 km with a total drainage area of
185,000 km?. In the Netherlands the river enters a lowland area, where it forms a river
delta before flowing info the North Sea. The mean and maximum discharges of the
Rhine at the Dufch border are 2200 and 13000 m® s™, respectively (Blom et al, 1996;
Vervuren et al. 2003). In general the water discharge of the Rhine is characterised by

elevated levels during winter and spring and relatively low levels during the summer
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Chapter 1

and autumn months. This pattem is the result of increased rainfall in the catchment
area of the river predominantly during winter and snow melting in spring.
Superimposed on this pattern of water discharge are unpredictable high drainage
peaks that occur throughout the year. In the last few decades, excessive
precipitation has caused rivers to overflow more frequently during the summer
period, also caused by improved upstream drainage, and straightening meanders
to facilitate shipping and to generate hydroelectric energy (Blom et al. 1996).
However, summer floods are still rare: last severe flood within the growing season

along the River Rhine occurred in 1987 (Vervuren et al. 2003).

Degradation of wetlands

In recent decades many wetland complexes once characterizing the fringing
floodplains of Europe and much of North America have largely disappeared
through the deepening of river channels, levee construction and land development
(Maltby 1991). River floodplain ecosystems dramatically deteriorated, first by
reclamation and embanking of the river valley, and during the last and present
century by river regulation, water pollution and optimization of agricultural
production (Van de Steeg & Blom 1998). Nowadays, consernvationists are trying to
protect the floodplains in North Western Europe because of the growing awareness
of the importance of river areas as nature reserves (Blom et al. 1996). In order to
choose proper management measurements, insight info the establishment, growth
and distribution of plants growing in floodplains is necessary (Blom 1999). Hence it is
important to understand the links between biological processes and environmental
characteristics such as flooding (Maltby 1991), and in particular how species’
responses are related fo timing, frequency and duration of disturbance events. The
impact of disturbances on species’ distribution and abundance is firstly determined
by the ability of a species to withstand a given disturoance (Tumer et al. 1998).
Subseguently in periods between two subsequent disturbance events the degree of
recovery and succession, which is determined by characteristics related to dispersal,

recruitment and competition processes, becomes imporant (Tumer et al. 1998).
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General Infroduction

Species zonation

Along flooding gradients in river areas clear zonation pattemns of plant species
and vegetation types can be distinguished (Brock et al. 1987; Sykora et al. 1988;
Van de Steeg & Blom 1998, Sivertown et al. 1999; Vervuren et al. 2003). In such
areas, species occurmng at low elevations are more regularly flooded for relatively
long duration whereas higher elevated species are more rarely subjected to
flooding and only for short duration (Vervuren et al. 2003; Voesenek et al. 2003).
High water levels may severely affect plant growth and survival (Blom et al. 1994)
and conseguently, organisms occurmng in areas that are exposed 1o iregular and
unpredictable floods must develop adaptive mechanisms to overcome the

adverse conditions of inundation, in order to survive (Blom et al. 1996).

Adaptive mechanisms to flooding

Flooding and waterlogging hamper the gas exchange between plant organs
and the atmosphere due 1o a lower diffusion rate in water than in air (approximately
a factor 10,000 less), ultimately leading to a dramatic shiff in the endogenous gas
composition of the plants (Maberly & Spence 1989; Crawford & Brandle 1996; He et
al. 1999). The most important constraint that plants have to deal with during flooding
is oxygen shortage (Crawford & Brandle 1996). A strong reduction of the internal
oxygen concentratfion affects the energy status of the plants, and consequently
survival of plants (Drew 1992). During deep floods plants will be completely
submerged which not only reduces the gas exchange between the shoot and
atmosphere but also the amount of light available for photosynthesis (He et al.
1999). The latter partly depends on the turbidity of the water (Vervuren et al. 1999).

In order to cope with stressful environmental conditions related to waterlogging
and submergence many plant species from floodplain habitats posses fraits that
increase survival during flooding (He et al. 1999). Plant species that are subjected to
submergence may respond by several mechanisms (Blom & Voesenek 1996) in
order to avoid, ameliorate or tolerate adversity (Fitter & Hay 2002). Certain species

(e.9. Rumex crispus and Ranunculus scelerafus) ameliorate adversity by elongating
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their leaves and petioles that enable them to restore leaf-air contact and the
release of growth hampering gaseous components that otherwise may accumulate
under water (Voesenek et al. 1992; Voesenek & Blom 1999, He et al. 1999,
Voesenek et al. 2003). Stimulation of shoot elongation is only advantageous if a
flood is not too deep, as very deep floods prevent species from reaching the water
surface (Voesenek et al. 2003). Another adaptation in this context is under-water
photosynthesis in order 1o generate sufficient oxygen and carbohydrates (He et al.
1999 Vervuren et al. 1999) and the formation of adventitious roots during
waterlogging (Visser et al. 1996). In both responses species rely on an intermnal
ventilation system, i.e. aerenchyma that enables them fo transport oxygen from the
leaf to all other plant organs (Visser et al. 1997; Jackson & Ammstrong 1999). If
species lack such adaptations they may switch from an aerobic to an anaerobic
metabolism (Armstrong et al. 1994). In such cases ATP is generated by accelerated
glycolysis and ethanolic fermentation. Although this is a very inefficient process with
respect to carbohydrate use, it enables a plant to folerate low oxygen
concentrations  (Crawford & Brandle 1996; Vartapetian & Jackson 1997).
Furthermore, some plant species may folerate through life-history adaptations and
survive unfavorable conditions as dormant seeds or perennating organs. Growth
and reproduction are then completed in periods with favourable circumstances
(Menges & Waller 1983, Blom & Voesenek 1996). Such adaptations are common at
low floodplain habitats that are regularaly flooded for relatively long periods. Apart
from the direct effects of floods on species survival and performance, so-called
post-anoxic stress may also form a substantial part of the damage caused to plants
by flooding due the accumulation of metabolites causing injury when oxidized upon
return to air (Crawford et al, 1994; Crawford and Brandle 1996).

Species zonation versus summer and winter floods

Although floods during the growing season are very eratic, such floods are
considered to be one of the major abiofic stresses that determine the lower
distribution limits of plant species along the flooding gradient (Sykora et al. 1988;

Van de Steeg & Blom 1998). In contrast to such rare floods in the growing season,
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General Infroduction

winter floods occur very frequently but are considered of less importance with
respect to plant survival and abundance (Klimesova 1994; Siebel 1998). Winter
flooded plants may experience less severe conditions than summer flooded plants
pbecause of the lower water temperatures during this time of the year and,
consequently the higher oxygen concentration of the water (Vervuren et al. 1999).
Furthermore winter floods may have a relative small impact on plant performance
due to the metabolically inactive status and the morphology of the plants outside
the growing season (Yoshie 1995; Lambers et al. 1998). So far, the structuring role of
winter floods for species lower distribution boundaries as compared 1o the role of
summer floods has not been investigated systematically.

It is striking that even during relatively long periods without prominent summer
floods, the distribution of many floodplain species is still constrained to a certain
elevation range (Vervuren et al. 2003). With regard to this phenomenon two possible
explanations can be given. Firstly, winter floods may bbe more deleterious to plant
survival in the adult stage of their life cycle than previously thought. Secondly, in
years between two subseguent summer floods, winter floods may negatively affect
colonization of high floodplain species in low floodplain habitats. With respect fo the
latter, winter floods may act directly on recruitment processes such as seed
dispersal, germination and seed and seedling survival. Moreover, winter floods may
act indirectly on seedling emergence and establishment through changes in the

vegetation structure and the sail.

Aim of this thesis

In this thesis an attempt is made to elucidate the prevailing factors that underlie
species’ zonation along flooding gradients. In order to achieve this aim a distinction
is made between the effects of floods occurring within. and outside the growing
seqason on species survival and performance in the adult phase of their life cycle.
Species’ responses upon complete submergence were determined in @
comparative approach. Moreover this thesis aims to elucidate which causal factors
lay behind the specific impact on species survival and performance of floods

occurring in the winter and summer season. A final aim is to elucidate whether direct
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and/or indirect effects of winter floods may prevent colonisation of typical high
floodplain species in low floodplain habitats in years between two subsequent

summer floods.

Outline of the thesis

Chapter 2 presents the results of a comparative outdoor flooding experiment in
which a wide range of characteristic floodplain species were subjected to
complete submergence during the summer for a maximum of two months. The 20
species selected are typical for either high-, mid- or low-elevated floodplain
habitafs, The extent 10 which the species differ in their tolerance for complete
suomergence during the summer season will be assessed. Species re-growth
responses affer de-submergence were determined as well in this study. The
correlations between species’ survival characteristics and the distribution of the
species along the flooding gradient will be calculated and discussed.

In Chapter 3 it was investigated how responses of species, that are subjected to
flooding, depend on the seasonal status of the plants (winter or summer
acclimated) and/or on the conditions that a plant experiences (femperature and
oxygen level of the water). The effect of seasonal status relative 1o water
temperature was experimentally tested with three grassland species that differed in
folerance 1o summer floods on base of their biomass loss and carbohydrate use. An
additional experiment tested the role of oxygen level relative to water temperature
on biomass.

Chapter 4 focuses on the effects of seasonal variation in disturbances by floods
on survival in a larger number of species. In simulated winter and summer floods,
survival of ten floodplain species, typical of either low-, mid- or high-elevated zones,
was measured. We also examine whether winter or summer survival best predict
species’ lower distribufion limits as measured in a natural flooding gradient after an
extremely long winter flood.

In chapter 5, a series of field experiments are reported to address the direct and
indirect effects of frequently occuring winter floods on the colonisatfion of low

floodplain habitats by high-floodplain species in years between two subsequent
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summer floods. For this purpose the direct effects of floods on the removal of seeds
and on seed and seedling survival in low- and high-elevated floodplain zones were
determined. Indirect effects of floods through changes in the soil were investigated
by measuring seedling emergence on soil fransplants that were exchanged
pbetween high and low floodplain elevation. Furthermore the impact of existing
vegetation at different floodplain elevations was compared by assessing vegetation
removal effects on recruitment of sown species.

Chapter 6 gives a summary and synthesis of the main results of the separate
chapters. Furthermore, the significance of different mechanisms, which aoffect

species zonation pattermns in river floodplains, will be discussed.
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Chapter 2

Is Tolerance o Summer Flooding Correlated with Distribution

Pafterns in River Floodplains?

A Comparative Study of 20 Terrestrial Grassland Species

With H.M. van de Steeg, C.W.P.M. Blomn and H. de Kroon

Abstract

It is generally assumed that floods in the growing season have a strong impact on the distribution
of grassland plant species in river floodplains but this proposition has never been tfested. We
examined the survival and growth responses of twenty species, originating from low-, mid- and high-
level floodplain grasslands along the River Rhine in the Netherlands, upon fotal submergence for a
maximum of two months in an outdoor flooding experiment. Plant survival and biomass reduction
with flooding duration was determined as well as biomass recovery after de-submergence.

Our results show that species survival is the most prominent factor corelated with species
distribution in floodplain creas. Relatively flood tolerant species occurred mainly at low elevations
along the floodplain while more flood sensitive species were restricted to high parts of the floodplain
gradient. The biomass reduction rate during flooding nor the recovery capacity after de-
submergence, increased the regression coefficient.

Biomass reduction rates during submergence were only marginally significantly correlated with
species’ lower distribution boundaries along the flooding gradient. Only after two weeks of complete
submergence, but not after four and eight weeks, was biomass recovery rate significantly correlated
with species field distribution patftems. Our results suggest that the more flood tolerant species can
have various ways 1o survive and recover from flooding, ranging from low rates of biomass loss and
low recovery to relatively high rates of biomass loss and quick recovery. Any of these alternatives
leads to high survival.

Our results are consistent with the notion that disturbance by floods during the growing season is
an important determinant of species lower distribution boundaries in river floodplains. They also
suggest that high survival under flooding may be achieved by different physiological mechanisms.

Such mechanisms are discussed in this paper.
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Tolerance to Summer Flooding

Introduction

Grassland species of temperate river floodplains are regularly subjected to
floods, predominantly during winter and spring. Such floods are natural phenomena
caused by peaks in precipitation and melting snow in the catchment area (Vervuren
et al. 2003). However, due to improvement of river and rainwater discharge and
global warming flooding has increased in frequency, also during the growing
season (Blom et al. 1990). This may have important consequences for plant
distribution because flooding is one of the major abiotic factors determining the
distribution of plant species in river areas (Keddy 1984; Sykora et al. 1988; Crawford
1992; Vartapetian & Jackson 1997; Van de Steeg & Blom 1998, Pollock et al. 1998;
Silvertown et al. 1999; Vervuren et al. 2003). Moreover, flooding during the growing
season may be particularly important in affecting plant survival (Klimesova 1994,
Siebel 1998; Sparks et al. 1998).

It is generally assumed that the lower boundary of a species corresponds fo a
species’ tolerance to flooding (Squires & Van der Valk 1992; Sand-Jensen & Frost-
Christensen 1999; He et al. 1999). Depending on the range of occurrence along the
flooding gradient a plant can be subjected to a certain flooding duration, depth
and frequency (Vervuren et al. 2003). For Rumex species it was shown that flood
sensitive species are restricted to high pars of the flooding gradient, while more
tolerant species persist at lower elevations (Laan and Blom 1990; Voesenek 1990;
Nabben et al. 1999). Similar differences may apply to a wider range of species with
a different distribution along the flooding gradient, but to our knowledge, the extent
to which grassland species of other taxa differ in their folerance for total
submergence and the degree to which the relationship between species flooding
tolerance and the distribution along the flooding gradient has general validity, has
not been fested.

The most important constraint that plants have to deal with during flooding is
oxygen deficiency (Crawford & Brandle 1996; Vartapetion & Jackson 1997). As a
conseguence, growth rate and biomass production of tferrestrial plants under
flooded conditions are reduced. However, some grassland species are able fo

cope with such conditions by physiological and morphological adaptations (Blom &
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Voesenek 1996, He et al. 1999; Vervuren et al. 1999, Voesenek ef al. 2003). Adverse
effects during submergence can be avoided by aerenchyma formation (Visser et
al. 1997; Jackson & Armstrong 1999) and under-water photosynthesis to restore
oxygen and sugar supply to plant tissues (He et al. 1999; Vervuren et al. 1999). In
such cases plant biomass can partly or entirely be maintained. If species lack such
adaptations or change fromm aerobic to anaerobic metabolism, which is a very
inefficient process with regard to carbohydrate consumption (Armstrong et al. 1994,
Crawford & Brandle 1996), biomass will stfrongly reduce during flooding. Re-aeration
after de-submergence can lead to the formation of free oxygen radicals and the
oxidation of metabolites that have accumulated during submergence. Both
processes can lead fo serious damage to plants known as post-anoxic injury
Crawford & Brandle 1996), and can strongly reduce the capacity to recover
biomass after de-suobmergence. Species’ flooding tolerance can thus be
characterized by its survival and biomass reduction rate during complete
submergence and by ifs biomass recovery rate after de-submergence. To what
extent grassland species of river areas withstand summer floods, with respect to
survival, and the maintenance and recovery of their biomass, as well as the relation
of these responses to species distribution along flooding gradients, is yet unknown
and will be examined in this study.

The aim of the present study was to examine survival and growth responses of
grassland species of river floodplains upon total submergence during summer. For
this purpose an outdoor flooding experiment with twenty terrestrial grassland plant
species, originating from low-, mid- and high-level floodplain grasslands along the
River Rhine in the Netherlands, was performed in the summer of 1999, Total plant
piomass reduction with increasing flooding duration was determined as well as plant
biomass recovery after de-submergence. Furthermore, 123 relevées were made at
different sites and elevations along river floodplains. Relations between survival and
growth responses of the selected plant species and their field distribution along the

flooding gradient were analysed.
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Tolerance to Summer Flooding

Table 1 Selected species for the submergence experiment, species abbreviation, type of diaspore
used for raising plants and floodplain sites where plant material was collected. For location of

floodplain sites see Figure 1. Nomenclature follows Van der Meijden (1996).

Species Abbreviation Diaspore Origin
Achillea pfarmica L. acp Seed Bemmel
Agrostis sfolonifera L. ags Ramet Ewijk
Alopecurus geniculatus L. alg Ramet  Ochfen
Arrhenatherum elatius (L.) J. & C. Presl are Seed Deest
Cenfaurea scabiosa L. ces Seed Tolkamer
Elytrigia repens (L.) Nevski elr Seed Ewijk
Fesfuca rubra L. fer Seed Kekerdom
Inula brifannica L, inb Ramet Neerijnen
Medicago falcata L. mef Seed Tolkamer
Pasfinaca safiva L. pas Seedling Kekerdom
Planfago lanceolata L. pll Seed Tolkamer
Plantago major ssp infermedia (Gllib.) Lange  pIm Seed Doornenburg
Potentilla anserina L. poa Ramet Kekerdom
Potentilla repfans L. por Seed Bemmel
Ranunculus acris L, rac Seed Neerijnen
Ranunculus repens L. rar Ramet Neerijnen
Rumex acefosa L. rua Seed Deest
Rumex crispus L. ruc Seed Bemmel
Rumex thyrsiflorus Fingerh. rut Seed Tolkamer
Thalictrurm minus L. thm Seed Kekerdom

period the femperature in the greenhouse fluctuated between 19.0 °C and 29.0 °C.
Plants were watered three times a week with tap water and fertilized twice during the
growth period with half strength modified Hoagland nutrient solution (Johnson et all.
1957). At the start of the experiment, plant age for seedlings and seed grown plants
was ten weeks. For species, which were grown from ramets, it was impossible fo

determine exact plant age.
Maximum flooding duration

The flooding characteristics of the different elevations at which the studied

species grow, were analysed for the period 1960-1999, by comparing the relative
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elevation (normalized to the elevation atf Lobith) of the zones of these species along
the River Rhine with the water levels of the river and calculating the timing and
duratfion of the flooding events. Water levels were provided by the RIZA Water Data
Desk. Since we focus on floods during the growing season, only flooding
characteristics in the period May until Septemibber were considered. From these data
it followed that a flood peak at high elevations (> 12.5 m) lasted for a maximum of
25 days. At mid levels (between 11.0 and 12.5 m) this flood endured 80 days. Based
on this analysis we decided o submerge studied species for a maximum period of
two months. Because long lasting summer floods are very rare, it was expected that
differences between species with regard to survival and growth responses upon

flooding, would arise within an artificial flooding period of this length.

Flooding freatment

Before the start of the submergence treatment, roots and shoofts of ten randomly
selected plants per species were gently washed with tap water and fotal dry weight
(dried for 24 h at 105 °C) was determined. At the same time, all other plants were
distributed over five outdoor basins (width: 8 x 12.5 m; depth 1 m) at the Botanical
Garden complex of the Niimegen University and gradually filled with tap water.
Plants were placed in a randomised block design with basin as a block. Each basin
contained 32 plants per species. All plants were completely submerged for one
week up to a maximum period of two months (July - August 1999). Water level was
kept 70 cm above the soil surface in the pots to avoid restoration of leaf-air contact
of some species due to shoot elongation or leaf floating. During submergence
plants were not fertilized. To prevent growth of plank fonic algae, Daphnia spec. was
added to the basins. During flooding, light quantities at plant level were measured
twice in each basin using a LI-COR (Lincoln, Nebraska) photometer (model LI-18513)
with an underwater quantum sensor (LI-1925B). Average light affenuation in the water
at plant level (£ 50 cm from the water surface) was 20 - 22 %. Minimum and
maoximum water temperatures were measured daily in each basin using standard

thermometers. Temperatures fluctuated between 18 °C and 26 °C.
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Harvesting

During two months, every week twenty plants per species were taken out of the
water (four from each basin) and moved to the greenhouse. This group was split into
two groups of ten plants. Plants of one group were harvested after three days
recovery 1o assess survival, A three day delay was necessary because immediately
after de-submergence it was often not clear if a plant was alive or not. Some plants
looked vital after de-submergence but appeared to be dead after a few days. In
such cases, turgor was maintained in the water while the root-shoot junction was
already disconnected by decay. From ten plants, roofs and shoots were washed
gently with tap water, dead roots (black) were removed and survival and dry weight
of roots and shoots (dried for 24 h at 105 °C) was determined. Survival was based on
physical appearance: planfts with green, turgid leaves and green buds were
designated as 1o be alive (Nabben et al. 1999). From the other group of ten plants,
survival and total dry weight was determined after a three weeks regeneration
period in the greenhouse under drained conditions. These plants were watered
when necessary but not fertilized. Biomass data of a non-submerged control group
were lacking for this group. The light conditions in the greenhouse during the
recovery period were similar to the conditions at which plants were grown initially.
Day and night femperatures fluctuated between 18.5 °C and 26.5 °C.

To determine the maximal potential relative growth rate (RGR) of the species,
total dry weight of another group of ten plants per species affer four weeks growth

under drained conditions was determined.

Data analysis
Survival

To determine plant species survival, the flooding duration at which 50 % of the
plant individuals from a particular species had died, the so-called median lethal
time (LT,,), was determined. For each flooding duration all harvested plants of one
species were grouped (total of twenty plants) and the number of plants that survived
was counted. With the SAS LIFEREG procedure (SAS/STAT 6.0) Weibull survival curves
were fitted through the survival data and values for LT, were derived from these

curves (Vervuren et al. 2003). If sfill 100 % (or almost 100 %) of the plants of a
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species survived eight weeks of submergence, it was impossible to fit a curve
through the data. In such cases reliable LT, values could not be derived and were
set af 60 days, as a conservative estimate, because the largest reliable estimate for
LTso was 59.4 days (Inula britannica). Such estimation was done for Elftrigia repens,
Potentilla anserina, Pofentilla repfans and Rumex Crispus.

All plants of Festuca rubra, Cenfaurea scabiosa and Pastinaca satfiva, died
within a period of 14 days. Therefore only one observation at the slope of the survival
curve was obtained for these species. However, at least two observations are
necessary af this part of the curve fo determine a reliable value for L.
Nevertheless, in such cases LT, can be estimated by taking that point on the survival
curve, which is precisely in the middle of the point with 100 % survival and 0 %

survival,

Rate of biomass reduction and recovery capacity rate

Biomass reduction rate during submergence (expressed as g.g”.doyﬂooding‘]) was
detfermined by regression analysis of plant biomass of a maximum of ten sunviving
plants per species for all flooding durations (using SPSS 10.0.7). Such an analysis was
performed for both recovery groups (three days and three weeks re-growth after de-
submergence). For some species all plants died within two or three weeks after
onset of the flooding freatment and as a consequence, only one or two data pointfs
were obtained. In such cases it was impossible to perform a reliable regression
analysis and therefore no biomass reduction rates could e derived.

The obtained regression lines, for plant biomass three days and three weeks after
de-submergence versus flooding durafion, may have different slopes due to
reduced recovery with increasing flooding duration. With ANCOVA it was analysed
whether the capacity to recover plant biomass affer de-submergence decreased
significantly with increasing flooding duration (STATISTICA 5.5). In addition, biomass
recovery rate (expressed as 9.9 .dQY,.coey ') affer de-submergence was determined
for three flooding duratfions, i.e. two, four and eight weeks flooding, based on
differences between average biomass (In dry weight) after a three days and three
weeks re-growth period. A possible effect of phylogeny on the outcome of the

species comparisons was small because it appeared that differences in flooding
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responses within a family and/or genus and also within monocots and dicotfs were
rather large. Therefore, we considered it unnecessary to carry out phylogenetic

corrections 1o the data.

Responses to flooding versus field distribution

Relationships between the distribution of the studied grassland species in river
floodplains and species responses to complete submergence (survival, biomass
reduction rate and biomass recovery rate), as well as relations between different
responses upon submergence were investigated by Spearman rank correlation
analysis (using SPSS 10.0.7). To determine which of these responses explained
species’ lower distribution limits best, a stepwise regression analysis was performed
(SPSS 10.0.7). Elevation was expressed as median, 10" percentile (species ‘lower
boundary) and 90" percentile (upper boundary) values based on
presence/absence data of the species in the relevés. For these analyses all species

were included as far as sufficient field distribution data were available.

Results

Species distribution

Because many species are not normally distributed along the elevation gradient,
median plant elevation was used for analysis instead of mean values. For each
median value 10™, 25", 75" and 90™ percentile values were calculated. For
Centaureq scabiosa, Pastinaca sativa and Achillea ptarmica the minimum required
number of data points 10 compute a reliable set of percentiles was not available.
These species were therefore not included in further analyses.

Most species show a limited range of occurrence along the flooding gradient
(Figure 2). Aithough some species, such as Elyfrigia repens, Potentilla repfans and
Rumex crispus, occur along the whole elevation gradient, their distribution range
between 25" and 75™ percentiles is situated at low elevations. The range in height
between the 25™ and 75™ percentile differs between species (Figure 2). Species
from low- and mid-level elevations show sharp delimitation at their lower limit

probably due to geomorphological processes (€.g. erosion due to wave action).
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Figure 2 Species occurrence along the elevation gradient based on 123 relevés made at six
floodplain sites along the River Rhine in the Netherlands (see Figure 1). The end of the boxes defines
the 25" and 75" percentiles, with a line at the median and error bars defining the 10" and 90™
percentiles. Circles define data points beyond the 10" and 90" percentiles. For Centfaurea scabiosaq,
Pasfinaca safiva and Achillea pfarmica the minimum reguired number of data points to compute a
reliable set of percentiles was not available and therefore not shown. For species ablbreviations see
Table 1.

Survival

Species differed markedly with respect to flooding tolerance. Most species
survived flooding up to one week (Figure 3). Only Cenfaurea scabiosa, Medicago
falcata and Pastinaca sativa were already affected by submergence in the first
week. When flooding lasted for more than one week, the survival of most species
was reduced. LTy, values for the different species ranged from 6.8 up to 59.4 days.
All plants of Rumex crispus, Eltrigia repens and Potfentilla anserina survived the
entire flooding period of 56 days, while 90 % of the plants of Achillea ptarmica and
Potentilla reptans survived this flooding period.

The occurrence of a species along the elevation gradient was significantly
corelated with LT, This relation applies for median as well as, 10" and 90"

percentile elevation levels (Figure 4A). Flooding tolerant species occur at low sites
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Figure 3 Relationships for 20 species between flooding duration and survival (A, right-hand axes)
(n=20) and between flooding duration and biomass reduction (based on In-fransformed data, + SE),
three days after sampling (e, lefft-hand axes) and after a three weeks recovery period (o, left-hand
axes) (n=10). For Medicago falcafa, Pasfinaca safiva and Centaurea scabiosa the minimum

required number of recovery data points to perform a reliable regression analysis was not available..
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along the flooding gradient while more sensitive species are restricted to high

elevations.

Table 2 Results of ANCOVA for biomass reduction rate of 20 terrestrial grassland species from low-
mid- and high-level river floodplains in response to block, biomass recovery period after O or 3 weeks
(R) and flooding duration (T). F values and significance levels are presented as well as MS values for
the error (Block x R x T). For Cenfaurea scabiosa, Fesfuca rubra, Medicago falcata and Pastinaca
sativa were not enough data available fo perform an ANCOVA analysis. * p< 0.05; ** p < 0.07; ***

p< 0.001. Degrees of freedom = df.

Species Block R T RxT Error
df 4 1 1 1 8
Achillea ptarmica 0.392 58.00*** 312.9*** 0,056 0.210
Agrostis sfolonifera 0.347 ?.128* 168.5***  31.28*** (0,408
Alopecurus geniculatus 0.572 24,75*%* 143.6***  2.25] 0.903
Arrhenatherum elatius 3.217 66.96***  138.7***  16.32** 0.131
Elytrigia repens 2.770 48,79*** 132.5*%** 3,009 0.154
Inula brifannica 0.596 50.60%**  32.74*** 2,995 0.758
Planfago lanceolata 7.828** 55.60***  306.9*** 0.013 0.083
Planfago major ssp. infermedia  0.958 252.6***  2009***  10.17* 0.038
Potentilla anserina 2.764 142.9***  278.6%**  15.14** 0.158
Potentilla reptans 1.652 198.3***  262.0*** 6,135* 0.191
Ranunculus acris 1.185 65.57***  239Q.7***  1.487 0.343
Ranunculus repens 0.115 1.772 73.90***  5998* 1.500
Rumex acefosa 2.240 0.009 106.1***  3.460 0,275
Rumex crispus 0.622 297.7*** 106.8*** 3,163 0.034
Rumex thyrsiflorus 9.433* 37.06***  270.6*** 4,953 0,109
Thalictrum minus 0.879 19.84** 99.49***  0.753 0.351

Aimost 45% of the variation in median species distribution is explained by LTs,.
The coefficient of determination is even slightly higher if 10" percentile elevation
values were used instead of median elevation (R?= 0.48). 10™ percentile values
may be considered as an estimate of the lower distribution limit of a species. For
four species LT;, was conservatively set af 60 days. However, for Rumex crispus is
known that LT, is far beyond 60 days (Vervuren et al. 2003). Therefore, if actual

values for
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LTs, were known, correlation coefficients and coefficients of determination would

certainly e higher as all four species occur at the lower floodplain.

Table 3 Correlation matrix concerning relations between flooding charactetistics. Distribution along
the flooding gradient (median, 10" and 90™ percentile values), survival (LTy,), biomass reduction rate
during submergence (DW-red) and biomass recovery after two weeks submergence (DW-rec, ).
Correlations for biomass recovery after four and eight weeks flooding are omifted because no
significant relations were found. All correlations were based on 17 replicates. * p < 0.05; ** p < 0.01;
*** 5 < 0.001;%0.05 <p < 0.1

Median 10" perc 90" perc LTso DW-red
Median - - - - -
10™ perc 0.980*** - - - -
0™ perc 0.939**x* 0.9271%*x* - - -
LTso -0.667** -0.690** -0.5659* - -
DW-red -0.4178 -0.451% -0.309 0.762%** -
DW-rec, .  |-0.684%* 0.676%* 0.672%* 0.639** 0.313

Biomass reduction rate and recovery capacity

In all species we found a significant reduction of total plant biomass with
increasing flooding duration (p<0.05) (Figure 3). Biomass reduction rates differed
considerably between species and ranged from -0.01 10 -0.25 9.9".dQYqe0qng - 1€
species lost approximately 1 to 25 % of total plant biomass per day of flooding. The
lower distrioution boundary (10" percentile) was only marginally  significantly
corelated with the biomass reduction rate (Figure 4B). The weak correlation is
possibly due to the lack of estimates for field distribution data of some extremely
flood intolerant species from high elevations, such as C. scabiosa and P. safiva. The
rate of biomass reduction was highly significantly correlated with species survival
(Table 3). Species with high survival rates had relative low biomass reduction rates
compared to species with lower values for LT, which reduce biomass much faster.

Total plant biomass, after a three weeks recovery period, also significantly
decreased with increasing flooding duration for all species (Figure 3). Slopes of the
regression lines for plant biomass, three days and three weeks after de-
submergence, versus flooding duration, differed significantly for six species (Figure 3

and Table 2, significant interaction R x T). In such cases the recovery capacity
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Figure 4 Relationship between median, 10™ and 90™ percentile elevation levels of species at six sites
adlong the main branch of the River Rhine floodplains in the Netherlands and (A) Survival (expressed as
LTso = SE as derived from figure 3). LT, values for species which survived 100 % or almost 100 % after
56 days of submergence were set conservatively af 60 days (indicated by open circles) and (B) Plant
biomass reduction during flooding (expressed as g.g'1.d0yf|ooding'1 + SE), based on total plant biomass
three days after de-submergence for subsequent flooding durations. For species abbreviations see

Table 1.

decreased with increasing flooding duration. These six species concern flood

tolerant (i.e. Potentilla anserina) as well as flood intolerant species (i.e.
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Arrhenatherum elatius). The other species showed a recovery rate proportional to
the degree of biomass reduction, similar for all flood durations.

Biomass recovery capacity after two weeks of flooding (Figure 5), but not after
four and eight weeks flooding, was significantly correlated with species distribution
along the flooding gradient. Maybe the lack of correlation after four and eight
weeks flooding is due to the reduction of the number of plant species that survived
these flooding duration’s; 13 and 9 species respectively. Especially the more flood
sensitive species had died. Apparently, amongst the more tolerant species, there
were nNo systematic differences with respect to recovery capacity. Biomass recovery
capacity, after two weeks flooding, was also significantly and positively correlated
with plant species survival (Table 3). However, for none of the flooding duration’s
(two, four and eight weeks) a significant correlation existed between biomass
reduction rate and recovery capacity, suggesting that different combinations of
these flooding characteristics existed. Most species which, at least parly, survived
the entire flooding period were either largely able to maintain their biomass during
flooding (i.e. Rumex crispus) or maintained the capacity to recover biomass (i.e.
Achillea pfarmicaq). However, some tolerant species significantly decreased their
capacity to recover (i.e. Potentilla anserinqQ).

Stepwise regression analysis showed that the most important factor with regard to
species lower boundary (10™ percentile) along the flooding gradient was the survival
rate (R*=0.49; p=0.001). The correlation coefficient did not increase when other
parameters, e.g. biomass reduction and biomass recovery rate, were added to the
regression model. Therefore, only the LIy, is significant correlated with species lower

distribution boundaries along the flooding gradient.

Discussion

Species survival and distribution

Floods may negatively affect plant performance and survival and consequently
play a major role in determining species distribution and diversity along flooding
gradients (Sykora et al. 1988; Squires & Van der Valk 1992; Carter & Grace 1990; He

et al. 1999; Silvertown et al. 1999). Here we showed that the flooding tolerance of a
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number of floodplain grassland species was significantly correlated with the lower
distribution boundaries along flooding gradients. The twenty species studied differed
strongly in their tolerance to complete suomergence. The number of days of
flooding at which 50 % of the plants died (LTs,). ranged from 5.6 up to more than 60
days. Relatively flood-tolerant species occurred mainly at low floodplain elevations
while more sensitive species were restricted to high parts of the floodplain gradient.
The LT, appeared to be the most dominant factor explaining species distribution
along flooding gradients. Adding species biomass reduction rate during flooding or
the recovery capacity after de-submergence to a step-wise regression model did
not increase the regression coefficient.

In particular, species with a low tolerance towards flooding defermine the
zonation pattemns in the field. Some broad range species, such as Elyirigia repens,
can be found along the whole gradient. Not only the lower but also the upper
distribution limits (0™ percentile values) appeared significantly correlated to the
species’ flooding tolerance in terms of LT, This relationship suggests the occurrence
of a frade-off between a species’ flooding tolerance and the performance under
non-flooded conditions (Crawford 1992; Keddy 1984) with the competitive ability or
drought tolerance determining the upper distribution limits (Blom et al. 1994). A
species such as E. repens, which occurs along the whole flooding gradient, is
probably adapted to conditions af low as well as high elevations of the flooding
gradient.

Our results suggest that disturbance by floods during the growing season may be
an important determinant of the lower distribution boundaries of plant species in
river floodplains. However, it should be noted that we only measured the response of
adult plants and may therefore not completely account for the distribution patterns
as observed in the field. A complete investigation of life-history patterns should e
conducted to fully understand the mechanisms behind zonation patterns along
flooding gradients.

The last eminent summer flood in our study area took place in 1987, about
twelve years before the species distributions as reported in this study. Before this
event, long lasting summer inundation’s occurred in 1980 and 1983 (Sykora et al.

1988, Vervuren et al. 2003). It is striking, that in spite of the relatively long period
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without prominent summer floods, species flooding tolerance (LTy) is still significantly
corelated with the lower distribution boundaries (10™ percentile) along the flooding
gradient, suggesting that lower vegetation boundaries remain relatively stable, even
during longer periods without severe summer floods.

This observation may be explained by two possible mechanisms. Firstly, in spite of
more severe effects of summer floods on plant survival, the more common winter
floods may also contribute to the maintenance of relatively stable zonation pattermns
by preventing flood intolerant species to migrate to lower regions of the flooding
gradient. However, other studies have shown that summer flood sensitive species
are less affected by winter floods (Klimesova 1994; Siebel 1998), which is most
probably due to lower respiration rate at lower water temperatures in the winter
season. Secondly, dispersal limitation of high-elevated species may also restrict or
slow down recruitment at low parts of the floodplain gradient. Recruitment limitation
may thus be an imporant mechanism behind the delayed migratfion of high-
elevated species fo low floodplain sites during periods without summer floods
(Bischoff 2000; Chapter 5).

Biomass reduction and recovery

It was expected that flood tolerant, low elevated species, would have high
recovery rates affer de-submergence, while the more flood sensitive, high elevated
species, would recover to a lesser extent or would lack the capacity to recover at
all. This paftern emerged indeed when the recovery capacity was analysed after
two weeks of flooding. Flood sensitive species lost approximately 1 - 25 % of their
biomass per day during suomergence. Such species probably suffer from oxygen
stress and apparently do not possess sufficient adaptations, like under-water
photosynthesis (Vervuren et al. 1999; He et al. 1999) or aerenchyma formation
(Visser ef al. 1997, Jackson & Armstrong 1999) to ensure oxygen and carbohydrate
supply to their tissues. Some flood sensitive species did not recover at all after de-
submergence but further lost biomass, e.g. Fesfuca rubra, Medicago falacafa and
Thalictrum minus. Re-exposure 1o oxygen affer a period of oxygen deprivation, may

lead to post anoxic injury in such species. Post anoxia stress is known for a wide
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variety of plant species and can lead to serious damage to plants (Crawford &
Brandle 1996; Nabben 2001).

For none of the flooding durations the recovery capacity was significantly
correlated with the biomass reduction rate. It appeared that the recovery rate after
two weeks of flooding was significantly and positively correlated with the relative
growth rate (RGR) under drained conditions, as determined in this experiment
(r,=0.57, p<0.05, n=16). With the rate of biomass loss linked to flooding adaptations
and the biomass recovery rate connected with growth rate, these two traits seem to
have a different physiological basis, which may explain their independence.

For the majority of flood ftfolerant species the recovery rate after de-
submergence remained the same for all flooding durafions, indicating that the
relative ability to recover from flooding was not compromised by the flooding
durafion. The variafion in reduction rate and recovery rate was large among
species: about a 7 and 3 fold difference, respectively. This suggests that the more
tolerant species had various ways to survive and recover from a flooding period.
Some tolerant species can lose relatively large amounts of their biomass during
flooding, probably as a consequence of the change from aerobic 1o anaerobic
metabolism, which is an energetically inefficient process that strongly reduces
carbohydrates (Crawford & Brandle 1996, Vartapetion and Jackson 1997). Other
species however may maintain most of their biomass during submergence. For
example, a species like Rumex crispus is an extremely folerant species and may
survive complete submergence for two years with little biomass loss (Vervuren et al.,
2003). This species is able to perform under-water photosynthesis and therefore able
to restore sugar and oxygen supply to all tissues (Vervuren et al. 1999). Surprisingly,
Rumex crispus had one of the lowest recovery rates, indicating that maintenance of
piomass does not necessarily allow a plant to quickly regain growth upon de-
submergence.

We conclude that, for the more tolerant species each of the altemnative
responses (rapid biomass loss with fast recovery or litfle biomass loss with slow
recovery) leads to high survival rates. From an ecological point of view the variable
speed with which the species recover after flooding may be less important,

pecause affer floods of relatively long duration, plants recover in a relatively open

39



Chapter 2

environment. This underscores the primary role of survival in response to flooding

rather than the way in which survival is achieved.
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An Experimental Assessment of the Effects of Plant Seasonal
Status, Water Temperature and Oxygen Concentfrafion on Plant

Response to Flooding

With J.P.M. Lenssen, R.H.J. Rengelink, C.W.P.M. Blom and H. de Kroon

Abstract

Field observations suggest that flooding events in the growing season have greater impact on
plant survival than winter floods. To clarify the mechanism producing these differences between
flooding seasons we anclysed the role of seasonal status of the plants (i.e. winter or summer
acclimation), water tfemperature and oxygen concentration. The effect of seasonal status relative to
water femperature was experimentally tested with three grassland species that differed in tolerance
fo summer floods (i.e. Rumex crispus, Rumex acetosa and Daucus carofa). An additional experiment
addressed the role of oxygen level relative to water temperature on biomass decay rate on one
relative intolerant species (i.e. Rumex acefosaq).

Irrespective of the acclimation status of the plants, biomass loss in warm water was considerably
faster than in cold water. Given the concomitant decline in total non-structural carlbohydrates this
was probably due to an effect of water temperature on the respiration rate. Moreover, only the more
folerant species seemed able to access reserve carbohydrates. The oxygen level of the water did not
affect the rate of biomass reduction.

These findings support the hypothesis that the water temperature in combination with the ability to
respire taproot reserves, rather than oxygen level of the water or seasonal status of the plants,

determine a species’ response fo (winter) flooding.
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