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General introduction 

GENERAL INTRODUCTION 

In former days, floodplain forests were found in extensive areas along most large rivers in western 
Europe. Many centuries of human impact have caused the destruction of this vegetation and at 
present, only small fragments are left of which the continued existence is also uncertain. During the 
last few decades the significance of floodplain forest as diverse, complex ecosystem and wildlife 
habitat and corridor has been recognised. As a result, in many floodplain restoration plans the 
development of floodplain forest plays an important role. This thesis focuses on the recovery of 
floodplain forest in a part of the floodplain: the riverbanks. 

ECOLOGY OF FLOODPLAIN FOREST 

Floodplain forest development largely depends on river dynamics. For instance, seed dispersal, tree 
growth, species composition, zonation, and succession are related to hydrology (Phipps 1979; 
Harris 1987; Schnitzler et al. 1992; Keeland et al. 1997). According to vegetation characteristics, 
floodplain forest is divided into two types that form the early and late successional stages of this 
forest. Softwood forest (Salicetum albae; Issler 1926) is dominated by pioneer, light-demanding, 
fast growing species like White Willow (Salix alba L.) and Black Poplar (Populus nigra L.). The plant 
communities are found at the lower levels in the floodplain which are characterised by prolonged 
flooding. Hardwood forest (Querco-Ulmetum minoris; Issler 1924) is dominated by Pedunculate 
Oak (Quercus roburL.), Ash (Fraxinus exelsiorL.) and Smooth-leaved Elm (Ulmus minor Miller). 
Seedlings of hardwood forest species may establish in softwood forest after the level of the soil 
surface has risen due to sediment deposition and the mean flooding duration decreased. Hardwood 
forest is scldomly flooded and only for short periods (Figure 1.1) (Hiigin & Henrichfreise 1992; 
Schnitzler 1995; Blom et al. 1996). 

On the riverbanks along the River Rhine between Lobith and Zaltbommel, the most common 
species of the softwood forest are White Willow and Common Osier (Salix viminalis L.); Almond 
Willow (Salix triandraL.) and Black Poplar are less abundant (De Graaf étal. 1990). The scarcity of 
Black Poplar might be due to extensive cutting and isolation of trees. It could also be due to the 
introduction of cultivare and the production of sterile offspring after hybridisation (Lauwaars et al. 
subm.; De Bruin et al. 1987). Over the last 5 to 10 years, many Black Poplar seedlings have been 
found on the riverbanks; this might indicate a recovery of the species. Besides these woody species, 
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the most abundant herbaceous species on the riverbank are Reed Canary-grass (Phalaris 
arundinacea L.), Couch {Elymus repens L.), Creeping bent (Agrostis stolonifera L.), Creeping thistle 
(Cirsium arvense L.) Knotweeds (Polygonum species L.) and species of Goosefoot (Chenopodium 
species L.) (Van de Steeg & Blom 1998). 

HISTORICAL CHANGES OF THE RIVER RHINE 

The hydrological and geomorphological conditions of the River Rhine area have changed 
considerably in time, due to intensified agricultural land-use. Compared with other large rivers in 
western Europe like the rivers Danube in Hungary and Allier in France, the River Rhine is at the 
moment a particularly damaged river system (Dister et al. 1990; Schnitzler 1994). 
Anthropogenic disturbances in the floodplains of the River Rhine in the Netherlands started in the 
11th century with the building of dikes. The main purpose of building dikes was to protect 
inhabitants and agricultural land from floods. To make the floodplain suitable for agricultural use, 
large numbers of willows and poplars were cut down. Building of the dikes was completed at the 
beginning of the 14th century (Ploeger 1995). Normalisation of the main channel started in the 19th 
century to improve the discharge of water, sediment and ice. In particular, build-up of ice to several 
metres thick could lead to strong rise of the water level and dike breach. After normalisation was 
completed in 1916, the main channel had a fixed width, due to the constructed groynes. River 
regulation in order to improve navigation was started later in the 20th century with the building of 
weirs in one of the branches of the River Rhine, the Nederrijn. The purpose of the weirs was to 
regulate the water distribution over the branches of the River Rhine. Their construction resulted in 
a guaranteed water depth for shipping. Disturbance of the river area led to a floodplain that had 
completely changed by the building of minor and major dikes and increased silting up of river 
forelands, the construction of groynes, and active destruction of the floodplain forest by cutting 
(Figure 1.1). 

Human impact also caused an increase of the magnitude of water-level fluctuations. Firstly, the 
fixed main channel caused a deepening of the river bed. As a consequence, mean water levels 
became lower and the maximum difference between high and low water levels increased (Hügin & 
Heinrichfreise 1992; Schnitzler 1994). Deepening of the main channel resulted in lower ground
water levels in the floodplain, hence drier conditions for vegetation. Secondly, high floods occurred 
more frequendy due to effective drainage of urban water, straightening of the river channel and an 
overall decreased retention time of water in the river area, which was a consequence of strong 
reduction of the area flooded by the River Rhine (Dister et al. 1990; Van de Ven 1993). 
Nowadays, the major part of the River Rhine area in the Netherlands is characterised by river 
forelands consisting of green pastures, grazed by high numbers of cattle, mostly cows. The cattle, by 
their grazing and trampling, prevent the development of floodplain forest and have transformed the 
river forelands including the riverbanks, into monotonous grasslands and unvegctated sandy 
beaches. Unvegctated soil erodes relatively easily because it lacks the protection of above-ground 
plant parts, which reduce wave energy. Furthermore, the plants' rooting-system increases the tensile 
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strength of the soil (Hickin & Nanson 1984; Gregory & Gurnell 1988; Thome 1990; Clary et al. 
1996). 
Fragments of softwood forest are present on riverbanks or on river forelands where cattle grazing is 
absent or in low intensity. Old maps of the river show that already in 1600, the once abundant 
floodplain forest had decreased to small fragments without any coherence. 

hardwood forest 

softwood forest 

natural levee 

main channel minor 
dike 

river 
foreland 

Figure 1.1: Changes in the river bed and floodplain; the upper section is the situation before human disturbance, the 
lower section is the present situation. 

POLICY TO-DAY 

Protection and restoration of habitats are joint aims of the countries in the Rhine basin on the 
rehabilitation of the River Rhine, which is subject of the Rhine Action Program (ICPR 1987). On a 
national scale, the rehabilitation policy has resulted in restoration plans and visions for the rivers 
Rhine and Meuse (De Bruin et al. 1987, Helmer et al. 1992; Cals et al. 1998). To restore the river 
ecosystem, it is considered necessary to increase hydrological and geomorphological dynamics in 
the floodplain and to create possibilities for floodplain forest development that may serve as the 
'backbone' of the ecological network in the landscape. Floodplain forest may serve as shelter, 
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nesting or forage habitat for floodplain related organisms Demands of target species on size and 
structure of floodplain forest may be taken into account to evaluate or predict effects of floodplain 
restoration plans (Rennen et al 1995) 
Hoodplain forest also increases hydraulic roughness leading to increased water levels, which may be 
hazardous during high-magnitude floods Although restoration plans concerning the floodplain are 
sometimes impeded by the varying functions of the river like water discharge, ship transport, 
mineral production, agricultural land-use, recreation and existing nature and landscape values, 
compatibility may be possible Future measures will necessarily combine the development of 
floodplain forest with compensation measures that enlarge the discharge capacity (Silva 8c Kok 
1996, Cals étal 1998) Examples of compensation measures are the digging out of old, silted-up side 
channels and connecting them with the main channel (one or two sided), removal of summer dikes 
and a lowering of the river foreland by skimming off clay layers An example from the other large 
river in the Netherlands, is the project along 'the Grensmaas', part of the River Meuse, where the 
almost vertical nverbanks will be transformed to much gentler slopes to extend the transition zone 
from water to land As a result riparian vegetation will establish and the discharge capacity of this 
gravely river section is enlarged (Cals et al 1998) 

Apart from both the conflicting and compatible functions, riverbank vegetation may also be useful 
to protect nverbanks against erosion The ecological function of a vegetated riverbank is then 
combined with the protective properties of riparian vegetation Along many canals and in the 
estuanne part of the river, stands of Sarpus species and Phragmites austrahs may protect the banks 
(Coops et al 1996), whereas further upstream along the River Rhine planted willows (Salix species) 
on the riverbank may act as an environmentally sound bank protection method (Van Splunder & 
Schoor 1997) 

ESTABLISHMENT OF SOFTWOOD FOREST 

Before one can formulate realistic aims with regard to restoration plans for floodplains, it is essential 
to understand the role of the present-day hydrological and geomorphological processes in the 
recovery of softwood forest 
Species distribution on nverbanks is strongly related to their tolerance to flooding frequency, to the 
depth and duration of flooding (Bren & Gibbs 1986, Blom 8c Voesenek 1996, Siebel 8c Blom 1998), 
and to waves and currents, which might induce erosion or deposition (Wilson 8c Keddy 1985, 
Nilsson 1987) 
Environmental conditions on nverbanks may vary due to temporal and spatial dynamics of the 
water level The temporal dynamics refers to the timing and magnitude of floods Floods can lead to 
the death or wash-out of seedlings of Sahcaceae species The spatial dynamics refers to the 
mechanical force of water that might vary along nverbanks in longitudinal and transversal 
direction The strength of waves and currents to which nverbanks are exposed to, may vary 
considerably For instance, current velocities are higher along outer banks than along inner banks 
(Hooke 1975, Ten Bnnke et al 1998) During high floods, variation in current velocity is 
determined mainly by the sinuosity of the main channel, when the sinuosity is low the design of the 
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embankments, position of gravel and sand pits and of high-level non-flooded areas are determining 

elements. Due to the mechanical force of water, seedlings of Salicaceae species may be washed-out 

by scour or wave attack, or they may be buried under sediment. 

Environmental conditions influence softwood forest development but the bank vegetation itself 

also affects bank morphology and thus softwood forest development (Figure 1.2). An increase in 

vegetation density and height and related increased hydraulic roughness, may lead to sediment 

deposition inside the vegetation (Thorne 1990;Murakami era/. 1994; McKenny eta/. 1995). Higher 

riverbanks are exposed to relatively shorter periods of flooding and wave attack, and may result in a 

changed species composition. The elevating effect of softwood forest on the riverbank is the basis 

for the succession of softwood to hardwood forest. Hardwood forest species only tolerate short 

periods of flooding and therefore establish only at the higher levels of the floodplain (Page & 

Nanson 1982; Pautou & Décamps 1985; Gregory & Gurnell 1988; McKenny et al 1995). 

environmental conditions 

Figure 1.2: Schematic relationships between environmental conditions and the development of vegetation (softwood 

forest). Depending on species characteristics, the vegetation acquires a particular structure. 

Hydrology includes water-level fluctuations resulting in flooding and drought affecting the vegetation, but also 

includes wave attack and currents that may wash out plants; sediment type (gram size) is related to current velocity; 

vegetation structure may affect the hydrology by the increase of water levels. 

Bank morphology refers to the géomorphologie profile of the riverbank; vegetation affects bank morphology by 

reducing current velocities during floods and trapping sand which leads to bank accretion; vegetation may also cause 

turbulence and erosion. 

Management of floodplain vegetation is usually earned out by cattle grazing that affects vegetation structure; the 

management can be adjusted by changing tattle-grazing intensity. 
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AIM OF THIS THESIS 

The aim of this thesis is to answer the two following questions: 1. What is the impact of hydrology, 
geomorphology and grazing on the establishment and development of softwood forest on the banks 
of the River Rhine? and 2. What is the influence of softwood forest development on sediment 
deposition on the riverbank? 
The relationships between environmental conditions and softwood forest development are shown 
in Figure 1.2. Effects of water-level fluctuations on growth and survival in the early life stage of 
Salicaceae species was studied by means of experiments (Figure 1.2). The observed species responses 
were used to explain species composition and zonation of softwood forest vegetation on the 
riverbank (Figure 1.2). On the riverbank, waves, currents and grazing affect germination, survival 
and growth of Salicaceae species. At the same time, vegetation structure, density and height, are 
related to sediment deposition and thus bank morphology. 

Experiments were performed with the main softwood forest species that are found on the banks of 
the River Rhine: Salix alba, S. viminalis, S. triandra and Populus nigra. In Chapter 2 the timing of 
seed dispersal and germination characteristics of the Salicaceae species are discussed in relation to 
water-level fluctuations. The effect of submergence and drought on the growth and survival of 
seedlings of Salicaceae species is presented in Chapter 3 and 4 respectively. In Chapter 5 the impact 
of hydrology, geomorphology and grazing on vegetation dynamics is discussed on basis of a four-
years study of groyne fields along the River Rhine. The development of the vegetation was closely 
observed in groyne fields that differed in their position in the flow pattern of the river (inner and 
outer banks) and in cattle-grazing intensity. In this research the effects of softwood forest on 
riverbank development were addressed as well. 

In the general discussion (Chapter 6) a synthesis of the results is presented. The establishment and 
development of softwood forest are related to bank morphology. In addition, the implications of 
the results of this thesis for the ecological restoration of the river area are discussed. 
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ESTABLISHMENT OF ALLUVIAL FOREST SPECIES IN FLOODPLAINS: 

THE ROLE OF DISPERSAL TIMING, GERMINATION 

CHARACTERISTICS AND WATER-LEVEL FLUCTUATIONS 

ABSTRACT 

The establishment of seedlings of four floodplain forest species (Salix alba, S. triandra, S. viminate 
and Populus nigra) on riverbanks along the River Rhine, the Netherlands, was studied. Seed 
germination patterns and timing of seed dispersal were studied under field conditions. Effects of 
temperature and substrate moisture content on germination percentages and the viability of the 
seeds were investigated in a laboratory experiment. 

Along the River Rhine, seed dispersal occurred in spring in the following sequence: S. viminalis, 
S. triandra, S. alba and P. nigra. Seeds germinated in narrow belts parallel to the river; seedlings of 
S. viminalis were found at a higher elevation than S. alba seedlings. The elevation of the seedlings on 
the riverbank was related to the water level during the dissemination period for Salix species, but 
not for P. nigra. 

Temperature had no effect on germination percentage within the range of 5 - 25°C. Populus nigra 
showed a significantly longer seed viability than the Salix species and germinated at a lower soil 
moisture content. The zonation of seedlings observed in the field could be explained by the 
germination responses of the species; timing of seed dispersal and water-level fluctuations appeared 
to be the major determinants of initial floodplain forest zonation. 

INTRODUCTION 

Alluvial forests cover the banks along large rivers in western Europe (Kop 1961; Karpati & Tóth 
1962; Farjon & Bogaers 1986; Schnitzler et al. 1992). Such forests are more or less extensive 
depending on the state of regulation of a river. The most frequently flooded parts of the forests are 
dominated by species of Salicaceae like willow (Salix species) and Black Poplar (Populus nigra) 
(Noble 1979). Low-grazing intensity by cattle is required for the development of these forests 
(Fenneretfl/. 1985). 
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River floodplains are characterized by periodic massive germination of willow or poplar seeds 
resulting in the establishment of young riparian forests, and high floods carrying away the 
vegetation and eroding the riverbanks (Shull 1944; Begin & Lavoie 1988). Consequently, the 
development of zonation of alluvial vegetation is determined by the hydrology and morphology of 
rivers (Dister et al 1989; Blom étal. 1990). 

The importance of water-level fluctuations for the establishment of species starts with seed dispersal 
(Noble 1979; McBride & Strahan 1984; Bradley 8t Smith 1986). The plumed seeds of Willows and 
Poplars are dispersed by both wind and water (Lautenschlager 1984; Walker et al 1986), and are 
trapped with large numbers to the moist surface of riverbanks (Noble 1979). 
After seeds are stranded on the riverbank, germination may occur on moist, bare soil (Noble 1979; 
Lautenschlager 1984). If soil moisture content is too low it may result in the desiccation of the seed 
or seedlings. Moisture content is related to coarseness of the substrate. McBride & Strahan (1984) 
found Populusfremontii more on sandy or gravely parts of the banks, whereas Salix species preferred 
finer grained substrates. After germination, water-level fluctuations (either flooding or rapid 
lowering of ground-water levels) are still important for the survivorship of seedlings (McLeod 8t 
McPherson 1973; McBride & Strahan 1984; Bishop & Chapín III 1989; Sacchi & Price 1992). The 
roles of seed dispersal and germination characteristics in the establishment of alluvial forests species 
in relation to water-level fluctuations along rivers are unclear. 

The objectives of this chapter were to determine 1) the timing of seed dispersal and seedling 
emergence along the banks of the River Rhine in the Netherlands; 2) the influence of soil moisture 
and temperature on germination of three species of Salix and one Populus species. 

MATERIALS AND METHODS 

Species 

Along the River Rhine present fragments of floodplain forests are dominated by White Willow 
(Salix alba L.) and Common Osier (S. viminalis L.) and to a lesser extent by Almond Willow 
(S. triandra L.) and Black Poplar (P. nigra L.). These species are all dioecious tree species that occur 
in floodplains all over Europe. Plumed seeds are produced in massive amounts in spring. 

Study area 

Fieldwork was conducted at two locations situated on sandy riverbanks along the River Rhine in the 
Netherlands. The River Rhine is a regulated river, with on both sides groynes perpendicular on the 
stream bed. Two locations (length 100 m; width depended on the water level) were selected: 
'Klompenwaard' (5Γ53' N 6°03' E) and 'Staartjeswaard' (5Γ52' N 5°39' E). A small alluvial forest 

was present at site Klompenwaard, whereas site Staartjeswaard contained only a few solitary willow 

trees. At both locations, seedlings of Salix and Populus were found on the bare soil below the present 

vegetation. 
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Germination patterns on locations along the River Rhine in 1993 

Seedlings that had emerged in spring 1993 in belts on the riverbank over the elevational gradient 

were counted on 1 July 1993 at sites Klompenwaard and Staartjeswaard in seven transects with a 

breadth of 1 m and across the width of the germination belt at the location. The transects were 

divided in plots of 20 cm χ 1 m, in which numbers of seedlings per species were counted. The 

elevation gradient was divided into a number of elevation classes, increasing by 2.5 cm. For each 

species, the average number of seedlings in each elevation class was be determined (per 200 cm2). 

Subsequently, the elevation range over which germination of each species had taken place was 

calculated. 

To compare the actual elevation of the two sites, the water levels at the sites were standardised to the 

levels at the gauge station Nijmegen (51°52' N 5°67' E). This was done by using both the distance 

from sites to gauge station and the slope of the river between the sites and gauge station Nijmegen. 

AU elevations are expressed in meters Above Sea Level. 

Germination trials 

Inflorescences with unripe seeds of Salix alba, S. triandra, S. viminalis and Populus nigra were 

collected from trees in the river area near Nijmegen. The inflorescences were stored dry at room 

temperature until they burst and the plumed seeds were released. Seeds were used within 24 h after 

release. 

The following experiments were performed: 

Longevity 

The released seeds of all species were kept under room conditions (± 20°C, 50 % average relative 

humidity) after the inflorescences had burst open. After 0,1,2,3,4,8,11,21,28,36,41 and 48 days, 

seed viability was tested. 

Temperature 

Germination of seeds of each species was tested in rooms with a controlled constant temperature of 

5, 10, 15, 20 and 25°C. 

Water potential 

Seeds of all four species were incubated in various concentrations of Poly Ethylene Glycol (PEG). 

The osmotic potential (π), which equals the waterpotential (Salisbury 8c Ross 1985), was calculated 

using the equation: 

π = - m.i.R.T 

in which m = molality of the solution (mol PEG l"1 H 2 0); i = ionisation constant (= 1); R = gas 

constant (0.00831 MPa mol"1 Κ"1); Τ = temperature (°K). After Bishop 8c Chapin III (1989), a range 

of water potentials, -0.10, -0.13, -0.16 -0.20, -0.23, -0.26 and -0.30 MPa, was used. 
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In the longevity, temperature and water potential experiments, 40 seeds were incubated on a layer 

of Whatman glass microfibre filter paper in plastic Petri dishes (five replicates per treatment). The 

filter papers were saturated with tap water (3 ml) or PEG-solution. The Petri dishes were placed in 

a temperature-controlled room at 20°C (unless another temperature is specified) with a 

photoperiod of 16 h (54 μΕίη m"2 s 1 ) . 

In the experiments, a seed was considered to have germinated when a ring of root hairs between 

hypocotyl and future root had emerged and the green cotyledons were visible. Germinated seeds 

were counted after three days of incubation. 

Soil moisture content 

Sand collected on a riverbank of the River Rhine was homogenised and dried at 100°C for 24h 

(modal grain size 250 μιτι). To obtain a water content range of 2,4,6,8 and 12 % (w/w), aluminium 

cylinders (diameter 5 cm; 3.5 cm high) were filled with 100 g dried sand. Subsequently, all cylinders 

were saturated with tap water, and dried at 40°C until the desired water content was reached. All 

cylinders were covered with plastic for 24 h to obtain a homogeneous distribution of moisture 

throughout the cylinders. In each of the cylinders 30 seeds were placed on the surface of the sand 

and carefully pressed upon to ensure good soil contact of the seeds. Seven cylinders per moisture 

treatment were used for each species. The cylinders were weighed just before the experiment started, 

to assess the starting moisture content. Cylinders with seeds were placed in a temperature-

controlled room at 20°C and a photoperiod of 16 h (54 μΕίη m"2 s ' )· To avoid decreasing moisture 

content during incubation due to evaporation, the number of seedlings in each cylinder was 

counted after 24 h. In order to detect the first signs of germination (root hairs) a stereoscope (10 χ 

magnification) was used. 

Statistical analyses 

Due to a lack of normal distribution (tested with Wilk-Shapiro at ρ < 0.05), germination 

percentages were compared between treatments and species with the non-parametric Kruskal-

Wallis test (p < 0.05). Logistic regression (e.g. Ter Braak & Looman 1987) was used for the analyses 

of the experiment with different soil moisture contents, because it was impossible to produce 

identical replicates. The 95 % confidence interval of the b[ is calculated from 2.45 ± SE. Differences 

in frequency distributions of the seedlings on the riverbank, were analysed using the Wilcoxon rank 

test (p < 0.05). 

RESULTS 

Seedlings occurred in narrow belts at the two investigated locations along the River Rhine in 1993. 

Significant differences in seedling density distribution among species were observed between 

positions at the elevation gradient (Figure 2.1). The seedlings of S. viminalis were found at a higher 

elevation than those of S. alba and P. nigra. No seedlings of S. triandra were detected at the two 

locations in 1993. 
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Figure 2.1: Mean density of seedlings in 1993 of Salix alba, S. viminalis and Populus nigra (number/200 cm2) along 

transects over the elevation gradient at sites 'Klompenwaard' and 'Staartjeswaard'. Elevation of the locations is 

standardised to elevation at gauge station Nijmegen in meters Above Sea Level. 

In Figure 2.2 the timing of seed fall in 1992 and 1993 for the species under study along the River 

Rhine is presented. In both years S. viminalis ripened first, followed by S. triandra, S. alba and 

P. nigra. All species disseminated over a short period of time, except S. alba from which seeds were 

found until the beginning of July. 

Sa 
S.t.-
S.V.-

Р.П.-

1992 

April May June July 

S.a.-

St. • 

S.v.-

Р.П.· 

1993 
H 

_ 
M 

I 1 1 
April May June July 

Figure 2.2: Period of seed dispersal in 1992 and 1993 for Salix alba (S.a.), S. triandra (S.t.), S. viminalis (S.v.) and 

Populus nigra (P.n.). In 1993 the dispersal peak for S. alba had ended round 20 May but incidental seed fall was 

found until the beginning of July. 
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Seed longevity is short for S. alba, S. trtandra and S. viminalis. Almost 100 % of the seeds of these 

three species lost their viability within nine days after being released from the inflorescences 

(Figure 2.3a). In contrast, seeds of P. nigra showed a much greater longevity: 10 % of the seeds still 

germinated after 30 days of storage. 

Seed germination did not differ significantly between the species in the temperature range between 

5°C and 25°C (Figure 2.3b). Germination percentages at all temperatures varied between 80 and 

100%. 
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Figure 2.3: Percentage germination (± SE) of seeds of Salix alba, S. trtandra, S. viminalis and Populus nigra (a) 

after different periods of preservation; (b) at different temperatures; and (c) at a PEG-solution concentration 

gradient. 
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In a series of PEG concentrations, germination of all species decreased from approximately 100 % 

at -0.1 MPa to 0 % at -0.26 MPa (Figure 2.3c). Salve triandra germinated at the highest PEG 

concentration (-0.23 MPa). At -0.2 MPa S. triandra and P. nigra showed a significantly higher 

germination percentage than S. alba and S. vimtnahs. 

A different pattern was observed in the experiment concerning germination on sand with different 

moisture contents. In Figure 2.4, each dot represents a germinated or not germinated seed, 

respectively. 

S. alba S triandra 

1 00 1 oo 

0 75 

0 50 

0 25 

000 J - T -

S. viminalis Ρ nigra 

1 oo 

ooo 
9 12 

% Moisture 

1 00 

0 75 

0 50 

0 25 

000 
9 12 

% Moisture 

Figure 2.4: Regression lines of germination of seeds of Salve alba, S. triandra, S. viminalis and Populus nigra on 

sandy substrate with different moisture content (w/w). The success of each seed in each replicate is represented by a 

dot. 0 = seed not germinated; I = seed germinated. 
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Differences in germination between the species due to soil moisture content were analysed using 

logistic regression (Table 2 1) Using the 95 % confidence interval of the slope b t it can be 

concluded that Ρ nigra and S viminalis showed a significantly stronger increase of germination 

percentage with increasing moisture than S alba and S tnandra, S tnandra showed a significantly 

higher germination percentage than S alba (p < 0 05) 

Tabel 2.1: Using logistic regression the following models for Salix alba, S tnandra, S vttmnalis and Populus nigra 
were produced to give the probability of seeds germinating as a function of moisture content Probability is given as 
the equation ρ = [exp(bg+biX)]/[l+exp(b0+b,x)] The 95 % confidence interval (2 45 ± SE) of the b¡ is given 
between parentheses ρ is the probability of germination, χ is the moisture content (w/w) 

species function 

S alba ρ- [exp( 2 72+0 27x)]/[l+exp( 2 72+0 27x)] (± 0 054) 
S tnandra p- [exp( 3 70+0 48x)]/[l+exp( 3 70+0 48x)] (±0 072) 
S vimmalis p=[exp( 5 06+0 75x)]/|l+exp( 5 06+0 75x)] (±0 103) 
Ρ nigra p= [exp( 4 68+0 71x)]/[l+exp( 4 68+0 71x)] (± 0 103) 

DISCUSSION 

Ripe seeds of Sahcaceae species are transported by wind and water In case of a receding water level 

during the seedfall period, moist and bare sand appears on the nverbank These are optimal 

conditions for germination of Willow and Poplar seeds that are stranded on the banks Seeds blown 

towards the riverbanks by wind stick to the moist surface parallel to the river Precipitation during 

germination will clearly decrease the probability of desiccation of the seedlings 

Seeds of the four alluvial forest tree species have in our study been observed to ripen in following 

sequence S vtmmahs, S alba I S trtandra and Ρ nigra The highest density of S viminalts seedlings 

was found at higher elevations (7 3 - 7 4 m) than S alba seedlings (7 1 m) Populus nigra seedlings 

were found only wiLhin a very narrow elevation range (7 3 - 7 35 m) In 1993, no seedlings of 

S tnandra were found In Figure 2 5 the seedling distribution is plotted along with the water levels 

of the River Rhine at station Nijmegen from April till August It is suggested that the elevation of the 

belts of S vtmtnalts and S alba corresponds with the highest water level during dissemination 

The results of the experiments suggest that temperature is not a factor limiting germination 

Therefore, the investigated species all have a comparable germination potential, independent of 

temperature 

Soil moisture content appeared to be an important factor for germination Populus nigra and 

S vttmnalis were the most drought-tolerant species Consequently, seedlings of these species were 

expected to be found in broader zones on the nverbank than seedlings of S tnandra and S alba 

However this was not observed at the field locations in 1993, probably due to environmental 

heterogeneity and complexity of factors regulating germination and seedling survival Germination 
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is not inhibited by a high soil water content. Additional experiments have shown that seeds 
germinate well under soaked conditions (results not presented). Hosner ( 1957) found that drowned 
seeds of P. deltoides and S. nigra behave in a similar way. 
The differences between the results of the PEG and the soil-moisture experiment might be 
explained by the different contact with substrate of seeds and soil and of seed surrounded by PEG 
solution. Clearly, the soil moisture experiment reflects best the field situation. 
Due to the greater longevity of the seeds, the germination level of P. nigra may not only be 
determined by the water level in the period of seedfall, but also by the water-level fluctuations after 
that period. Differences in length of seedfall periods might also confuse the link between water level 
and seedfall timing. Even though P. nigra seeds have greater longevity, S. alba seeds have a longer 
dispersal period. A short seed viability of Salix species was already reported by Moss (1938), Ware 
& Penfound (1949) and McLeod & McPherson (1973). 

In 1993, seeds of S. viminate were dispersed first at the beginning of May during receding water 
levels. Only 3 weeks later the water reached the level of early May again: during that period the 
seedlings could grow and anchor. Seeds of S. alba were dispersed from 15 May on. At the time the 
field observations were made (July), the seedlings of S. viminalis were significantly larger in size than 
S. alba (results not shown). Moss (1938) and Fenner et al. (1984) also stressed the general 
importance of a stable environment for germination and young seedlings. They found that after 
germination the soil had to remain moist for at least one week: if the soil dries out or is disturbed by 
flooding, the hairs that are essential for the uptake of water and nutrients might be damaged and the 
seedling dies. 

During the dissemination period of S. alba and P. nigra, the water levels fluctuated. It is likely that 
seeds of P. nigra were washed ashore during the short period of seedfall, and germinated. A greater 
longevity is only profitable if the seeds stay dry. Part of the seedlings were probably washed out 

6,0-1 , 1 • , 1 1 
April May June July 

Figure 2.5: Water level fluctuations (in m Above Sea Level) at gauge stanon Nijmegen from I April to 31 July 1993 
combined with distribution of seedlings of Salix alba (S.a.), S. viminalis (S.v.) and Populus nigra (P.n.). * ; date of 
investigation. 
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during flooding at the end of June Seeds of S alba, which were dispersed over a longer period, may 

have had more opportunities to germinate and covered a larger elevation range on the banks 

Fenner et al (1985) also showed that a sinking water level during germination and seedling 

establishment was necessary for the successful establishment of willows and poplars 

The poor success of Ρ nigra seedlings in the field may also be due to the extremely wet conditions 

during this stage, caused by both high water levels and large amounts of precipitation This is 

confirmed by field observations in the summer of 1994, when large numbers of Ρ nigra seedlings 

were found In 1994 the water levels remained high until July After July the water level dropped 

followed by a period of high temperatures and drought No seedlings of 5 vimmahs or S tnandra 

were detected at all, and only few S alba seedlings 

It may be concluded that the interaction between water levels and timing of seed dispersal of 

Sahcaceae species is the dominating process determining success of establishment and zonation of 

Sahcaceae species on nverbanks The zonation is strongly influenced by length of dissemination 

period and longevity of seed, and to a lesser extent by differences in drought tolerance between 

species concerning seed germination 
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CHAPTER 3 

SALICACEAE ON RIVERBANKS: GROWTH RESPONSES 

TO SUBMERGENCE 
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SALICACEAE ON RIVERBANKS: GROWTH RESPONSES 

TO SUBMERGENCE 

ABSTRACT 

The responses of Salix alba, S. triandra, S. viminalis and Populus nigra to submergence were 
experimentally investigated in order to find out whether differences between these four species 
might determine their survival and distribution on riverbanks. 
Plants grown in pots were totally submerged for a maximum of 12 weeks. All plants survived 12 
weeks of submergence. Two species, S. triandra and S. viminalis, showed a particularly high rate of 
leaf abscission. Growth during and regrowth after a submergence period of four weeks were 
compared to growth in a non-flooded control group. During submergence growth was inhibited 
and plant biomass decreased due to leaf abscission (most pronounced in seedlings of S. viminalis 
and S. triandra) and die-back of roots. After the submergence period, the RGR approximated the 
initial RGR of the control group in all four species, indicating that growth was delayed until after the 
submergence. A high RGR of the plants after submergence seemed to be related to a high decrease 
in plant biomass during submergence. 

Salicaceae species survive periods of flooding during the summer due to the high submergence 
resistance of the seedlings. This ability makes them suited for the occurrence in hydrologically 
dynamic riverbank environment. Submergence resistance was comparable for the four Salicaceae 
species, hence no effect on the distribution of these species on riverbanks can be expected. 

INTRODUCTION 

Hydrological characteristics determine the distribution of floodplain forest species on riverbanks 
over the elevation gradient (Girel 1994; Blom & Voesenek 1996). In temperate regions, hardwood 
species such as Fraxinus sp. Quercus sp. and Ulmus sp., are distributed over the seldomly-flooded 
part of this gradient, while softwood species, mainly Salix and Populus species, occur on the 
frequently flooded parts (Pautou & Décamps 1985; Schnitzler 1995). This chapter concentrates on 
the woody species occurring at the frequently flooded part of the riverbank and the relationship 
between flooding and the occurrence of softwood species on the riverbank. Salicaceae species may 
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survive periods of flooding lasting over 100 days a year (Hupp 1983; Westhus 1986; Harris 1987). 
Conditions of long and deep inundation may be harmful to plants growing on the lowest parts of 
riverbanks. Since the seeds of species of Salicaceae germinate on these parts of the riverbank (Van 
Splunder et al. 1995), seedlings are very likely to be flooded in the course of their first growing 
season, so a high resistance to flooding may be an important trait for seedling establishment. 
Depending on the inundation depth, seedlings are subject to soil waterlogging, partial inundation 
or complete inundation (submergence). Mortality of plants may be high during waterlogging and 
inundation due to oxygen shortage in the soil (Kozlowski 1984; Ponnameruma 1984). Some plants 
overcome soil waterlogging by forming adventitious roots (Sena Gomes & Kozlowski 1980; 
Kozlowski 1984; Visser et al. 1996) or by adapting their metabolism (Jackson 1990; Blom et al 
1994). In addition to oxygen shortage in the soil, total submergence confronts plants with the loss 
of contact between plant and atmosphere. The uptake of external oxygen during submergence is 
severely reduced, whereas during soil waterlogging oxygen uptake could take place via lenticels or 
adventitious roots (Kozlowski 1984; Westhus 1986). The susceptibility of plants to flooding 
decreases with age (Kozlowski 1984). Some terrestrial plants are able to survive a period of 
submergence by producing oxygen by underwater photosynthesis (Nielsen & Sand-Jensen 1989; 
Laan & Blom 1990). As a consequence these plants survive much longer in clear water (with a 
relatively high irradiance) than in turbid water (Blom et al. 1994). This adaptation is not known for 
Salicaceae, but might be important in surviving of a flood. 

The elevation zone in which seedlings of Salicaceae species can be found is related to the course of 
the water level during seed dispersal (Fenner et al. 1985). In some years several belts of seedlings 
become established and in some years no seedling belts are found on the riverbanks (unpublished 
results). Belts consisting of more than one species may become established when several species 
disseminate synchronously. In years with receding water levels in spring, seedlings of species that 
disseminate early are found at higher elevations than species that disseminate later. This leads to a 
banded distribution of seedlings of Salicaceae species on the riverbank (Niiyama 1990; Van 
Splunder et al. 1995). The question arises whether this distribution pattern is affected by differences 
in submergence resistance of seedlings of Salicaceae species. Submergence resistance might not only 
be determined by the survival of submergence itself but also by the regrowth of plants capacity after 
submergence. Species in which the growth rate is least affected by submergence might have a 
competitive advantage over species that were affected negatively by submergence (Frye 8c Grosse 
1992). 

In this chapter the following questions arc addressed: Is the distribution pattern of the softwood 
species at low levels on the riverbank determined by their submergence resistance? Is there a 
difference in survival between Populus nigra, Salix alba, S. triandra and S. viminate due to 
submergence and do these species respond differently to submergence under high or low 
irradiance? And, do differences between these species occur in growth rate after submergence? 
The survival of a cohort of seedlings of Salicaceae propagated in 1993 was observed during their first 
growing season on the banks of the River Rhine in the Netherlands. Greenhouse experiments were 
conducted to examine the survival and regrowth of the seedlings of P. nigra, S. alba, S. triandra and 
S. viminalis after submergence. 
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MATERIALS AND METHODS 

Seedling survival 

Seedlings of Salicaceae arc often found in narrow belts following the contour-lines of the riverbank. 

In the summer of 1993, seedling survival in relation to water-level fluctuations was studied in 

transects across belts found at two locations along the lower River Rhine, Klompenwaard (51°53' N 

6°03' E) and Staartjeswaard (51°52' N 5°39' E). At the location Klompenwaard only seedlings of 

S. viminate were observed; at the location Staartjeswaard seedlings of S. alba dominated and very 

few seedlings of 5. viminalis were found. At both locations the substrate consisted of sand (modal 

grain size = 200 μιτι). 

At each location two transects were selected representative of average seedling densities in the belts. 

Each of the transects was 1 m wide and situated across the bank traversing the belt. In each transect 

seedling numbers were counted in a grid of quadrats of 20 χ 20 cm. Additionally, the elevation of 

each quadrat was measured (in m Above Sea Level). Seedling numbers were averaged for the 

quadrats in each 10 cm elevation class. Seedlings were counted in July, August and November. We 

also measured the height of 10 randomly chosen seedlings per transect. Water-level data were 

collected from the gauge station at Nijmegen (51°52' N 5°67' E). Due to the short distance between 

the locations, water-level fluctuations could be regarded as equal. Elevation data for the two 

locations were standardised to a reference elevation at Nijmegen. 

Submergence experiments 

Seeds of Salix alba L. (White Willow), S. triandra L. (Almond Willow), S. viminalis L. (Common 

Osier) and Populus nigra L. (Black Poplar) were collected in June 1993 from one individual tree (or 

shrub) of each species growing along the River Rhine near Nijmegen. The seedlings were raised in a 

greenhouse in pots of 1.51 containing a mixture of sand and clay (v/v 3 to 1). Two experiments were 

carried out: 

1. In the 'prolonged submergence' experiment seedlings grew in two outdoor basins (length χ 

width χ depth: 8 χ 2.4 χ 1 m). One basin was filled with tap water (depth 60 cm) in which the 

plants were submerged for 0, 2, 4, 8 and 12 weeks (8 replicates). The control group was kept in 

another basin, in which was no water and was watered frequendy. All plants of the four species 

were placed randomly inside the basin. Water temperature in the filled basin declined from 20°C 

in early August to 14°C at the end of October 1993. Day-time photon irradiance in the basins at 

50 cm water depth was ± 10 % less than in the drained basin, where the irradiance fluctuated 

between ca. 500 and 1500 μΕίη m'2 s"1 depending on cloudiness and time of the day. 

2. The 'submergence and regrowth' experiment was carried out in the greenhouse between the 

middle of August and early October 1995. Six cylindrical basins (diameter χ depth: 1.8 χ 0.9 m) 

were used, two of which were kept dry (control group), two basins were filled with tap water and 

remained unshaded (= light submergence) and two basins were filled with tap water and covered 

with white cloth to mimic inundation under very low photon irradiance (= dark submergence). 

All four species (seven replicates per treatment) were placed randomly in the basins. Water level 
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was kept at 60 cm above pot level. The submergence lasted for 4 weeks and was followed by a 

regrowth period of 4 weeks. During the experiment high temperatures were prevented by the use 

of an adjustable sunshade. On cloudy days additional light was provided using sodium lights 

(400 Watt; Philips SON-T), installed 1 m above the basins. 

Photon irradiance was measured at pot level with a quantum meter LI-185B (LI-COR, USA) 

provided with an underwater quantum sensor (UWQ, LI-COR). Photon irradiance in the 

unshaded water basins varied between a minimum of 200 μΕϊη m 2 sec"1 on cloudy days 

and a maximum of 250 μΕίη m"2 sec"1 on sunny days; in the shaded water basins this was 15 and 

25 μΕίη m"2 sec"1 respectively. Photon irradiance in the unshaded water filled-basins was 

approximately 10 % less than photon irradiance in the drained basins. Minimum and maximum 

air and water temperatures over 24 h in each basin at pot level were measured three times a week. 

Minimum air temperatures decreased from 18.8°C to 15.3°C during the experiment; maximum 

air temperature decreased from 32.0°C to 26.0°C. In both the shaded and the unshaded basins, 

the water temperature varied between 22.3°C and 24.6°C during the flooding period. 

Development of planktonic algae in the basins was controlled by the incubation otDaphnia spec. 

Plant height and the number of unfolded leaves per plant were recorded weekly during both 

experiments. In the 'submergence and regrowth' experiment, control groups were harvested 

after 0, 4 and 8 weeks; the submergence groups were harvested after 4 weeks; and the regrowth 

groups were harvested after 8 weeks (=4 + 4 weeks). 

Roots were cut from the stem and were rinsed whereupon dead roots (black) were removed. 

Leaves, stem and roots were dried separately for 24 h at 105°C and weighed. In order to compare 

the responses of the species to the treatments, we calculated the height increase (mm/week) and 

the true Relative Growth Rate (RGR) of leaves and roots (week ') (Chiariello et al. 1989). 

All visible changes in the plants during the experiments, like presence of periphyton on leaves, 

were recorded. 

Statistical analyses 

Difference in elevation between seedlings of S. alba and those of S. viminalis on the banks of the 

River Rhine was tested on basis of seedling density (m 2 ) with Mann-Whitney U test (significance 

level at ρ < 0.05). Biomasses and leaf areas were log-transformed before analysis in order to obtain 

a normal distribution. A two-way analysis of variance (ANOVA) was used to test the effect of 

submergence on dry weights, and to test the effects of light on dry weights during submergence. 

Differences between species and submergence treatments were tested using an F-test followed by 

determination of the Least Significant Difference (significant at ρ < 0.05). Differences between 

species in the percentage of plants that dropped all their leaves due to submergence (prolonged 

submergence experiment) were tested using the Chi-square test (p < 0.05). Differences in the 

percentage of abscised leaves between species or between light treatments during submergence (in 

the submergence and regrowth experiment) were tested using an F-test after angular 

transformation of the percentages. 
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RESULTS 

Seedling survival 

Seedlings growing in the transects at Klompenwaard and Staartjeswaard became flooded several 
times between May and December 1993 (Figure 3.1). Between 14 July and 10 August the water level 
exceeded the level of seedlings at the lowest elevations for 27 days and of the seedlings at the highest 
elevations for 21 days; between 10 and 31 August the seedlings were flooded for only 5 and 0 days 
respectively, and between 31 August and 10 November the flooding duration was 52 and 37 days 
respectively. The total flooding duration of the seedlings at the lowest elevations was 84 days, 
whereas the seedlings at the highest elevations were flooded for 58 days. 

May June July Aug. Sept. Oct. Nov. 

Figure 3.1: Course of the water /eve/ (m Above Sea Level) between 1 May and 30 November ¡993 at the gauge 
station at Nijmegen. Seedling counts were made on'four dates, indicated by vertical lines. Seedlings were observed in 
the elevation range ofca. 7.0 - 7.5 m A.S.L.. 

Most seedlings of S. alba at location Staartjeswaard were found between 7.1 and 7.2 m A.S.L. (405 
m'2), which was significantly lower on the riverbank than the seedlings of S. viminalis at location 
Klompenwaard, which were found between 7.3 and 7.4 m A.S.L. (84 m"2) (p < 0.05). Mortality of 
both species was highest on the lower parts of the bank (Figure 3.2). A comparison between the two 
species of the percentage survival of seedlings was made in the elevation zone 7.2 - 7.3 m A.S.L.. The 
percentage survival for seedlings of 5. alba after the first period of flooding (21 days) was much 
higher than for seedlings of S. viminalis (Figure 3.2). At the end of the summer all seedlings of the 
two species had disappeared at the two lowest elevation zones, whereas at the two highest elevation 
zone ca. 20 % of seedlings of S. viminalis was present. 
In November average seedling height was 10 cm for both species. 
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Figure 3.2: Percentage seedlmg survival of Salix alba and S viminahs in four elevation zones Seedlings were 

countedon 14 July, 10 August, 31 August and ¡ONovember 1993 

Prolonged submergence experiment 

Prolonged submergence apparently had a strong effect on the seedlings· plants stopped growing and 

large numbers of leaves were shed. However, although some plants lost all their leaves, none of the 

submerged seedlings could be considered dead, even after 12 weeks of submergence. This was based 

on the observation that all plants started to grow again when they were drained after the 

submergence 

Seedlings of S trtandra and S viminahs responded more strongly to submergence than the seedlings 

of the other two species (Figure 3.3). After 4 weeks of submergence, significantly more seedlings of 
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Figure 3.3: The effect of duration of submergence on the percentage of plants of Salix alba, S tnandra, S vxminalis 

and Populus nigra that shed all their leaves 
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S. triandra (93.7 %) than of S. viminalis (43.7 %) (n = 24) lost all their leaves. The percentage of 

seedlings of S. viminalis without leaves increased to 87.4 % after 12 weeks of submergence (n = 8). 

After 12 weeks 62.5 % of the seedlings of both S. alba and P. nigra had lost all their leaves, which 

was significantly less than S. triandra and S. viminalis. Whereas significant leaf abscission was 

recorded at 4 weeks submergence in all three Salix species, P. nigra began to shed leaves in 

considerable numbers after 8 weeks. 

Submergence and regrowth experiment 

The effects of treatments on dry weights of plant parts and interaction effects between treatments 
and species were tested separately for either inundation or light by means of a two-way ANOVA. 
Submergence (only in light) had a significant effect on the biomass of plant parts but there was no 
interaction between species and submergence in light. Light had no significant effect on submerged 
plants and there was no interaction between species and light (p < 0.05). 

Growth of all seedlings stopped during the submergence treatment (0-4 weeks): mean dry weight 
of submerged plants was significantly lower than mean dry weight of plants in the 4 week control 
group (Figure 3.4). After submergence all plants started to grow again, but the dry weights in the 
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Figure 3.4: Cumulative mean dry weights (DW) (n-7) of leaves, stem and roots per plant of Salix alba, S. triandra, 
S. viminalis and Populus nigra under drained conditions (after 0, 4 and 8 weeks), directly after 4 weeks of 
submergence (unshaded) and after 4 weeks of submergence followed by 4 weeks of regrowth. 

35 



Chapter 3 

regrowth groups were much lower than the dry weights in the control groups of similar age 

Figure 3 4 shows only dry weights in plant parts of the control groups and the light submergence 

groups, since light had no significant effect on the biomass of the submerged plants Reduction of 

dry weight due to submergence is reflected by a negative RGR of leaves and roots of the species 

(Table 3 1) 

Table 3.1: Relative Growth Rate (week 'J of leaves and roots of Salix alba, S tnandra, S viminahs ana Populus 
nigra (n = 7) of the control groups (week 0 4 and 4 - 8), the light submerged groups during submergence (week 
0 4) and during regrowth (week 4-8) and of the dark submergence groups during submergence (week 0 - 4) and 
during regrowth (week 4 - 8) 

S alba 

S tnandra 

S vimtnalis 

Ρ nigra 

control 

0 - 4 weeks 

0 37 

0 36 

0 17 

0 33 

control 

4 - 8 weeks 

O i l 

0 14 

0 14 

0 14 

RGR leaves 

light subm. 

0 - 4 weeks 

0 10 

0 09 

-0 27 

0 01 

regrowth 

4 - 8 weeks 

0 38 

0 35 

0 39 

0 21 

dark subm. 

0 - 4 weeks 

0 08 

-0 06 

-0 14 

-0 06 

regrowth 

4 - 8 weeks 

0 34 

0 33 

0 25 

0 32 

RGR roots 

control control light subm. regrowth dark subm. regrowth 

0-4 weeks 4-8 weeks 0 4 weeks 4 8 weeks 0-4 weeks 4-8 weeks 

S alba 0 47 0 22 0 17 0 52 -0 06 0 39 
S tnandra 0 53 0 20 -0 02 0 39 -0 09 0 42 

S viminahs 0 37 0 23 0 13 0 34 -0 14 0 31 
Ρ nigra 0 46 0 33 0 0 31 0 15 0 47 

Species responded differently to submergence in the number of abscised leaves during submergence 

(Figure 3 5) In all species, 4 weeks of submergence resulted in a significantly higher percentage of 

abscised leaves than in the 4 week control groups The difference between light and dark 

submergence was significant (p < 0 05) for S tnandra and S vimmalis Leaf abscission of these two 

species was significantly higher than in S alba and Ρ nigra, under light and under dark 

submergence treatments (p < 0 05) 

Plants under light and dark submergence were observed to be covered with different amounts of 

penphyton on their leaves. In light, the leaves of S viminahs were extensively covered with algae, 

whereas during dark submergence the penphyton cover was less On the leaves of Ρ nigra 

penphyton was only sparsely found 

For all species dry weights of the plant parts were significantly lower after 4 weeks of regrowth 
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following the 4 weeks of submergence than after 8 weeks of growth under drained conditions 

(Figure 3.4). In the control groups the RGR of all studied species decreased in time, both in leaves 

and roots. After submergence (week 4 to 8) the RGR of the leaves and roots of the regrowth groups 

approximated the RGR of the control groups during week 0 to 4 and was often higher than the RGR 

of the control groups of similar age (4-8 weeks). The RGR of the leaves and roots of the regrowth 

groups seemed to be positively related to the amount of biomass decrease during submergence. 

Increase in height of the seedlings was significantly reduced during regrowth (both in light and in 

dark) compared to the control groups during week 4 to 8 (p < 0.05) (results not shown). This was 

not true for the seedlings of S. viminalis which increased in height more rapidly during regrowth 

than during drained conditions. 
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Figure 3.5: Percentage of abscised leaves per plant of Salix alba, S. triandra, S. viminalis and Populus nigra, and 

directly after 4 weeks of submergence under high or low photon irradiarne. 

DISCUSSION 

The establishment of Salicaceae species on the banks of large rivers is related to water-level 

fluctuations during spring and summer (Hupp & Osterkamp 1985; Girci 1994). In 1993, like in 

most other years, along the River Rhine only a small fraction of seedlings of Salicaceae species 

survived the floods during their first growing season. The seedling population consisted of either 

S. alba or S. viminalis. No seedlings of S. triandra or P. nigra were found in the transects. Assumedly, 

the conditions during or directly after germination of the latter two species were adverse and all 

seedlings were washed out before they could be sampled. The river water had covered the seedlings 

for a considerable period in the summer of 1993 (58 days in total between July and November). 

High seedling mortality of S. alba and S. viminalis was observed and submergence was likely to be 
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the main cause of mortality. High mortality among tree seedlings on riverbanks resulting from long 
periods of flooding has also been described by Loucks & Keen (1973) and Douglas (1995). At the 
lower levels on the riverbank, where seedlings of both S. alba and S. viminalis were found, seedlings 
S. alba showed the highest percentage survival during the summer. Since the River Rhine is used 
intensively as a waterway for ships, the banks are frequently exposed to waves and currents. The 
resistance to wave attack of S. alba might be higher than of S. viminalis. At the end of the summer 
all seedlings of S. alba and S. viminate had disappeared at these low levels. At higher elevations only 
seedlings of S. viminalis were present, of which ca. 20 % survived the summer floods (Figure 3.2). 
This might be due to the shorter total duration of the floods at these elevations. It can be concluded 
that mortality was determined by the elevation of seedlings on the riverbank and related period of 
flooding and wave attack. 

Under experimental conditions all seedlings survived a submergence period of 12 weeks. This shows 
that all species are highly resistant to submergence. For most other terrestrial plants resistance to 
submergence is much less developed (Gill 1970). However, prolonged submergence of seedlings for 
a period of 12 weeks in the growing season is not likely to occur on the riverbanks along the River 
Rhine. Mortality of the seedlings of Salicaceae species in 1993 was probably caused by conditions 
related to submergence, such as wave attack (Coops et al 1996). 

All four species in the experiment stopped growing while they were submerged. Furthermore, plant 
biomass decreased during submergence due to leaf abscission and die-back of roots. The latter was 
probably a result of oxygen shortage in the saturated soil (Harrington 1987; Yamamoto 8c 
Kozlowski 1987). During submergence plants are not able to avoid oxygen deficit in the soil by 
oxygen uptake via the lenticels or by formation of adventitious roots on the stem (Iremonger 8c 
Kelly 1988; Krasny ef al. 1988b; Visser et al. 1996). 

The difference in effect between submergence under high and low irradiance on seedling biomass 
was small and there were no indications for underwater-photosynthetic activity in the studied 
Salicaceae species. The presence of periphyton covering the leaves might have influenced the effect 
of light on the submerged seedlings. The amount of periphyton was much higher on the irregular 
leaves of S. viminalis than on the smooth leaves of P. nigra. Higher water temperatures in the 
greenhouse might have stimulated the development of periphyton compared to the periphyton on 
the seedlings in the out-door basins. The high rate of leaf abscission of S. viminalis under the 
relatively warm conditions in the greenhouse might be related to the dense periphyton cover 
(Figure 3.5). 

Plants were growing ca. 1 cm day"1 under post-flooding conditions in the greenhouse, whereas the 
seedlings on the riverbank were only ca. 10 cm high at the end of the growing season. The low 
growth rate of seedlings on the riverbank might be due to continued saturation of the soil, injury 
caused by wave attack, lower nutrient availability or lower temperatures. 
There were no clear differences in RGR observed between seedlings of S. alba, S. triandra, 
S. viminalis and P. nigra after submergence; the RGR of the regrowth group of a species was 
comparable to the RGR of its control group in the period 0 - 4 weeks. It is concluded that the growth 
capacity of the seedlings of the studied species was not damaged by submergence; growth of the 
plant was merely delayed by the submergence. Additionally, a relatively strong decrease in biomass 
in leaves or roots seemed to be related to a high RGR during regrowth (Table 3.1). 
In spite of the observed differences in leaf abscission and root die-back due to submergence, 

38 



Growth responses to submergence 

differences in the submergence resistance of the four Salicaceae species appear to be small and will 
not likely attribute to the distribution pattern of softwood forest species on the riverbank. The 
distribution of seedlings of Salicaceae species on the riverbank is determined by the course of the 
water level during the period of seed dispersal (Niiyama 1990; Van Splunder et al. 1995). Along the 
River Rhine, the early dispersing S. viminalis germinates at relatively high elevation on the riverbank 
and these seedlings might therefore be subject to shorter inundation periods and less wave attack 
than the seedlings of the later dispersing P. nigra, S. alba and S. triandra (Van Splunder et al. 1995). 
Due to their high submergence resistance the studied Salicaceae species can be found at low levels 
on the riverbank. Depending on the elevation on which germination of these species occurs and 
subsequently the period of flooding and wave attack especially in the first year, the seedlings survive 
and are able to develop to mature trees or shrubs. 
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MORPHOLOGICAL RESPONSES OF SEEDLINGS OF FOUR SPECIES 

OF SALICACEAE TO DROUGHT 

ABSTRACT 

The riparian distribution patterns of floodplain species are affected by fluctuations in water level. 
Rapidly declining water levels in river banks during the growing period of plants can result in 
limited availability of water, particularly on coarse substrates. Differences in drought resistance 
among Salix alba, S. triandra, S. viminalis and Populus nigra, four species dominating river banks 
along the River Rhine, could explain part of the riparian distribution patterns. Mortality and growth 
responses of seedlings grown under well-watered and dry conditions were studied in a greenhouse 
experiment. Drought-induced mortality was 0 % in S. alba and P. nigra, 37.5 % in S. triandra and 
62.5 % in S. viminalis, which correlated with differences in water-loss characteristics of the species 
studied: S. triandra and S. viminalis had much higher transpiration rates under well-watered 
conditions than S. alba and P. nigra. Decreased shoot to root ratios were observed in all species after 
three weeks of drought. The increase after drought of the root length to leaf area ratio was greatest 
for P. nigra, indicating that this species has a relatively efficient water economy. Specific leaf areas of 
draughted plants decreased in S. alba and P. nigra, reflecting smaller transpiration areas. Drought 
also affected root distributions, resulting for all four species in deeper rooting and increased root 
length in deeper soil layers. Salix viminalis and S. triandra showed the greatest increase in root 
length in deep soil layers. 

It is concluded that P. nigra is most resistant to drought followed by S. alba and then S. triandra and 
S. viminalis, and that these differences are reflected in the distribution patterns of these species 
observed on the banks of the River Rhine. 

INTRODUCTION 

The establishment and development of floodplain forests along rivers is mainly determined by local 
hydrological conditions (Pautou & Décamps 1985; Walker et al. 1986; Dister et al 1989; Schnitzler 
et al. 1992). Intermittent floods may hamper the establishment of floodplain forests despite the 
relative high tolerance of floodplain species for waterlogging and submergence (Bell 1980; Walker 
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étal. 1986; Krasny etal 1988a, 1988b; Liu 8c Dickmann 1993). Additionally, drought resulting from 
rapidly declining water levels can easily result in greatly reduced water availability for plants. Seed 
germination and seedling survival are especially susceptible to drought (Pickett & Bazzaz 1978; 
Krasny et al 1988a; Burton 8c Bazzaz 1991; Sacchi & Price 1992). 
The grain size influences soil-moisture availability of substrates and consequently the distribution 
of species (Roberts 1966). For instance, on gravel banks of the river Allier in France floodplain 
forests are dominated by Populus nigra (Dister et al. 1989), whereas sandy banks along the River 
Rhine in the Netherlands are dominated by Salix species (Van Splunder et al. 1995). When water 
levels recede, water availability is greater in sandy soil than in gravelly soils because of capillarity in 
sandy soils (Mahoney 8c Rood 1992). A similar substrate-related distribution has been observed in 
poplars and willows along the lower Dry Creek in California (McBride & Strahan 1984). 
Drought might influence the distribution of floodplain species at several life stages. Differences in 
drought resistance could result in a zonation of riparian plant species along the elevation gradient. 
Zonation may develop during the germination stage. Niiyama (1990) and Van Splunder et al 
(1995) found differences among Salicaceae species in response to drought during seed germination. 
In years when water levels fall rapidly during the growing season, differences in drought resistance 
between species might result in a more distinct distribution pattern than in years with less 
pronounced decline (Mahoney 8c Rood 1992). The desiccation of susceptible species on higher and 
drier elevations, and the survival of these species closer to the water level can result in a zonation of 
the vegetation. Species that are relatively more drought resistant may be found at higher elevations. 
For example, Salicaceae species, which root superficially, are potentially more vulnerable to rapidly 
declining groundwater levels than deep-rooting species. In extremely dry years, the susceptible 
species may die and the more drought-resistant species could become dominant. In older growth 
stages of floodplain species drought remains a stress-inducing factor. 

The objective of this chapter is to assess differences in drought-resistance properties among the 
floodplain species Salix alba, S. triandra, S. viminalis and Populus nigra during their seedling stage. 
Therefore, growth under well-watered and dry conditions was compared to elucidate the mecha
nisms of drought avoidance. We also measured transpiration rates and leaf conductances. The 
results were related to the observed field distributions of the four species along the River Rhine in 
the Netherlands. 

MATERIALS AND METHODS 

Water-level fluctuations of the River Rhine 

Daily water levels of the River Rhine were collected from a gauge station near the city of Nijmegen, 
the Netherlands (51°52' N 5°67' E). Years with continuing declining water levels during the growing 
season (May - August) were selected between 1981 and 1995. The mean water level of each 7 - day 
period was calculated. For each year the rate of water-level decline was calculated in cm day"1, 
starting at the highest mean water level after 1 May until the end of August. 
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Species, growth conditions, and drought treatment 

Fresh seeds of floodplain forest species S. alba L. (White Willow), S. triandra L. (Almond Willow), 

S. viminalis L. (Common Osier) and P. nigra L. (Black Poplar) were collected from shrubs and trees 

growing along the River Rhine. Seedlings were raised in a greenhouse in PVC tubes 15 cm in 

diameter and 50 cm tall, containing a mixture of clay and sand (1:19 v/v) with 1 g l"1 fertilizer 

(Osmocote slow release fertilizer). Three groups of 32 tubes each were placed in basins in which the 

water level was kept at 15 cm below the soil surface. The light intensity in the greenhouse on sunny 

days was reduced using white cloth. Sodium lights were installed to increase low light intensities 

during the dark early morning and evening or on cloudy days. The photoperiod was 16 h light : 8 h 

dark; during the light period a minimum light intensity of 200 μΕίη s"1 m"2 was supplied. 

After 4 weeks of growth (time t = 0) the first group (eight replicates of each species) was harvested. 

At the same time, one of the basins (containing the second group) was emptied, so the substrate 

would start drying out slowly. The third group continued to grow under the original moisture 

conditions. Groups two and three were harvested after 3 weeks. 

Moisture content of the substrate was measured in tubes without plants at 1, 3, 7, and 15 days after 

the start of the experiment (t = 0), by taking three replicate samples (minimum of 5 g) at depths of 

5, 10, 15, 20, 30 and 40 cm below ground level. The samples were weighed immediately after sam

pling, dried 24 h at 100°C and reweighed. The bulk density of the substrate ( 1.44 kg 1" ' ) was used to 

calculate the volumetric moisture content (cm3 cm"3) of the samples. 

Harvesting technique and parameters measured 

The plants were harvested by cutting the above-ground parts at the base of the stem and separating 

the material into leaves and stem. Total leaf area per plant was measured with a portable leaf-area 

meter (LI-COR 3000). The soil, including the roots, was carefully removed from the tube and cut 

into five slices 10 cm thick. Maximum rooting depth was recorded. The roots from each soil slice 

were rinsed and their total length was measured using a Root Length Scanner (Commonwealth 

Aircraft Corporation, Melbourne, Australia). Median root depth was calculated to analyse the 

change in root distribution after drought for species studied. Fifty percent of the total root length is 

found below or above this depth. The dry weights of leaves, stem and roots (from each 10 cm slice) 

were obtained after drying the material at 70°C for 24 h. Internal ratios of the plants were analysed 

by calculating shoot to root ratio (shoot dry weight to root dry weight) and the ratio of water input 

to water loss (root length (m) to leaf area (m2)). Specific leaf area (leaf area (m2) to leaf dry weight 

(g)) was also calculated. 

Transpiration and leaf conductance 

Seedlings of S. alba, S. triandra, S. viminalis and P. nigra (n = 5) were grown in pots (volume 1.7 1) 

containing a 1:19 mixture of clay and sand supplied with 1 g l'1 Osmocote slow-release fertilizer in 

a greenhouse. The light conditions were similar to those described above. Throughout the 
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experiment the substrate of the plants was kept moist. After 3 months of growth, the ground was 

covered with plastic sheet so the only water loss could be via transpiration. Each plant plus sub

strate (including pot and plastic sheet) was weighed. After 1 day the pots (totals) were rcweighed 

and total leaf areas of all replicates per species were measured. Transpiration rates were calculated 

per hour and per leaf-area unit (cm2). 

Differences in leaf conductance (being the sum of stomatal plus cuticular conductance) between the 

species studied was measured using a steady-state diffusion porometer (LI-COR 1600). The plants 

were grown as described earlier under 'species, growth conditions and drought treatment'. After 2 

months of growth, the leaf conductance (cm s"1) was measured before and after 1 week without 

watering. Each plant was measured 6 times during one day at the following times: 7:00 (when the 

light was switched on), 9:30,12:00,14:00,16:30, and 19:00. Measurements were taken from the first 

fully grown leaf (from the top of the stem). The leaf conductance was only measured on the 

abaxial surface of the leaves. 

Statistical analyses 

Biomasses and leaf conductances were log-transformed before analysis to obtain normal distri

bution. The effect of drought on the species studied was tested using an F test. Differences in means 

of growth parameters, transpiration rates, leaf conductances and depth of median root lengths as a 

result of drought treatment were analysed using the least significant difference test (LSD; ρ < 0.05). 

RESULTS 

Water-level fluctuations of the River Rhine 

Figure 4.1 shows the course of the water level from May to August in the selected years 1983,1985, 

1990, and 1994. The rates at which the water level declined ranged from 2.9 to 6.6 cm day"1. In the 

figure the range between 7.0 and 8.5 m Above Sea Level (standardised to gauge station Nijmegen) is 

of special interest. Seedlings of Salicaceae have been found at this elevation range along the River 

Rhine in the Netherlands in the past 5 years (data not published). 

Moisture content 

The substrate in the tubes started drying out from the moment the basin was emptied. At t = 0 days 

the substrate was saturated except for the upper 10 cm, where the soil was moist. The largest amount 

of moisture was lost within a day. The soil mainly consisted of sand, so a large part of the water was 

lost because of gravity. A decrease in moisture content between days 1 and 15 was evident but the 

rate was much slower than from day 0 to 1. Figure 4.2 shows the decline in moisture content from 

0.081 cm3 cm"3 at the top sample to 0.30 cm3 cm"3 at the bottom of the tube. After 15 days the mois

ture content was only slightly lower: 0.074 cm3 cm"3 at the top and 0.28 cm3 cm"3 at 40 cm depth. 
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Figure 4.1: Water levels during the growing season (May - August) in 1983, 1985, 1990and 1994. Data (m Above 

Sea Level) were collected at Nijmegen gauge station in the Netherlands. Average rate of decline in each year (cm day'1) 

is shown in the figure. 
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Figure 4.2: Mean water content (cm3 cm'3) ±SE(n = 3) in the substrate over a soil depth gradient att = 1 day after 

the basin in which the plants were incubated had been emptied (black) and t = 15 days later (shaded). 
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Influence of drought on biomass allocation 

Although all replicates of the species studied survived in conditions of plentiful water, only seedlings 

of S. alba and P. nigra were all alive 3 weeks after the basin had been emptied. Salix viminalis and 

S. triandra numbers were reduced under dry conditions: three replicates of S. viminalis survived 

drought, five of S. triandra (Table 4.1). 

Table 4.1: Dry weight of leaves, stem and roots, rooting depth and leaf area of seedlings of Salix alba, S. triandra, 
S. viminalis and Populus nigra under well-watered and drought conditions. Mean (± S.E.) of each parameter is 
shown. Asterisks indicate significant differences between the 3-week-old well-watered and drought group (F-test; 
* Ρ < 0.05; *** Ρ < 0.001). The number of replicates is given between parentheses. 

Growth parameter 

DW leaves (mg) 
S. alba 
S. triandra 
S. viminalis 
P. nigra 

DW stem (mg) 
5. alba 
S. triandra 
S. viminalis 
P. nigra 

DW roots (mg) 
S. alba 
S. triandra 
S. viminalis 
P. nigra 

rooting depth (cm) 

S. alba 
S. triandra 
S. viminalis 
P. nigra 

leaf area (cm2) 
5. alba 
S. triandra 
S. viminalis 
P. nigra 

Well-watered 
0 weeks 

29.8 ± 4.4 (8) 

32.7 ± 7.3 (8) 
43.0 ±9.8 (8) 

19.7 ±3.8 (8) 

5.1 ±0.7 (8) 
9.1 ±2.0 (8) 

13.1 ±3.8 (8) 
3.8 ± 0.7 (8) 

8.0 ±1.5 (8) 

10.1+2.0(8) 
10.2 ±2.0 (8) 

3.8 ± 0.7 (8) 

17.5 ± 1.7(8) 
17.6 ±3.1 (8) 

18.3 ±2.7 (8) 
8.8 ± 0.9 (8) 

6.7 ±1.5 (8) 

8.7 ±1.9 (8) 

11.9 ±4.0 (8) 
4.4 ±1.1 (8) 

Well-watered 
3 weeks 

546.3 ± 

695.1 ± 
763.6 ± 
338.4 ± 

217.4 ± 

404.5 ± 
503.8 ± 
100.0 + 

217.5 ± 

210.1 ± 
215.1 ± 

63.1 ± 

33.2 ± 
32.3 +. 
29.4 ± 

13.9 ± 

168.4 ± 

251.5 ± 

257.4 ± 
104.0 ± 

127.7(8) 

111.3(8) 
166.7 (8) 
91.6(8) 

57.7 (8) 
74.0 (8) 

127.3 (8) 
30.6 (8) 

57.7 (8) 

26.4 (8) 
45.6 (8) 

19.0(8) 

2.6 (8) *** 
1.7(8) 

1.7(8) 
1.3(8) 

38.2 (8) " * 

36.7 (8) * 
52.2 (8) 
28.2 (8) *** 

Drought 
3 weeks 

157.3 ± 

274.0 ± 
404.1 ± 

68.9 ± 

45.5 ± 
144.4 ± 
232.1 ± 

4.2 + 

68.7 ± 

174.6 + 
186.2 ± 

25.7 ± 

44.4 ± 
48.4 ± 

41.3 ± 
26.9 ± 

40.6 ± 

100.1 ± 
108.0 ± 

16.8 ± 

44.0 (8) 

58.6 (5) 
303.6 (3) 

16.2 (8) 

17.4 (8) 
32.7 (5) 

165.3(3) 
6.4 (8) 

21.7(8) 

71.6(5) 
142.9(3) 

5.8 (8) 

4.1 (8) 
0.4 (5) 
7.7 (3) 
5.6 (8) 

11.8(8) 

25.4 (5) 
78.2 (3) 

4.3 (8) 
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Drought-induced growth reduction was greatest in the leaves and stem (Table 4.1): all species 
except S. vtminahs showed statistically significantly lower leaf and stem weights as a result of 
drought. Similar to leaf weights, the leaf areas of all species except S. vtminahs were significantly 
smaller under dry conditions than under well-watered conditions. 
Drought had no significant effect on root dry weight. Under well-watered conditions the root depth 
of Salix species was greater than P. nigra. The root distribution of the well-watered P. nigra was 
concentrated in the upper 10 cm: 97 % of the roots were in this top layer (Figure 4.3), compared 
with 67 % under dry conditions. Drought greatly affected root depth and root length distributions 
(Table 4.1; Figure 4.3). In all species, the root depth increased under dry conditions. Populus nigra 
showed the largest relative increment of root depth under dry conditions, but also had the most 
shallow root depth under well-watered conditions. Under dry conditions the proportion of root 
length of Salix species was greater in the deeper soil layers and the root distribution was more 

S. alba 

% root length 

20 40 60 80 100 

S triandra 

% root length 

0 20 40 60 80 100 

S. viminalis 

20 40 60 80 100 

P. nigra 

20 40 60 80 100 

Figure 4.3: Mean percentage root length (± SE) versus potting depth of well-watered (black) and droughted 

(shaded) Salix alba, S. triandra, S. vimmalts and Populus nigra plants after 3 weeks (n = 8). 

49 



Chapter 4 

uniform than under well-watered conditions. A change in root distribution as a result of drought 

was demonstrated by testing the mean depth of median root length of the species studied. The mean 

depth was significantly lower after drought in all Salix species, coinciding roughly with an increase 

from 8 to 25 cm depth (Figure 4.3). However, we found no significant change in the mean depth of 

median root length after drought treatment in P. nigra, although this species did increase its rooting 

depth (Table 4.1). 

Biomass ratios of plants were computed to compare growth responses to drought among the species 

(Table 4.2). All species, except S. alba, had a significantly lower shoot to root ratio when growing 

under dry conditions compared with well-watered conditions. The decrease in the specific leaf areas 

of S. alba and P. nigra after 3 weeks drought was much greater than that of S. triandra and 

S. viminalis. Root length to leaf area ratio after drought treatment showed that P. nigra had both the 

highest absolute value and the largest increment of this ratio compared to the Salix species. 

Table 4.2: Internal ratios of different growth parameters in seedlings of Salix alba, S. triandra, S. vtmmahs and 
Populas nigra under well-watered and dry conditions (mean ± SE). Asterisks indicate significant differences between 
3-week-old groups, attributable to drought treatment (F-test; * Ρ < 0.05; *** Ρ < 0.001). RL:IA = root length to leaf 
area; SLA = specific leaf area. Number of replicates is given between parentheses Deviation m the number of 
replicates of root length was caused by occasional malfunction of root length scanner. 

Ratios 

Shoot : root 
S. alba 
S. triandra 
S. viminalis 
P. nigra 

RL:LA(mnV2) 
S. alba 
S. triandra 
S. viminalis 
P. nigra 

SLA(mV) 
S. alba 
S. triandra 
S. vtmmahs 
P. nigra 

Well-watered 
0 weeks 

4.89 ± 0.60 (8) 
4.25 ± 0.40 (8) 
5.51 ±0.77 (8) 
6.33 ±0.51 (8) 

0.24 ± 0.03 (4) 
0.21 ±0.04 (5) 
0.20 ± 0.03 (6) 
0.18 ±0.03 (7) 

0.21 ±0.02 (8) 
0.27 ± 0.02 (8) 
0.25 ± 0.03 (8) 
0.21 ± 0.02 (8) 

Well-watered 
3 weeks 

4.86 ± 0.60 (8) 
5.10 ±0.33 (8) 
5.74 ±0.32 (8) 
7.58 ±0.44 (8) 

0.13 ±0.00 (6) 
0.14 ±0.00 (6) 
0.16 ±0.02 (6) 
0.12 ±0.01 (8) 

0.32 ± 0.02 (8) 
0.37 ±0.01 (8) 
0.35 ±0.02 (8) 
0.29 ±0.01 (8) 

* 
* 
* 

* 
* 

* 

*** 

* 

Drought 
3 weeks 

3.02 + 0.15(8) 
2.96 ± 0 48 (5) 
3.37 ± 0.40 (3) 
3.51 ±0.26 (8) 

0.18 + 0.01 (8) 
0.1810.01 (5) 
0.17 ± 0 03(3) 
0.27 ± 0.05 (8) 

0.25 ± 0.01 (8) 
0.35 ± 0.02 (5) 
0.30 ± 0.02 (3) 
0.23 ± 0.02 (8) 

Transpiration rate and leaf conductance 

Transpiration rates of seedlings grown under well-watered conditions differed considerably 

between the species studied. The rates were highest in S. viminalis, followed by S. triandra and then 
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Table 4.3: Mean transpiration rate of Salix alba, S. triandra, S. viminalis and Popuhis nigra under well-watered 

conditions (+ S.E.; η = 5). Different characters (a or b) are used to indicate significant differences between the species. 

Species Transpiration rate ml cm"2 h"1 

S. alba 4.26 ± 0.44 b 

S. triandra 5.91 ± 0.73 ab 

S. viminalis 7.08 + 0.58 a 

P. nigra 4.07 ± 0.22 b 

by S. alba and P. nigra. The latter two had a significantly lower transpiration rate than S. viminalis 

(Table 4.3). The leaf conductance measurements showed similar results: S. alba and P. nigra had a 

rather constant and lower conductance during the day than S. triandra and S. viminalis. Leaf 

conductance of S. triandra and S. viminalis increased after the first measurement and decreased 

again after a few hours (Figure 4.4). During the first few hours of light, leaf conductance of 

S. triandra and S. viminalis was significantly higher than that of S. alba and P. nigra. After 1 week 

without watering, leaf conductance could not be detected in any of the plants, although the leaves 

still looked fresh. 

1.50 

t S. alba 

_ o _ S. triandra 

..ψ... S. viminalis 

. P. nigra 

Figure 4.4: Mean diurnal leaf conductance (cm s~')±SE(n = 5) of Salix alba, S. triandra, S. viminalis and Populus 

nigra under well-watered conditions. 
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DISCUSSION 

Several studies have shown that the early life stages of floodplain forest species are susceptible to the 
fluctuating hydrological conditions on river banks (Геппег et al 1984, Sacchi & Price 1992, Segel-
quisteí«/ 1993, Shafroth et al. 1994,Douglas 1995) Rapidly declining water levels can cause severe 
drought at locations where germination occurs and this may be disastrous for the further 
development of seedlings on river banks The rate of groundwater decline along the river often 
exceeds the rate of rootmg-depth increment and probably causes the death of seedlings on river 
banks in unfavourable years (Mahoney & Rood 1991, Rood et al 1995) 

The rate of water-level decline of the River Rhine m the Netherlands was compared with the rate of 
increase of rooting depth under experimental conditions to see if drought occurs along the River 
Rhine and could possibly affect the establishment of floodplain forest species The rate of decline of 
the river water-level varied from 2 9 to 6 6 cm day ' during the four selected growing seasons 
(Figure 4 1) Groundwater levels adjacent to the river closely follow the river water levels (Rood et 
al 1995) Therefore, groundwater levels drop at a rate correlated with the rate of decline in the river 
The rates of root depth increment varied between 0 86 cm day ' for Ρ nigra and 1 28 cm day ' for 

S alba These figures suggest that riparian vegetation along the River Rhine does experience 

drought The actual field situation is more complex substrate type and heterogeneity, amount of 

precipitation, and vegetation present are important factors determining the success of seedlings 

under dry conditions 

Along the River Rhine it has been observed that during dry years seedlings of Ρ nigra are abundant 

(personal observ ation), while in years with larger discharges seedlings of Ь viminahs and S alba also 
occur (Van Splunder et al 1995) This implies that in years with low water availability Ρ nigra 

seedlings establish and survive better than Salix seedlings 

The flux of water in river banks can be divided into an input (precipitation, groundwater rise and 

capillarity) and an output component (groundwater fall, evaporation of the soil and transpiration 

by the vegetation) Drought resistance depends on the ability of a plant to regulate its water econo

my through drought avoidance and/or tolerance mechanisms Plants might avoid drought stress by 

limiting water loss and enhancing their capacity to take up water (Chapman & Auge 1994) These 

avoidance responses to drought were found in varying extent in the species investigated and were 

interpreted as morphological adaptations to drought stress 

During the experiment, transpiration rate and leaf conductance were high in S viminahs and 

S manara under well-watered conditions These water-loss characteristics correlated with the 

mortality of these species when exposed to drought (62 5 % of S viminahs and 37 5 % of S triandra 

died) Since the number of replicates was relatively low, mortality cannot be used to explain the 

differences in drought resistance among the species studied Generally, mortality owing to drought 

is correlated with the inability of plants to close their stornata (Dickmann et al 1992) Salix alba and 

Ρ nigra had a transpiration rate approximately 40 % lower than the other two species (Table 4 3) 

and they had a rather stable, low leaf conductance during the day (Figure 4 4) All plants of S alba 

and Ρ nigra survived drought Given that water loss in plants is mainly regulated by stomatal 

aperture (Davies & Flore 1986, Harrison etal 1989, Liu & Dickman 1993), the low leaf conductance 

of Ρ nigra and S alba during the day could be interpreted as a small water output component 
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Stomatal closure results in a slow transpiration stream and less water uptake by the roots (Granier 
& Loustan 1994; Hinckley et al. 1994). Consequently, a high transpiration rate reduces moisture 
availability near the roots (Huck 8t Hillel 1983). During the experiment, only the reduction of 
moisture content in the soil as a result of water level lowering and evaporation was measured. The 
actual moisture availability in pots of S. triandra and S. viminalis might be relatively lower than in 
pots of S. alba and P. nigra owing to their relatively high transpiration rate. Along the river, the 
situation is similar to the moisture conditions in the tubes: moisture availability and drought stress 
are caused by groundwater lowering, evaporation and water uptake by plants. 
The reduction of the water-loss component by means of morphological response was especially 
noticeable in P. nigra and S. alba, which reduced their shoot growth (both leaves and stem) signifi
cantly during drought. The smaller specific leaf areas (Table 4.2) of these species showed that the 
morphology of the leaves had changed in response to drought. Small specific leaf areas indicate that 
thicker leaves are produced with less transpiring area per leaf. The influence of drought on leaf 
morphology was studied by Abrams et al. ( 1990), who found that Fraxinus petmsylvanica Marsh, 
trees decreased leaf area and increased leaf thickness. Leaf area reduction and increased epicuticular 
wax content in leaves as a result of drought were found in Alnus glutinosa (Seiler 1985). Wax content 
was not measured in the present study, but it seems likely that a high wax content (thick, leathery 
Populus leaves) might be related to a small, but significant amount of water loss (cuticular 
conductance), whereas a low wax content (in the thinner Salix leaves) is related to a larger amount 
of water loss. 

Analysing the input of water into plants, we studied both root depth and total root length in relation 
to drought. Root length is known to correlate well with water-uptake area (Newman 1965). Salix 
viminalis and S. triandra responded to drought by increasing the proportion of roots in deeper soil 
layers (Figure 4.3). Similarly, P. nigra roots were found in deeper soil layers after drought treatment, 
although root length in these deeper areas was only slightly increased. Mahoney 8c Rood (1991, 
1992) and Reader et al. (1992) also found root depth increment to moister soil-layers and/or 
enlargement of water-uptake area as a response to drought treatment. Under well-watered condi
tions Salix species showed a different root distribution than P. nigra. During our experiment, Salix 
roots slowly continued to grow deeper into the saturated soil, whereas P. nigra roots remained in the 
top layer. A diminished root growth of P. nigra under saturated conditions has already been 
described by Segelquist et al. (1993). Increased root depth of P. nigra in deeper soil layers after 
drought treatment might be triggered either by shortage of moisture, or by the removal of the 
inhibiting saturation. Immediately after the water level fell, most P. nigra roots were in the top soil. 
In contrast, roots of the Salix species were present at greater depths. Despite this relatively unfavou
rable root distribution at the start of the drought period, all P. nigra plants survived. Small leaf area 
of P. nigra at the start of the drought treatment could also account for the low water loss and high 
survival of these plants. Salix triandra and S. viminalis showed the highest transpiration rate and 
greatest mortality, although they considerably increased their root length at greater depths. From 
this it is concluded that root-length increment is a response to drought, but this strategy was not 
sufficient for S. triandra and S. viminalis in this experiment to survive drought. These two species 
were considered to be the most stressed during the given drought treatment. 
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Populus nigra had the greatest response to drought. This species showed the largest increase of water 
input to water loss ratio (root length to leaf area) after drought. It showed also the highest ratio 
compared with the other species, reflecting an efficient water economy. Because of this favourable 
ratio it is concluded that P. nigra adapted best to the decreased moisture availability. 
The observed field distribution of Salicaceae species along the River Rhine reflects the differences 
among these species in drought resistance as demonstrated in our experiments. Populus nigra has 
been found on the river banks even in relatively dry years and adapted best to dry conditions during 
the experiment. Salix triandra and S. viminalis were least drought resistant and were not present 
along the River Rhine in dry years. The differences in drought resistance can be expected to result in 
a zonation of the species: S. triandra and S. viminalis cover the banks at relatively low elevations near 
the river, while P. nigra might be found up to higher elevations; S. alba covers intermediate sites. 
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Vegetation dynamics on riverbank 

VEGETATION DYNAMICS ON RIVERBANKS OF THE LOWER RHINE: 

THE IMPACT OF HYDROLOGICAL AND 

GEMORPHOLOGICAL PROCESSES 

ABSTRACT 

Development of riverbank vegetation was studied in relation to hydrology and geomorphology at 
five sites along the River Rhine, the Netherlands, from 1992 tul 1995. Variation in vegetation 
composition between riverbank stretches was observed each year and related to cattle-grazing 
intensity and position of a site in the river. In December 1993 and January 1995 high-magnitude 
floods occurred. 
Canonical correspondence analysis (CCA) was used to find out which of the measured 
environmental variables explained a significant part of the variation in occurrence of the vegetation 
types. Elevation on the riverbank explained most of the variation. From low to high levels on the 
riverbank a distinct zonation was observed in which the zones were dominated by Phahris 
arundinacea, Elymus repens and Cirsium arvense. Agrostis stolonifera was only observed at grazed 
sites. The softwood forest species (Salicaceae species) were found from lowest to highest levels on 
the riverbank and their occurrence was hardly affected by high-magnitude floods. A high intensity 
of cattle-grazing prevented the development of softwood forest; under light cattle-grazing softwood 
forest and herbaceous vegetation occurred in small areas. At highly dynamic sites, large areas 
remained unvegetated. High-magnitude floods in 1993 and 1995 washed away patches of 
herbaceous vegetation or strongly reduced vegetation density. At moderately dynamic riverbanks 
that were not grazed, shrubs developed to young softwood forest in a period of four years. 
Largest deposition was correlated with the presence of willow shrubs. Due to the presence of 
groynes fixing the main channel of the River Rhine, lateral migration and bank accretion are limited 
and succession of softwood to hardwood forest does not take place. 

INTRODUCTION 

The composition of riverbank vegetation may vary considerably within short distance. While some 
riverbank sites are sparsely vegetated, others are covered with dense softwood forest. Such variation 
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may be the result of local variation in current velocity and wave attack Waves and currents affect 
the establishment and zonation of bank vegetation either directly by mechanical action or indirectly 
by influencing the abiotic and biotic environment of plants (Wilson & Keddy 1985, Nilsson 1987, 
Coops et al 1991) Current velocity and wave attack are determined by the position of the bank in 
the river For instance, current velocities are higher along outer banks than along inner banks 
(Hookel975,Hupp& Simon 1991, Ten Bnnke et al in press) The local current velocity determines 
for an important part whether transported sediment is deposited or sod particles is taken up 
Flooding determines the vegetation zonation Particular plant species associated with floodplain 
forest show different abilities to survive inundation Hence their position in the floodplain is 
determined by hydrological characteristics such as inundation duration, -frequency and -depth 
(Pautou & Décamps 1985, Bren 8c Gibbs 1986, Blom & Voesenek 1996, Siebel & Blom 1998) 
Initially, floodplain forest on nverbanks develops rapidly The development from seedling to shrub 
stage and eventually to mature softwood forest takes 20 to 30 years (Pautou 8c Decamps 1985, 
Hugin & Heinnchfreise 1992, Schnitzler 1995) Softwood forest is the frequently flooded type of 
floodplain forest, dominated by extremely flooding tolerant species such as Salve and Populus 
species As the softwood forest ages, the elevation of the nverbank may increase, because during 
floods sediment is deposited among the dense shrubs of Saltxand Populus species If bank accretion 
proceeds, succession to hardwood forest, which is dominated by Quercus species, Froxtnus species 
and Ulmus species may continue (Karpati 8c Tóth 1962, Pautou 8c Décamps 1985, Schnitzler 1995) 
In river systems in which groynes are constructed to fix the main channel, the morphological 
development of nverbanks is highly restricted 

Vegetated nverbanks may be protected from erosion due to standing plant structures (stems, 
branches) that break waves and reduce currents (Murakami et al 1994) Additionally, a network of 
roots reinforces the soil (Thorne 1990) In contrast, nverbanks that are not protected by vegetation 
are likely to erode faster (Smith 1976, McKenny et al 1995) 
The presence of cattle and the high grazing intensity in major parts of river areas prevent the 
establishment of softwood forest on many nverbanks (Trimble & Mendel 1995, Clary et al 1996) 
At sites where cattle were excluded or is present in only low numbers, dense herbaceous vegetation 
and softwood forest have developed (Tucker 8c Leininger 1990) The relationship between grazing 
intensity and the development of an erosion-protective vegetation cover, however, has not been 
studied in detail 

To explain the vegetation dynamics on nverbanks of the lower Rhine the following questions were 
addressed 1) what is the influence of hydrology, geomorphology and grazing on species 
composition and zonation of nverbank vegetation and 2) what is the relationship between 
vegetation density and sediment deposition on nverbanks' 
The development of vegetation and bank morphology were studied from 1992 to 1995 at five sites 
with differed in grazing intensities along the River Rhine in the Netherlands 
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MATERIALS AND METHODS 

Study area 

The River Rhine carries off water derived from snowmelt and rain. This often results in high floods 

in winter and early spring (January till April) and sometimes results in summer floods (June/July). 

The mean discharge (based on discharges from 1901 onwards) at the Dutch-German border is ca. 

2200 m 3 s"1, during a high-magnitude flood the discharge may increase up to ca. 13000 m 3 s ' which 

corresponds with a water-level increase of 6.5 m with regard to the mean discharge (Ploeger 1995). 

Because most of the forelands including the riverbanks are used for cattle production, there is a high 

grazing pressure on the vegetation. The main channel is used as a waterway for shipping, causing 

strong waves and currents that damage the riverbanks. 

The riverbank is divided into groyne fields separated by groynes, which were constructed for river 

normalisation. Groyne field length measures 150 to 200 m. Riverbanks of the lower Rhine generally 

consist of heterogeneous sand, varying in grain size between 37 and 500 μιη. 

Five study sites, each consisting of one groyne field (Table 5.1), were selected within a 25 km stretch 

of the river, near Nijmegen (51°52' N, 5°67' E) along the main branch of the River Rhine in the 

Netherlands (Figure 5.1). 

Table 5.1: Study sites characterised by cattle-grazmg intensity and position in the river 

Site 

Klompenwaard 
Milhngerduin 
Bemmelse Waard I 
Bemmelse Waard II 
Plaat van Ewijk 

cattle-grazing intensity 

no cattle grazing 
0 25 cows/horses per hectare 
no cattle grazing 
3 cows per hectare 
0 25 cows/horses per hectare 

position 

outer bank 
inner bank 
outer bank 
outer bank 
straight reach 

Belgium 

„ Germany 

1 Klompenwaard 4 Bemmelse Waard II 
2 Millingerduin 5 Plaat van Ewijk 
3 Bemmelse Waard I 

Figure 5.1: Location of the research sites along the Lower Rhine in the Netherlands 
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Klompenwaard was measured from 1993 onwards and Bemmelse Waard II from 1994 onwards, 

whereas Millingerduin, Bemmelse Waard I and Plaat van Ewijk were studied from 1992 up to 1995. 

Vegetation and geomorphological measurements were conducted each year in August or September 

from 1992 till 1995. 

All sites were delimited as the area between two neighbouring groynes, extending from the lower 

bank to the top of the levee between the groynes. 

Field data 

Water levels 

Daily water-level data were used for the study from November 1991 till November 1995 from the 

gauge station at Nijmegen. The water levels during the four research years were compared with 

mean water levels in the period 1901-1990 (data from Rijkswaterstaat) (Figure 5.2). Due to the 

relatively short stretch of riverbanks on which the sites were situated, the water-level fluctuations at 

the five study sites were considered to be of equal magnitude. 
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Figure 5.2: Mean inundation period in relation to elevation on the riverbank (m Above Sea Level), based on water 

levels from 1901 till 1990. 

Bank topography 

The topography of each site was determined by levelling 100 to 120 points annually at intervals of 

less than 10 m. Co-ordinates of each point were determined (to the nearest cm) using a Polartrack 

(Krupp Atlas, Germany). Before comparing the elevation data for the studied sites, we standardised 

all elevation data to the level at Nijmegen by adding or subtracting the average difference between 

the water level at the study site and Nijmegen. 
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Vegetation 

On the basis of previous field work 14 vegetation types were recognised (Table 5 2). Most vegetation 

types occurred frequently at all sites and in all years, except for vegetation type 7 (annuals) and 8 

(Festuca type) which were not very common. 

Vegetation boundaries were measured annually and used to construct the vegetation maps. 

Willows present in 1992 at Milhngerduin, Plaat van Ewrjk and Bemmelse Waard I were counted 

each year using a grid (cells 2 χ 2 m) laid out over the groyne section. At Klompenwaard willow 

densities were determined in 5 transects, which were distributed regularly over the groyne field 

(width of 2 m through the vegetation, length varying between 25 and 35 m) We determined the age 

of willows by tree-ring counts after trees were cored ca. 20 cm above the soil surface. 

Table 5.2: List of the mam vegetation types based on the occurrence of dominant species and vegetation structure 

vegetation types description 

1 open Phalans/Agrostis type 

2a Phalans type 

2b mixed Phalans type 

3a Elymus type 

3b mixed Flymus type 

4 Cirsium type 

5a open Elymus type 

5b mixed open Elymus type 

6a open Salix type 

6b low Salix shrub type 

6c high Salix shrub type 

6d Salix forest type 

7 annuals 

8 Festuca type 

- open grassland dominated by Phalans arundinacea, Agrostis stolonifera 
5 - 25 cm high, 0-25 % cover 

- Phalans arundinacea grassland 
25 100 (150) cm high, 25-100% cover 

- Phalans arundinacea, Agrostis stolonifera grassland 
5 - 25 cm high, 25 - 100 % cover 

- Elymus repetís grassland 
25 - 75 cm high, 25 - 100 % cover 

- Elymus repens, Agrostis stolonifera grassland 
5 - 25 cm high, 25 100 % cover 

- herbs dominated by Cirsium arvense 
50 - 100 (150) cm high, 25 - 100 % cover 

- open grassland with Elymus repens 
1 20 cm high, 0 - 25 % cover 

- open grassland with Elymus repens, Agrostis stolonifera, Cirsium arvense, 
Phalans arundinacea 
10 - 50 cm high, 0 - 25 % cover 

- young open vegetation with Salix alba, S tnandra, S viminalis, Populus nigra 
0 - 2 m high, 0 - 50 % cover 

- low, dense shrubs with Salix alba, S tnandra, S vimmalis, Populus nigra 
2 - 4 m high, 25-100 % cover 

- high dense shrubs with Salix alba, S tnandra, S vimmalis, Populus nigra 
4 to 8 m high, 25-100 % cover 

- forest with Salix alba, Populus nigra 
trees > 8 m high, 25 - 100 % cover 

- pioneer vegetation dominated by Chenopodium species, Polygonum species 
10 - 50 cm, 10 25 % cover 

- grassland with Festuca arundinacea 
5 - 25 cm high, 25 - 75 % cover 
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Data analysis 

The Geographic Information System Arc Info (version 7.12) was used to analyse the topographical 
and vegetation data. The vegetation maps and elevation measurements were transformed to grid 
data (grid size 2x2 m). Each grid cell was characterised by the presence of one or more vegetation 
types (dominant or accompanying). Since the development of softwood forest was of special 
interest, Salix types were always used for analysis even if they were present as accompanying 
vegetation type. 

Within a groyne field four parallel sections perpendicular to the river channel were distinguished to 
indicate up- or downstream position in a groyne field. Elevation maps for each year were obtained 
by interpolation of the elevation measurements using kriging as the interpolation method (search 
system with radius of 25 m). From the difference between the elevation in two successive years we 
derived a map showing changes in elevation. For each site the mean change in elevation was 
calculated for each period. We combined the mapped changes in elevation with the vegetation map 
to calculate the elevation increase or decrease in each vegetation type. 

Four transects per site were calculated each year in order to obtain a picture of the changes in bank 
morphology of each site. The transects were distributed equally over the groyne field. 
A sample of 10 % of the grid cells was taken randomly from each data file coinciding with 
approximately the number of points that had been levelled in the field. Each sample was 
characterised by the following variables: vegetation types (labelled with 2, 1 or 0, referring to 
dominant, accompanying or absent), elevation on the riverbank, groyne field position and elevation 
compared to the previous year. For each site the elevation ranges of each year of the various 
vegetation types on the riverbank were calculated using the selected data set. 

Statistical analyses 

Canonical correspondence analysis (CCA) was used to find out which of the measured 
environmental variables explained a significant part of the variation found in species composition. 
CCA is part of the CANOCO program (Ter Braak 1988). Because of limitations of the program with 
regard to the maximum number of vegetation types and samples that can be used, the number of 
samples was reduced to one fifth of the original number. Using a random number generator, one 
fifth of the samples were chosen randomly out of the total data set, producing a random subset of 
500 samples. The accompanying vegetation types were included in the analysis together with the 
dominant vegetation types. 

Partial CCA was used to test the significance of the environmental variables of interest, i.e. flooding, 
grazing and deposition. In the partial CCA, all environmental variables except deposition were 
partialled out of the analysis by using them as co-variables. In this way one can test the significance 
of each environmental variable of interest to see whether it has a unique effect on species 
composition. 
Both analyses (CCA and partial CCA) were carried out with the random subset as well as with the 
four separate data sets from the research sites Klompenwaard, Bemmelse Waard I and II and Plaat 
van Ewijk. 
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Differences between vegetation types in the mean of the elevation range within one year or between 
years or between sites were tested using the Kruskall-Wallis test with a comparison of means 
(p < 0.05). 

RESULTS 

Water levels 

During the four-year research period the water level of the lower Rhine (Figure 5.3) was 
characterised by two years with relatively low water levels (1992 and 1993) and two years (1994 and 
1995) with water levels that were comparable to average water levels over the period 1901-1990 
(Figure 5.2). Two high-magnitude floods occurred: in December 1993 - January 1994 and January 
-February 1995. 

'pKJ JwvM 4v \ 
1992 1993 1994 1995 

Figure 5.3: Water level (m Above Sea Level) from November 1991 till November 1995. Data were collected at a 
gauge station at Nijmegen. The studied vegetation cover in the groyne fields was found in the elevation range from 
7.0toll.0mA.S.L.. 

Geomorphology 

The mean change in elevation varied considerably between the five studied sites and between the 
research years (Table 5.3). At Millingerduin net increase and decrease in elevation alternated over 
time, whereas at Plaat van Ewijk, Bemmelse Waard I and Klompenwaard a net mean elevation 
increase occurred over the years. A net mean elevation decrease was measured at Millingerduin and 
Bemmelse Waard II in the period 1994 - 1995, whereas in the same period a very high net increase 
in the mean elevation was observed at Plaat van Ewijk. Considerable net elevation increase and 
decrease within one groyne field was observed at Millingerduin and Plaat van Ewijk. This was 
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reflected by the high standard deviation compared to the mean net change in elevation at these sites 

(Table 5.3). If sites showed a large variance in elevation they were characterised as highly dynamic. 

Since the other three sites showed less variance, they were characterised as moderately dynamic. 

Table 5.3: Mean change in elevation of sites studied during the research period. The sites are characterised by cattle-
grazing intensity (- = no grazing; + = light grazing intensity; ++ = high grazing intensity) and divided in highly (+) 
and moderately (-) dynamic sites according to variation in deposition. 

sites 

Mean change in elevation (cm) ± s.d. 

cattle grazing dynamics 

Millingerduin 

Plaat van Ewijk 
Bemmelse Waard II 
Bemmelse Waard I 

Klompcnwaard 

+ 

+ 
++ 

-
-

'92/'93 

20.2 ± 15.3 

1.3 ± 7.3 

0.8 ± 8.6 

7.5+ 9.6 

'93/'94 

-0.1 ±20.7 
4.6 ± 11.9 

16.2 ± 5.7 

19.5 ± 15.2 

'94/'95 

-17.2 ±23.8 

25.8 ± 35.7 
-17.2 ± 7.9 

4.6 ± 5.3 
8.1 ± 9.0 

Multivariate analysis of vegetation and environmental data 

Figure 5.4 shows a species-samples-environment triplot of the random subset data after CCA. As 

can be seen in the triplot, there was a strong correlation between elevation (and flooding duration) 

and the occurrence of the vegetation types at the different research sites (eigenvalues axis 1 and axis 

2 are 0.63 and 0.36 respectively, Monte Carlo permutation test: ρ < 0.01). Elymus type and Cirsium 

type were found at higher levels, whereas annuals, open Phalaris/Agrostis type, Phalaris type and 

Salix types were found at lower levels, characterised by long periods of flooding (in days per year). 

A second variable that explained a significant part of the variation in the occurrence of the 

vegetation types was grazing intensity. Ungrazed vegetation types were found in the upper part of 

Figure 5.4: Elymus types, Phalaris types and the Salix types. The vegetation dominated by Festuca 

arundinacea was found under light cattle-grazed conditions (lower left part of Figure 5.4). Open 

vegetation types, Cirsium type and types with Agrostis stolonifera, as well as the open Salix type are 

found in the lower part of Figure 5.4 and correlated with intensive or light cattle-grazing. 

To test if the correlation of occurence of vegetation types and deposition was significant, partial 

CCA was carried out on the vegetation data, using as co-variates all other variables except 

deposition (results not shown). Although the eigenvalue of the first axis was quite low (0.15), we 

found that the correlation was significant (Monte Carlo permutation test: F = 2.57, ρ < 0.02). When 

the study sites were analysed separately, the correlation between vegetation and deposition was 

stronger. 

CCA of the separate sites showed that the results for Klompenwaard and Bemmelse Waard I were 

comparable (triplot not shown). Elevation, and consequently flooding duration, explain most of the 

differences in the vegetation composition at these two sites (eigenvalue Klompenwaard 0.57, 64 % 

variance explained of species-environment relation; eigenvalue Bemmelse Waard I: 0.61). Partial 
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CCA revealed that deposition was the second best fitting environmental variable and that there was 

a significant correlation between species composition and amount of deposition (Monte Carlo 

permutation test, Klompenwaard F = 12.74; Bemmelse Waard I F = 9.89; ρ < 0.01). Erosion was 

highest at places with no vegetation at all, whereas deposition occurred at places with open 

vegetation. In areas with Salix low- and high-shrubs deposition at both sites was observed (mean 

density 2.0 m'2), whereas in the Sa/tx-forest type at Klompenwaard (mean density 0.5 m"2) erosion 

predominated. Deposition was correlated with the position in the groyne field: a shift from 

deposition in the downstream part towards erosion at the upstream part of the groyne field was 

observed. 

+2 5 г Salix forest 

Elevation 

open Elymus· 

+2 5 

open Phalans/Agrostis 

Location 

• Festuca 

-2.0 «open Salix 

о Samples 

• Vegetationtypes 

-• Env. variables 

Figure 5.4: Canonical Correspondence Analysis tnplot of vegetation types, samples and environmental variables of 

a random subset of vegetation data from 5 locations in the Dutch river area. For vegetation types see Table 5.2. 
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At the light cattle-grazed Plaat van Ewijk, variation in the occurrence of vegetation types was also 

correlated to differences in elevation (eigenvalue 0.50). The correlation between vegetation and 

deposition was not as strong as in the Bemmelse Waard I or in the Klompenwaard, but was still 

significant (Monte Carlo permutation test: F = 2.08, ρ < 0.05). No correlation was found between 

upstream or downstream position in the groyne field and sediment deposition. 

The analysis of the data from Bemmelse Waard II again showed that vegetation composition can be 

explained by differences in elevation (eigenvalue 0.57). The correlation between species 

composition and deposition, as tested with partial CCA, was significant (Monte Carlo permutation 

test: F = 9.44, ρ < 0.01). At this site, erosion predominated, so this relationship refers more to 

erosion at lower levels that were sparsely vegetated and rather than to higher deposition in dense 

vegetation at higher levels. The position in the groyne field was correlated to sediment deposition, 

i.e. from downstream to upstream there is a shift from erosion to deposition. 

Vegetation zonation ала composition 

The position of the vegetation types over the elevational gradient is presented in Figure 5.5, showing 

the mean, and the 25 and 75 percentiles. The eleven vegetation types were found in distinct zones at 

all sites except for the vegetation at Plaat van Ewijk in 1992 and 1993. Especially at the low dynamic 

sites Klompenwaard and Bemmelse Waard I the zonation of vegetation types was very clear. In 

order to characterise these zones the mean of the range between the 25 and 75 percentiles of the 

elevation of each vegetation type during the research period is expressed in mean inundation period 

(water levels from 1901 till 1990; Figure 5.2): open Phalaris/Agrostis type was situated in the zone 

that was inundated 180 - 200 days/year; Phalaris types 130 - 190 days/year; Elymus types 75 - 100 

days/year; Cirsium type 75 - 90 days/year; and open Elytnus types 45 - 75 days/year. 

Salix types were found throughout the range from the lowest zones together with open 

Phalaris/Agrostis vegetation up to the higher levels with open Elymus vegetation. The willows and 

black poplars in the Salix vegetation were arranged in belts of the same age (cohorts), parallel to the 

river, from young cohorts at low levels and older cohorts at higher levels. The willows at high levels 

(situated in the zone that was inundated 30 - 75 days/year) in Millingerduin were the oldest willows 

observed in the study, having germinated in ca. 1970. At Klompenwaard the willows originated 

from 1986 and 1989, whereas at the other sites most other willows and black poplars germinated in 

1989. 

The vegetation composition and zonation were similar at Bemmelse Waard II and Bemmelse 

Waard I. The same types of vegetation were present at these sites, but in Bemmelse Waard II the 

vegetation was mixed with Agrostis stolonifera and Cirsium arvense and lacked species of Salicaceae 

(Figure 5.5). At the Millingerduin and Plaat van Ewijk sites no open Phalaris/Agrostis type and 

Phalaris types were found. 

The annuals and the Festuca type that are present in the CCA triplot are not shown in Figure 5.5, 

because they did not occur frequently enough to show them at the separate sites. 

Differences between the study sites in elevation range of each vegetation type separately were tested 

using Kruskal-Wallis comparison of means (Table 5.4). Not every vegetation type was present at 

each site. Therefore the two closed Phalaris types, the two Elymus types and the two open Elymus 
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Figure 5.5: Elevation mean, 25 and 75 percentile (m Above Sea Level) of the vegetation types on the sites studied in 

the years 1992- 1995. Fora description of the vegetation types see Table 5.2. 

types were pooled to one type. In 1994 (after the first high-magnitude flood), there was one 

significant difference in mean elevation of the separate vegetation types at Bemmelse Waard I and 

Klompenwaard. On the riverbank at Bemmelse Waard II the mean elevations of the vegetation 
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types were situated 40 to 80 cm higher than at the adjacent groyne field of Bemmelse Waard I 

(p < 0.05) (Table 5.4). The mean position of the open Elymus type was 60 to 120 cm higher at 

Millingerduin than at the other sites; at Plaat van Ewijk the low Salix shrub was found 50 to 100 cm 

higher than at the other sites. 

Table 5.4: Comparison between the sites of the mean elevation (m Above Sea Level) of six vegetation types separately 
in 1994. Different characters indicate significant difference in mean elevation of a vegetation type between sites 
(p < 0.05). 
F-values are given ofKruskal-Wallis comparison of means. For description of the vegetation types see Table 5.2. 

open Phalaris type 
Phalaris type 
Ely m us type 
open Elymus type 
low-shub Salix type 
high-shrub Salix type 

Millingerduin 

10.23 ±0.1 a 
7.86 ± 0.07 ab 

mear 

Plaat van 
Ewijk 

9.04 ± 0.04 с 
8.77 + 0.07 с 

ι elevation (m ± SE) 

Bemmelse 
Waard II 

8.35 ± 0.04 a 
8.98 ± 0.06 a 

10.06 ±0.05 a 
9.22 ± 0.06 be 

Bemmelse 
Waard I 

7.93 ± 0.13 b 
8.31 ± 0.20 b 
9.21 ± 0.03 b 

8.27 ± 0.04 b 
8.77 ± 0.03 a 

Klompen-
Waard 

7.93 ± 0.02 b 
8.54 +0.15 b 

9.59 + 0.09 b 
7.83 ± 0.05 a 
8.46 ± 0.03 b 

F-
value 

74.95 
19.73 
13.87 
54.94 
46.40 
48.04 

Vegetation development 

After the first high-magnitude flood in 1994, the Cirsium type had disappeared at the light cattle-

grazed sites Millingerduin and Plaat van Ewijk, whereas the Elymus type had shifted to higher levels 

at the riverbank (25 percentile of the minimum elevation 120 cm and 35 cm higher than the year 

before respectively) (Figure 5.5). At Millingerduin the disappearance of vegetation dominated by 

Cirsium arvense was probably related to strong erosion and deposition in that area: change in 

elevation ranged from -22 to +35 cm. The Cirsium vegetation at Plaat van Ewijk had changed to 

open Elymus vegetation due to burial (mean deposition 15 cm, ranging from 1 to 23 cm). In 1995, 

in spite of a high-magnitude flood in the winter, this open vegetation had developed to a Cirsium 

type again. 

The vegetation of the ungrazed Bemmelse Waard I and Klompen waard was rather stable (Figure 

5.5). At higher levels Cirsium arvense disappeared, whereas Elymus vegetation became dominant. 

The patches of Phalaris and Elymus were still present but the soil surface had been elevated due to 

sediment deposition: Phalaris vegetation was found 15 to 40 cm higher on the riverbank and Elymus 

vegetation 60 cm higher than the year before. 

The high-magnitude floods of December 1993 and January 1995 generally resulted in a 10 to 25 % 

decrease of the vegetated area (Figure 5.6). The percentage of vegetated area decreased most 

strongly at the light cattle-grazed Millingerduin. At Plaat van Ewijk the closed Cirsium vegetation 

developed into open Elymus vegetation due to high sediment deposition. At the intensive cattle-

grazed site Bemmelse Waard II, only the effect of the second flood could be observed, due the late 
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start of the monitoring. Open Elymus vegetation had disappeared here after the flood in January 

1995. During the research period the proportion of Saltx vegetation was similar or it increased at all 

study sites. 

A development towards floodplain forest was observed at the ungrazed sites. At Bemmelse Waard I, 

the shrub cover over a period of four years increased from 0 % to 40 % of the groyne field area. The 
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Figure 5.6: Percentage of the total groyne field area occupied by vegetation types or consisting of bare soil at the study 

sites Milhngerduin, Plaat van Ewijk, Bemmelse Waard II, Bemmelse Waard I and Klompenwaard from 1992 to 

1995. For a description of the vegetation types see Table 5 2. 
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Salix types at Klompenwaard developed from low shrub into high shrub and Salix forest, remaining 

the same 65 % of the groyne field area. 

The area of Salix shrub and forest was small at Millingerduin and Plaat van Ewijk (maximum 20 %) 

and increased only slightly over the research period (Figure 5.6). At Millingerduin two patches with 

Populus nigra were present in 1992, one of which had disappeared between the measurements in 

1993 and 1994. 

Effects of grazing 

The intensively cattle-grazed site of Bemmelse Waard II was characterised by a high proportion of 

open vegetation and the absence of willows older than the seedling stage. The correlation between 

grazing and species composition, especially the Salix types, is shown in the CCA diagram (Figure 

5.4). 

Between the measurements in 1992 and 1993, the number of cattle at Plaat van Ewijk increased and 

the mean plant height of S. alba decreased simultaneously (Table 5.5). The increment of the height 

of the willows recovered in 1994 when the number of cattle was low. The increment of the height of 

S. alba at the ungrazed Bemmelse Waard I stayed the same throughout the research period. 

Table 5.5: Mean height (cm ±s.d.) of Salix alba that germinated in 1989 in relation to cattle density (cows or horses) 
per hectare at Plaat van Ewijk. low = grazing by cows for a few days only. Mean height ofS. alba at the ungrazed 
Bemmelse Waard I is shown for comparison. Number of measured plants is given between parenthesis. 

cattle density mean height S. alba mean height 5. alba 
year Plaat van Ewijk Plaat van Ewijk Bemmelse Waard I 

1992 0.67 189.8 ±85.2 (13) 17.3 ± 8.9(10) 
1993 1.00 66.0±24.9(10) 211.4 ± 47.4 (14) 
1994 low 148.9 + 39.4(13) 393.5146.4(10) 
1995 0.25 211.0 ±97.6 (10) 514.2 ± 91.4 (12) 

Effect of vegetation on bank morphology 

The CCA showed a relationship between the density of Salix vegetation and the amount of 

deposition (Figure 5.4). Increased deposition within the elevation ranges where Salix shrubs were 

present was observed in the transects of the sites Klompenwaard and Bemmelse Waard I (Figure 

5.7). At the other two sites the change in elevation did not seem to be related to the presence of 

vegetation. Bank accretion observed at Bemmelse Waard I was higher at Klompenwaard. At the 

latter site bank transects seemed to have developed over time from gentle profiles to either convex 

slopes or to those with a sharp transition between a steep and a shallow slope. 

70 



Vegetation dynamics on riverbanks 

13 
12 

2 10-
E 9 

8 

7 
6 

Millingerduin 

13 
12 
11 
10 
9 
8 
7-
6 

Plaat van Ewijk 

10 20 30 40 50 60 70 80 m 10 20 30 40 50 60 70 80 m 

Bemmelse Waard I 

13-
12 

_¡ m 
3 10 

ε 9-| 
8 

7 

6 

1 3 1 
12-

11-

10 

9 

8 

7-

6 

Klompenwaard 

10 20 30 40 50 60 70 80 m 10 20 30 40 50 60 70 80 m 

'93 
'95 

Figure 5.6: Transects through the riverbank at Millingerduin, Plaat van Ewijk (both light cattle-grazed), Bemmelse 

Waard I and Klompenwaard (both ungrazed) in 1993 and 1995. The transects were situated upstream from the 

middle of the groyne field. 

DISCUSSION 

The development of vegetation and bank morphology during the four years of the research was 

highly influenced by the occurrence of the two high-magnitude floods. It was concluded from 

earlier studies that high-magnitude floods play a decisive role in the success of the establishment of 

willows and development of floodplain forest by creating suitable sites of unvegetated soil (Sigafoos 

1964; Hupp 1983; Bradley & Smith 1986). Flooding duration alone can not explain the differences 

in vegetation composition and development in comparable elevation zones at the various sites 

studied, since flood duration is related to elevation on the riverbank. Therefore, it was probably also 

the variation in current velocity and wave attack between bank stretches which determined 

vegetation composition and development. 

Highly dynamic sites, such as Millingerduin and Plaat van Ewijk, are characterised by large 

fluctuations in deposition in time and space, and relatively steep bank slopes (Hupp & Simon 1991; 

Roberts & Ludwig 1991); moderately dynamic sites are characterised by relatively low variation in 
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deposition and gentler slopes. The large variation in deposition might be the result of high or 
changeable current velocities in that river stretch. The highest amounts of sediment deposition or 
erosion on the riverbanks were measured after the high-magnitude floods, corresponding with a 
similar pattern over the whole of the floodplain at those occasions (Middelkoop 1997; Ten Brinke 
et al. 1998). 

A correlation between deposition and vegetation density at the site partly covered with softwood 
scrub and forest was suggested from the CCA: deposition was observed in the shrubs (average 
density of low and high shrubs 2.0 nr2), whereas erosion occurred in the Salix forest at the highest 
elevations on the riverbank (average density 0.5 m"2). This might be caused by the fact that the forest 
was less dense than the scrub and grassland; hence a related lower hydraulic roughness may have 
resulted in a relatively high current velocity, which might lead to erosion of the bank (Nanson & 
Beach 1977; Hupp & Simon 1991; McKenny et al 1995). Since we observed erosion in softwood 
forest only at one site, no general conclusions are drawn. Once sediment is deposited among dense 
shrubs or becomes covered by a herbaceous canopy, it is unlikely that it will be taken up and 
transported further. Deposition then results in elevation of the soil surface (Smith 1976; Trimble & 
Mendel 1995). 

Intensively cattle-grazed riverbanks are covered with vegetation of low density. These areas will 
therefore be more susceptible to erosion than a riverbank with a closed canopy (Tucker & Leininger 
1990). In the present study the mean lowering of the bank level of an intensively cattle-grazed 
riverbank was 17.2 cm due to erosion, whereas in the adjoining densely vegetated groyne field, the 
mean bank-level rise was 4.6 cm. Trimble & Mendel (1995) suggest that a grass mat protects soil 
better from the erosion than softwood vegetation does, since the soil surface of softwood forest 
often completely lacks a grass cover. 

Distinct zones of the distinguished vegetation types were most clearly observed at the ungrazed, 
moderately dynamic sites. At the highly dynamic sites this zonation was only partially present and 
less distinct. Vegetation dominated by Cirsium arvense disappeared from most sites after the high-
magnitude flood in December 1993. This was probably due to the fact that the rhizomes of this 
geophyte could not survive the long period of inundation in spring. In general, the herbaceous 
vegetation and grassland were affected stronger by deposition and flooding than the Salix types. 
Herbaceous vegetation and grassland disappeared completely at the lower levels on the riverbank 
that were flooded for ca. 140 days in the winter and spring of 1994. In contrast, the area covered by 
vegetation of Salix was hardly affected by either flooding or sediment deposition. Unvegetated son 
that appeared as a result of the local disappearance of herbaceous vegetation after high-magnitude 
floods, may be a suitable area for the establishment of softwood forest species such as Salix species 
(Pautou & Décamps 1985; Bradley & Smith 1986; Hupp 1988). 

The impact of cattle could only be assessed qualitatively. The presence of high cattle densities 
reduced the vegetation height and density (Clary et al. 1995; Trimble 8c Mendel 1995). Seedlings of 
Salicaceae species were found in each year in the gaps created by the trampling and grazing of cattle, 
but these seedlings appeared never to survive their first year due to the same cattle disturbance. The 
occurrence of Cirsium arvense vegetation and especially Agrosris stolonifera vegetation was positively 
related to cattle grazing. Cattle create gaps in the closed vegetation, which may be favourable for the 
proliferation of these rhizomatous species. Additionally, Phalarís arundinacea vegetation and 
Elytnus repens vegetation occurred in significantly higher zones at cattle-grazed sites than at 
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ungrazed sites. This may be explained by the good condition and possibly related high resistance to 
flooding and wave attack of the plants at ungrazed sites. Also soil compaction might have negatively 
influenced the survival of inundated plants, as described by Engelaar (1994). 
A swift development of open vegetation to high Salix shrubs was observed during the research 
period at sites that lacked cattle-grazing. Successful establishment of species of Salicaceae on 
riverbanks is determined largely by the course of the water level during and after seed dispersal 
(Niiyama 1990; Van Splunder et al. 1995). In the years from 1992 till 1995, seedlings of willows and 
Black Poplar did not survive their first year. If the effect of grazing was excluded, mortality was 
caused by the rising of the water level in the growing season of 1993, whereas in 1994 and 1995 the 
water level fell to low levels just after seeds of Salicaceae species had been dispersed (Figure 5.3). 
Additionally, repeated wave attack and erosion may prevent the establishment of seedlings (Van 
Splunder et al. subm.). Seedlings are very susceptible to floods, sediment movement and grazing, 
because of their limited root system and low stem height (Fenner et al. 1985; Clary et al 1996). 
It can be concluded that local variation in current velocity and wave attack result in a strong and 
variable deposition and considerable changes in vegetation cover and density. The observed high 
deposition inside dense softwood scrub on banks of the River Rhine corresponds with the 
deposition patterns in floodplain forest along free meandering river systems (Nanson & Beach 1977; 
McKenny et al. 1995). However, a four year research period is short with respect to the large 
fluctuations in deposition on the riverbank in time. It is stressed that long-term measurements and 
more extensive descriptions of bank development are needed to understand the interaction between 
softwood forest and bank morphology along the River Rhine more fully. Due to the presence of 
groynes, lateral migration of the banks of the River Rhine is not possible like it is in freely 
meandering rivers. In contrast with natural river systems, where flood-sensitive hardwood forest 
species successfully establishes at elevated bank levels (Dister 1984; Barnes 1985), floodplain forest 
succession will not proceed from Salix-Populus forest to hardwood forest due to the restricted 
development of the bank morphology of the riverbanks along the River Rhine. 
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GENERAL DISCUSSION 

The restoration of substantial areas of floodplain forest and the return of floodplain forest-
associated organisms is one of the aims of the ecological rehabilitation of the River Rhine. 
Floodplain forest is of major interest, since on the one hand it forms the backbone of the ecological 
network in the river ecosystem and may serve as a habitat for many organisms. On the other hand, 
floodplain forest increases the hydraulic roughness of the river area which may result in increased 
water levels; it also affects the riverbank morphology by influencing water and sediment transport 
and deposition. This thesis focuses on the development of floodplain forest on riverbanks, the 
conditions under which the softwood forest species Salix alba, S. triandra, S. viminalis and Populus 
nigra become established and the effect of softwood forest on the riverbank morphology. For this 
purpose, an experimental approach was combined with field surveys along the lower Rhine in the 
Netherlands between Lobith and Zaltbommel. 

In the first part of this chapter establishment, zonation and distribution of softwood forest species 
on riverbanks are discussed in relation to the observed responses of Salicaceae species to 
experimental conditions, and to local environmental conditions on riverbanks. Variation in river 
current velocity may induce differences in deposition and erosion between riverbank stretches. 
Additionally, cattle-grazing intensity varies between bank stretches of the River Rhine. Secondly, the 
interaction between the development of softwood forest and changes in riverbank morphology is 
presented in relation to geomorphological processes that occur in natural river systems. The chapter 
ends with a discussion on the implications of measures for restoration and management of 
softwood forest in the entire floodplain, with particular reference to the riverbank. 

SOFTWOOD FOREST ESTABLISHMENT AND ZONATION 

Seedling establishment 

Salicaceae species may reproduce both sexually and asexually. Sexual reproduction occurs by means 
of seeds, of which millions per tree are produced each year like in many pioneer species. Asexual 
reproduction occurs by means of root suckers (Populus nigra) and by twigs that break off, are 
transported by wind or water and root elsewhere (all Salicaceae species). Reproduction by seeds is, 
in view of their large number the dominant way of establishing at unvegetated riverbanks. 

77 



Chapter 6 

The seeds of Sahcaceae species are very light and easily dispersed by the wind (Noble 1979, Walker 

et al 1986) Seeds may either land directly on the soil surface or they land in the river and wash 

ashore Seedling establishment of species of Sahcaceae is most successful on bare moist soil 

(Lautenschlager 1984, Pautou & Decamps 1985) of stable banks (Hupp & Simon 1991) Percentage 

seed germination decreases with decreasing moisture content of the substrate (Chapter 2), the seeds 

of Ρ nigra were able to germinate at the lowest moisture content (Table 6 1 ) 

Table 6.1: Summary of the major results of the experiments on seed viability and the resistance of Sahcaceae species 
to water availability during germination and seedling stage (Chapter 2, 3&4) The species are ranked from long to 
short viability or high to low resistance When > lacks, the species do not differ m viability or resistance 

seed viability Ρ nigra > S alba S tnandra S viminahs 
% germinaüon - drought resistance Ρ nigra > S viminalis > S alba S tnandra 
seedling submergence resistance S alba S tnandra S viminalis Ρ nigra 
seedling drought resistance Ρ nigra > S alba > S tnandra > S viminalis 

Seeds of Sahcaceae species do not remain viable for long 50 % decrease of seed germination is 

observed after three days for the Saltx species under experimental conditions, in comparison to 14 

days for Ρ nigra (Chapter 2, Table 6 1) The chances for successful germination of S alba might 

probably increase by its longer dispersal period of ca one month, whereas the other species 

disseminated only one to two weeks In general, short viability and a limited dissemination period 

make a successful establishment of Sahcaceae species dependent on the hydrology and weather 

during a short period and is therefore rather erratic (Fenner et al 1985, Walker et al 1986) As a 

result, years without survival of seeds or seedlings and years with massive establishment due to 

favourable conditions, alternate 

Seedlings have the best chance to establish if during their first year water levels during summer stay 

lowerthan the level of the seedlings (Moss 1938, Fenner era/ 1984) The abundant presence of Salix 

species and Ρ nigra that germinated in 1989 on the banks of the River Rhine (Lenssen 1992) reflect 

the favourable hydrological conditions of that year (Gregory et al 1991) In 1989 the water levels 

dropped early in the year and continued to recede slowly durmg the growing season (Figure 6 1) 

Comparing the course of the water levels from 1900 till 1990 with those of 1989, a course similar to 

1989 occurred, on the average, once every 13 years In 1902,1915,1937,1947,1962,1983 and 1989 

water levels in summer decreased gradually like they did m 1989 Along the River Rhine only a few 

mature trees were found in a survey in 1992, these trees originated from 1962 and 1983 (Lenssen 

1992) 

Besides the impact of hydrology on the establishment of seedlings of Sahcaceae species, the 

vegetation cover that is already present also affects germination and seedling survival A dense 

grassland prevents contact between the seeds of Sahcaceae species and the soil, whereas the shade of 

softwood scrub or forest causes poor growth and eventually death of the seedlings (Walker & 

Chapín III 1986, Siebel 1998) Suitable areas for seedling establishment are provided by gaps in the 

vegetation which are the result of cattle grazing and trampling, erosion, or deposition of sand or silt 
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(Chapter 5). Low cattle-grazing intensity is a precondition for survival and development of 

softwood seedlings; if the number of grazing cattle is high, seedlings do not survive their first year 

(Chapter 5; Clary et al. 1995; Trimble and Mendel 1995). 

11 -

1 0 -

-? 9 -
< 
ε 

1 7 
3 

6 -

5 τ 1 1 1 1 1 1 1 1 1 1 1 Γ 

J F M A M J J A S O N D 

month 

Figure 6.1: Water levels of the River Rhine in ¡989 at gauge station Nijmegen. Trees and shrubs that germinated in 

1989 were found at a mean minimum elevation of 7.3 m Above Sea Level. 

Zonation of softwood forest species 

Zonation of Salicaceae species on the riverbank may arise as a result of germination of these species 
at different elevations (Chapter 2). Seeds will germinate within 24 hours after they are washed 
ashore. The seedlings are consequently found in parallel belts, of which the elevation corresponds 
with the water level at the moment the seeds were washed ashore (Noble 1979; Bradley & Smith 
1986). In a year with receding water levels in spring, seedlings of early dispersing species 
(S. viminalis) are found at high levels on the riverbanks, whereas seedlings of late dispersing species 
(5. alba and P. nigra) germinate at relatively low levels (Chapter 2; see also Niiyama 1990). Mixed 
belts are found due to synchronous dispersal of seeds of more than one species (determined by 
spring temperatures) or stable water levels in the period dissemination. As a result of establishment 
at relatively high levels, plants are flooded for a shorter period than the plants that established at the 
lower levels. 

Belts that arise from germination are still recognisable in mature softwood forests. Several belts may 
be present on the riverbank, differing in species composition or in age (Bradley & Smith 1986). In 
time, a scrub zone, existing of tree and shrub species of similar height, develops to forest due to 
thinning and disappearance of the shrubs. In mono-species stands, the small trees are eliminated 
due to shading by taller trees (Walker 8c Chapín III 1986; Hupp & Simon 1991). In mixed scrub, 
with tree and shrub species, the shrubs (5. triandra and S. viminalis) die because of their shade 
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intolerance and lower maximum plant height compared to the tree species (S. alba and P. nigra). 
Only at places with sufficient light, shrubs grow to full maturity. This occurs at the edges of a forest 
or at sites where trees are not present. 
On the steep banks of the River Rhine, space for seedling recruitment may be scarce and relatively 
narrow belts (10-20 m) of softwood forest species are found (Van Aucken & Bush 1988). In natural 
river systems, zonation develops in the same way but bank slopes are often much gentler and belts 
become much wider (10 - 120 m) (Bradley & Smith 1986). 

Distribution along the River Rhine 

Distribution of Salicaceae species on riverbanks, either in transversal or lateral direction, may be 
determined by variation in their resistance to drought or submergence. This will only be true if 
prolonged flooding or drought actually occurs during the early life stage of Salicaceae species and if 
the species differ in submergence or drought resistance. The conditions during the early life stages 
are most decisive, since susceptibility of tree seedlings to drought and flooding (Gill 1970; Siebel Sc 
Blom 1998) decreases in time; roots expand to deeper and moister soil and shoots grow taller and 
floods will not completely cover the plants. Mortality due to total submergence is much higher than 
due to partial flooding (Kozlowski 1984). 

Zonation of Salicaceae species over the elevation gradient is determined during germination stage, 
as stated earlier. Since the seedlings of Salicaceae species are found in different elevation zones they 
are exposed to different flooding periods and wave attack. Mortality of seedlings due to prolonged 
submergence in the field is not likely to occur, in view of the survival of 12 weeks submergence by 
the seedlings of all Salicaceae species (Chapter 3). Wave attack and currents, directly related to 
flooding, probably determine survival of shoreline plants more than flooding itself (Coops et al. 
1996). Submergence resistance of Salicaceae species was comparable hence no effect on distribution 
on the riverbank can be expected (Chapter 3). 

The sediment type of the riverbank interacts with differences in drought resistance of Salicaceae 
species in determining the establishment of the seedlings (Roberts 1966; McBride & Strahan 1984). 
With declining water levels, moisture content in coarse sand or gravel will reduce much faster than 
in clay and sil t due to low retention capacity of the coarse substrate. The seedlings of P. nigra will be 
least affected by drought because of the capacity of their roots to grow rapidly to deeper soil layers 
during drought period (Chapter 4; Table 6.1). This species is therefore able to benefit from the 
relatively high moisture content in the deeper soil layers (see also Mahoney & Rood 1991, 1992; 
Reader et al. 1992). Not only a receding water level causes drought, the high evaporation of soil 
water during warm, sunny days will lead to rapid drying out of the upper soil layer. This especially 
affects seed germination and survival of very young seedlings with limited root length. 
In general, trees of the most drought tolerant species Populus dominate riverbanks that consist of 
gravely sediment, whereas trees and shrubs of Salix species dominate the vegetation on sandy or 
silty banks (McBride 8c Strahan 1984; Pautou 8c Décamps 1985; Schnitzler 1995). The banks of the 
River Rhine between Lobith and Zaltbommel do not show a large variation in sediment type; the 
sediment varies between silt and coarse sand. In spite of this relatively small range, P. nigra and Salix 
species were observed to show a distinct, substrate related, distribution. Salix alba dominates most 
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riverbanks along the River Rhine that consist of sand on which silt is deposited frequently, and 
where often a clay layer is found at ca. 50 cm depth; P. nigra is found in low numbers only on these 
banks. Homogenous sandy banks that lack silt deposition and a clay layer, are solely dominated by 
trees of P. nigra (personal observation); seedlings of S. alba have probably desiccated in an early 
stage. Populus nigra nevertheless has a low presence which is probably related to the small number 
of seed dispersing trees along the River Rhine (Lauwaars et al. subm.). 

The experimental results showed that S. triandra and S. viminalis are less resistant to drought than 
S. alba and P. nigra (Chapter 4; Table 6.1). Although shrubs of S. viminalis are frequently observed 
on riverbanks of the River Rhine, this species is more characteristic for the river foreland, where 
together with shrubs of S. triandra it covers the shores of old clay pits (De Graaf et al. 1990; 
Schnitzler et al. 1992). In the river foreland, prolonged flooding occurs but the water-level 
fluctuations are smaller than on the riverbank. Salix alba and P. nigra are characteristic species of 
the dynamic riverbank, where submergence and drought occur frequently. 

Effect of hydrologjcal and geomorphological processes on vegetation development 

Spatial variation in vegetation composition on riverbanks may be the result of variation in current 
velocity or wave attack along riverbank stretches (Chapter 5). Differences in current velocity and 
sediment deposition are most pronounced between inner and outer banks (Hupp & Simon 1991). 
Highly and moderately dynamic groyne fields were distinguished on basis of, respectively, spatial 
and temporal variation in sediment deposition (Chapter 5). At highly dynamic sites the area 
covered by softwood scrub (ca. 20 % of total groyne field area) was small. At moderately dynamic 
sites, softwood scrub covered up to ca. 60 % of the total groyne field area and developed in four 
years from open vegetation into a dense scrub. 

The vegetation type dominated by Cirsium arvense was heavily disturbed during high-magnitude 
floods; many patches of this vegetation type disappeared due to erosion or the death of plants 
(Chapter 5). Burial of patches of Elymus repens- or Cirsium arvense-dominated vegetation types 
after sediment deposition was followed by recovery from the buried rhizomes the year after. High-
magnitude floods did not seem to have a strong effect on the area of softwood trees or shrubs older 
than two or three years, neither at moderately nor at highly dynamic sites (see also McBride & 
Strahan 1984). The presence of high-magnitude floods washing away vegetation (herbaceous, 
grassland or softwood forest) or depositing nutrient rich silt patches are preconditional for 
successful establishment of softwood forest species (Bradley & Smith 1986). 
Regeneration by means of root suckers was observed in P. nigra at highly dynamic sites. Due to 
erosion, roots appear at the soil surface and develop to individual trees in time. Since ascxually 
regenerated shoots are less vulnerable than seedlings this will be of increasing importance for the 
distribution of species under extreme hydrological conditions (Barnes 1985; Krasny et al. 1988a). 
In conclusion, the area of the riverbank covered by softwood forest will vary along the river, due to 
variation in local dynamics in water and sediment movement. 
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RIVERBANK MORPHOLOGY AND SOFTWOOD FOREST DEVELOPMENT 

Effect of softwood forest on bank morphology 

Softwood scrub or forest covering the riverbank may prevent soil erosion by attenuating waves with 
its stems and branches and increasing the strength of the soil with its root mat (Smith 1976; Thorne 
1990). Softwood scrub may also induce sediment deposition during a flood. The above-ground 
parts of the scrub increase the hydraulic roughness which results in a reduction of the current 
velocity of the water. As a result, suspended sediment is trapped among the stems. A correlation 
between shoot density and sediment deposition was observed in the field survey in five groyne fields 
(Chapter 5). At the site where both high-density scrub and low-density softwood forest was present, 
the highest deposition was found in dense scrub, whereas erosion took place in the low-density 
softwood forest. Erosion of the soil surface in mature floodplain forests, which generally have a low 
tree density, can be caused by scouring of river water around the trunks (Nanson & Beach 1977; 
McKennyefa/. 1995). 

Whether deposition occurs on riverbanks depends on flood level, current velocity, flow direction, 
the amount of transported sediment and the presence of vegetation. During periods with water 
levels up to bank full, the river flows parallel to the softwood forest covering the riverbank (Figure 
6.2). Sediment is deposited among the stems and branches, whereas erosion of the lower part of the 
bank without trees occurs at the same time (Murakami et al. 1994). Due to convergence of the flow 
lines at the edges of the forest patch the current velocity will increase locally (Figure 6.2). Especially 
the unvegetated area at the waterside is likely to erode. At water levels higher than bank full, the flow 
direction may not parallel to the riverbank and the described process does not occur or will be less 
pronounced. 

River Rhine 

nver foreland 

Figure 6.2: Schematic flow pattern during bank-full water level In softwood scrub the current velocity decreases, 
whereas at both the water- and foreland side of the scrub the current velocity increases due to convergence of the flow 
Unes. 
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The above-described deposition and erosion has been measured on riverbanks that were covered 

with planted willows. The willows were planted to study the possibilities of willows as an 

environmentally-sound method for the protection of riverbanks against erosion (Van Splunder & 

Schoor 1997). Transects through the studied riverbanks showed that besides deposition of sediment 

within the planted willows and erosion at the lower side of the willows, erosion proceeded at the 

steep part of the riverbank (Figure 6.3). This erosion appeared to be the result of wave attack during 

water levels lower than the level where the willows were planted. As soon as erosion reached the root 

zone of the willows, the affected willows were washed out (Figure 6.3). 
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Figure 6.3: Transect of the riverbank covered with planted willows in Druten along the River Rhine. In 1990 the 

willows were planted. From 1990 to 1993, sediment deposited in the willow scrub and erosion occurred at the lower 

bank. From 1993 to 1995, erosion proceeded into the planted section and us a result the affected willows were washed 

out. Mean water level is 7 m Above Sea Level, {note the different scales of χ and y axis). 

Another example of the 'coupled' deposition and erosion was observed at two sites with mature 

softwood trees (ca. 35 years) along the River Rhine. Erosion of the soil surface of 1 to 2 m at these 

sites was apparent from the washed-out roots on the trunks (personal observation). These 

secondary roots had been formed in the soil that was deposited in the period after germination (see 

also Everitt 1968). The timing and duration of the successive deposition and erosion periods could, 

however not be determined. 

I hypothesise that softwood forest on the riverbank interacts with bank morphology in a cyclic 

manner. Deposition of sediment within the vegetation is followed by erosion caused by differences 

in current velocity during a flood and wave attack but also by scouring in mature, low-density 

softwood forest; eventually the vegetation may be washed out completely. 

More research is needed to study riverbank development in wooded groyne fields, to support or 

reject the hypothesis, but this objective is thwarted by the scarce presence of stands of natural 

softwood forest that have germinated along the River Rhine before 1989. 
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Relationships between riverbank development and floodplain forest succession 

The interactions between floodplain forest succession and bank morphology are known from river 
systems with less human interference than the River Rhine (Nanson & Beach 1977; Pautou & 
Décamps 1985; Nilsson 1987; McKenny et al. 1995). Deposition on the inner bank is probably the 
result of erosion of the outer bank and the helicoidal current that transports sediment from the 
outer to the inner bank. Additionally, suspended sediment may be deposited on the riverbank or 
trapped in the vegetation. After establishment of pioneer plants like Salix species on the inner bank 
and its development to forest, the rise of the bank level is enhanced due to the trapping of sediment 
in the vegetation. Due to lateral migration of the river bed, the distance between mature trees and 
the river bed increases in time (Nanson & Beach 1977; Bradley & Smith 1986; Hupp & Simon 1991). 
The sediment that is deposited on the lower levels of the riverbank is colonised by pioneer 
vegetation. Hardwood forest species may establish in softwood forest on the higher levels of the 
riverbank and may experience a relatively short period of flooding (Pautou & Décamps 1985; 
Schnitzler 1995; see also Figure 6.4). In the dense vegetation of the first stage of forest development 
(up to 50 years) deposition is usually the highest, but decreases in time, when the forest grows older 
(up to 200 years) and tree density decreases (Nanson & Beach 1977). This indicates that the 
stabilising effect of floodplain forest on banks of a dynamic part of a river decreases with ageing and 
low tree density (McKenny et al. 1995). On the other hand, at stable reaches of the river a stable 
floodplain forest develops (Hupp & Simon 1991). 

The results of the above mentioned studies all describe the same process of lateral migration, 
sediment deposition and vegetation development, although the dimensions and dynamics of the 
studied rivers vary. The rate of bank accretion and vegetation succession depends on the 
hydrological dynamics of the river and the type of forest. Schnitzler (1995) confirmed this by 
showing that 30 year old floodplain forest dominated the dynamic upstream parts of the French 
part of the River Rhine, whereas 150 year old floodplain forests were found in the downstream part. 
Apparently the trees in the upstream part could not survive the highly dynamic hydrological 
conditions. 

The most important difference between the River Rhine in the Netherlands and the afore
mentioned freely-meandering rivers is the presence of groynes. The groynes in the River Rhine fix 
the main channel, prevent lateral migration and lead to a symmetrical bank profile. Whereas along 
a natural river convex (inner) and concave (outer) banks are present, the banks of the lower River 
Rhine are stable and fairly similar. The different stages in the above-described vegetation 
development are present side by side in freely-meandering river systems, whereas along the River 
Rhine they develop more or less similar but the stages appear in succession (Figure 6.4). 
The vegetation development and succession of the vegetation to hardwood forest will be 
interrupted at an early stage, because lateral migration of the river bed can not take place along the 
River Rhine. Therefore, of the two floodplain forest types, only softwood forest will be found on the 
riverbanks along the River Rhine; the duration of flooding will be too long for seedlings of 
hardwood forest to survive. The development of hardwood forest in other more elevated parts of 
the river foreland seems difficult but might be possible if special efforts are made concerning the 
timing and duration of flooding, and cattle-grazing intensity (Siebel 1998). 
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Figure 6.4: Schematic overview of the successive softwood forest stages on the nverbank. Germination occurs in years 

when the water level in spring recedes slowly, seedlings ofSahcaceae species develop from low scrub, via high scrub to 

mature softwood forest In the mature forest stage shrubs and low trees are shaded out and die and thus shrub-like 

willow species disappear from the softwood vegetation. If bank accretion proceeds, flooding duration will decrease 

and seedlings of hardwood forest may establish and eventually dominate the forest. The elevations are shown as 

mean tnundatton periods (days per year) based on the water levels from 1900 till 1990. The maximum flooding 

period is calculated using the results of Chapter 5; for hardwood species the data are derived from Siebel (1998) 

Deposition is highest m the low- and high- scrub stage. All softwood forest stages may be subject to erosion. 

Vegetation is washed out and bare soil reappears which may be colonised by seedlings ofSahcaceae Along the River 

Rhine the stages appear in succession, whereas m natural river systems several stages are present at the same time. 

FLOODPLAIN RESTORATION 

Floodplain forest value and function 

The main function of the River Rhine is the discharge of water. It also has a number of economic 

functions, like shipping, mineral production, agriculture, fishing and recreation. Additionally, the 

river has an important ecological function. Natural floodplains are characterised by a great diversity 

of species, communities and biotopes (Dister et al. 1990; Schnitzler 1994). Restoration of floodplain 
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forest as one of the characteristic features of the floodplain of the River Rhine, will help the 
rehabilitation of this valuable ecosystem. Floodplain forest forms forage-, nesting- or shelter-
habitat for many river-associated organisms (Van Splunder 1997). 
Large areas of dense floodplain forest increase the hydraulic roughness and lead to a rise of the water 
levels. Since this is in conflict with the preconditions of a free river discharge and guaranteed safety 
for the inhabitants of the river area, river-restoration measures should combine measures that 
favour floodplain forest development with compensation measures that enlarge the discharge 
capacity of the river in the floodplain. Discharge capacity can be enlarged by measures like digging 
off riverbanks, removal of hard bank-protection material, skimming off clay layers in the river 
foreland, removal of minor dikes and digging side channels. The effects of these measures on the 
potential for the development of softwood forest in the floodplain is discussed below. Cattle-grazing 
can be used to prevent the development of uninterrupted areas of dense forest in areas where it is 
unwanted because it severely increases the water level. Under a light cattle-grazing intensity an 
open, patchy type of softwood forest might be accomplished that influences current velocities and 
water levels in flooding periods within acceptable limits. 

Habitat creation 

Due to centuries of silting up, the transversal hydrological gradient in the river foreland has been 
levelled compared to the situation before dike construction, together with the ecological diversity of 
the floodplain (Jongman 1992). Removal of minor dikes, restoration of side channels and skimming 
off clay layers from the floodplain, will increase morphological and hydrological variation in the 
floodplain and might lead to the recovery of characteristic floodplain species. 
Species distribution in the floodplain is largely determined by duration and frequency of flooding 
(Bren & Gibbs 1986; Blom & Voesenek 1996). Water-level fluctuations in floodplain water bodies 
depend on the connectivity of these water bodies with the main channel. Hydrological dynamics 
decrease from the main channel, via side channels to isolated backwaters. Vegetation composition 
is determined by the variation in water-level fluctuations and flooding duration in the floodplain. 
In the main channel current velocities are high, creating gaps in the vegetation, which are necessary 
for establishment of Salicaceae species. Along the side channels the survival of softwood forest may 
be higher than along the main channel due to the absence of ship-induced waves and currents. On 
the other hand the absence of frequent disturbances creating bare soil will prevent regular 
recruitment of seedlings of Salicaceae species. Isolated backwaters are least disturbed and the banks 
along these water bodies may be covered with stands of helophytes which often occur at low-
dynamic habitats (Brock et ai 1987). 

Successful germination of seeds of Salicaceae species in the floodplain especially occurs on the bare 
and moist surface of banks of side channels where water levels recede in a pattern similar to the 
river. A delayed decrease of water levels in isolated backwaters is unfavourable for successful 
establishment of seedlings of Salicaceae species. Seed dispersal starts in early May and lasts only for 
a short period of time (Chapter 2). As a result, other species which disseminate later in the season 
cover the banks of these backwaters and prevent establishment of softwood forest. 
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Sediment type affects the distribution of species in the floodplain as well. After removal of the clay 
layer, sandy substrate is present at the surface. In summer, moisture content may become extremely 
low in sandy soils causing plants to desiccate. Seeds and seedlings of P. nigra are relatively tolerant 
to drought (Chapter 2 and 4). As a result, P. nigra will dominate the sandy areas of the floodplain. 
The chances for successful germination and survival of seedlings of the less drought-resistant Salix 
species increase on silt or clay soils. 

Because of their resistance to drought (Table 6.1) the shrub willows S. triandra and S. viminalis 
dominate the sites that are characterised by prolonged flooding without strong water-level 
fluctuations: conditions that are mainly found in isolated backwaters. 

Management by cattle grazing 

Apart from the 'physical' restoration of floodplain areas, reduction of the present cattle-grazing 
intensity is necessary to make the establishment of floodplain forest possible. On the other hand 
cattle grazing can be used to prevent the development of uninterrupted areas of dense forest in areas 
that otherwise may have a strong unwanted effect on the water level. Light cattle-grazing - 1 cow or 
horse per 4 hectare is often used - is applied in the Dutch floodplains to accomplish floodplain forest 
with an open structure in the areas. The fine-tuning of cattle grazing as a tool to control floodplain 
forest structure and vegetation development in general is still unclear and needs further study but is 
already applied in practice. 

Cattle frequently visit riverbanks for drinking (Platts 1991; Trimble & Mendel 1995). They favour 
riparian areas compared to uplands and grazing rates can be 5 to 30 times higher (Platts 8c Nelson 
1985; Clary & Webster 1989). As Tucker 8ç Leininger (1990) and Clary et al. (1995) already advised, 
it is probably best to wait for 5 years with the introduction of light cattle-grazing after high intensity 
cattle-grazing has been stopped, in order to give softwood forest time to develop to shrubs that can 
resist some grazing. If the restoration area for softwood forest development is restricted to the 
riverbank, the disturbing effect of even light cattle-grazing on this particular part of the floodplain 
will be very high. 

Floodplain forest recovery 

Development of softwood forest of any size will always attribute to the diversity of the floodplain. 
Some target species however, such as the Night Heron or the Beaver, require many hectares of 
uninterrupted floodplain forest as nesting or foraging habitat, which is not possible to create 
(Reijnen et al. 1995). Nevertheless, open softwood forests can connect the isolated, larger areas of 
floodplain forest and may form a network of suitable habitats for these species. 
The perspectives for restoration of softwood forest as a part of the ecological restoration of the river 
ecosystem are promising. The return of hydrological and morphological dynamics, provided that 
cattle-grazing intensity is not too high, will lead to the restoration of softwood forest which may 
form again the basis of the river ecosystem. 
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Summary 

SUMMARY 

The natural vegetation along rivers in western Europe is formed by floodplain forest. Human 
activities in the past centuries have drastically changed the landscape and destroyed the floodplain 
forest. At present, only fragments of this type of forest are found along the River Rhine in the 
Netherlands. The cattle-grazing in the river forelands has made the establishment and the return of 
floodplain forest species impossible. 

Floodplain forest plays and important role in the river ecosystem and the significance of the river 
area as a diverse ecosystem and wildlife habitat has been recognised during the last decades. This has 
resulted in the development of visions and plans to restore the river ecosystem. Besides the 
importance of floodplain forest in restoration plans it also affects river management. Large areas of 
floodplain forest cause an increase of the hydraulic roughness resulting in increased water levels 
during a flood. During high magnitude floods this increase of the water level may conflict with the 
safety of the inhabitants of the river area. 

Two types of floodplain forest can be distinguished based on the frequency of flooding. Seldomly 
flooded forests are characterised by hardwood species whereas frequently flooded forests are 
characterised by softwood forest species. This thesis focuses on the establishment and development 
of softwood forest on riverbanks. Additionally, the effect of this forest on riverbank morphology 
was studied. On the riverbanks of the River Rhine in the Netherlands the Salicaceae species Salix 
alba, S. triandra, S. viminalis and Populus nigra can be found in softwood forest. Trees of S. alba 
dominate riverbanks consisting of sand mixed with silt or clay. Trees of P. nigra are found on the 
homogenous sandy banks, whereas shrubs of S. triandra and S. viminalis are more characteristic for 
the less hydrologically dynamic river foreland, where they grow on the shores of old clay pits. 
The riverbank is characterised by frequently fluctuating water-levels. These fluctuations induce 
both flooding stress, accompanied by waves and currents, and drought stress to vegetation. The 
early life stages of Salicaceae species are particularly vulnerable to the water level induced stress. 
Therefore, experiments were performed to determine the response of seeds and seedlings of the four 
Salicaceae species to water-level fluctuations. The results were discussed in relation to surveys and 
observations in the field. 

Seeds of species of Salicaceae are produced yearly by millions and are dispersed by the wind. The 
period of seed dispersal of the Salicaceae species was found to be short: one to two weeks, except for 
S. alba that disseminated for one month. Many of these seeds accumulate at the water line on 
riverbanks and germinate in a belt, parallel to the river. The seeds of the Salix species are extremely 
short-lived. A 50 % reduction of the viability was noted after three days; P. nigra showed the same 
reduction after 14 days. Percentage germination decreased with decreasing moisture content. 
Under experimental conditions, seeds of P. nigra and S. viminalis were able to germinate at 
relatively dry soils. Successful establishment of Salicaceae species on the banks of the River Rhine 
seems to occur at erratic times because several parameters such as a specific course of the water level 
and specific weather conditions in a specific, short period of the year, affect plant growth and 
survival. 
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The distribution of the seedlings of Salicaceac species on the riverbank appeared to be the result of 
the interaction between the timing of seed dispersal and water-level fluctuations during 
dissemination. Seed dispersal of Salicaceae occurs from April till June in the following sequence: 
S. viminalis, S. triandra, S. alba and P. nigra. The elevation zone of the seedling belts corresponds 
with the course of the water level during their dissemination period. In 1993, a year with receding 
water levels in spring, seedlings of S. viminalis were found at higher elevations on the riverbank than 
seedlings of S. alba; P. nigra seedlings were present at relatively low elevations but only in very small 
numbers whereas S. triandra seedlings were absent. 

The course of the water level may be decisive for survival of the seedlings, especially in their first year 
when the plants are most vulnerable. For example, an increase of the water level after germination 
in July, resulted in a high mortality among the seedlings. Based on the submergence experiments, 
mortality could not be ascribed to the long period of flooding alone but was probably due to wave 
attack and currents which occurred while the plants were flooded. Under experimental conditions, 
seedlings of the four studied species survived 12 weeks of submergence. Such a long period of 
flooding of the vegetated bank levels never occurs in one growing season along the River Rhine. The 
growth of the experimentally submerged seedlings stopped completely and their biomass decreased 
due to leaf abscission (especially in seedlings of S. triandra and S. viminalis) and due to decrease of 
the root biomass. After submergence the seedlings resumed growth and approximated the growth 
rate of the non-flooded control plants. Submergence resistance for the Salicaceae seedlings 
appeared to be comparable and is therefore not likely to affect the distribution of Salicaceae species 
over the elevation gradient. 

Rapidly declining water levels can result in shortage of soil water in the riverbank, particularly in 
banks consisting of coarse substrates. Seedling mortality of softwood forest species due to drought 
was studied in an experiment. Comparing the four Salicaceae species, mortality was observed in 
S. triandra and S. viminalis. This corresponded with a relatively high transpiration rate of the 
seedlings of these species compared to the seedlings of S. alba and P. nigra, which refers to a high 
water loss. Root length to leaf area ratio increased strongest in P. nigra during drought, indicating 
the adaptation to the low soil-water content. Drought also affected root distribution, resulting for 
all four species in a an increased root length in deeper soil layers. The rate of rooting depth increase 
was highest in P. nigra. It was concluded that P. nigra is the most resistant to drought followed by 
S. alba and then S. triandra and S. viminalis. As a result of these differences in drought resistance 
between the Salicaceae species, drought and thus substrate type may influence the distribution of 
these species on riverbanks. 

In addition to water-level fluctuations, the mechanical force of water affects the establishment and 
development of softwood forest. Variation in the composition of the vegetation cover appeared to 
be the result of the spatial variation in current velocity or wave attack along riverbank stretches (for 
example inner and outer banks). At highly dynamic sites, small patches of softwood scrub were 
found, whereas at moderately dynamic sites, softwood scrub covered up to about 60 % of the total 
groyne field area. In the four years of field study (1992-1995), the vegetation at the moderately 
dynamic site developed from open vegetation to dense softwood scrub, which was also due to the 
absence of cattle grazing. The presence of high numbers of cattle prevented the establishment of 
softwood forest species, whereas small patches of floodplain forest could develop under low 
numbers of cattle. 
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Belts that arise during seed dispersal and germination are still recognisable in mature softwood 
forests. Several belts may be present on the riverbank, differing in species composition or in age. In 
time, shrubs (S. triandra and S. viminalis) that grow below the canopy of trees, are shaded out by the 
trees (S. alba and P. nigra) and the shrubby vegetation develops eventually into a forest. 
Softwood forest covering the riverbank may prevent soil erosion by attenuating waves through its 
stems and branches and by increasing the strength of the soil with its root mat. It may also induce 
sediment deposition within the vegetation during floods. A positive correlation between shoot 
density and sediment deposition was observed in the field survey. In free meandering river systems 
the bank elevation may increase due to continuing sediment deposition. Consequently, the flooding 
duration decreases and seedlings of hardwood forest might be able to survive. This may result in 
succession from softwood into hardwood forest. Vegetation succession of floodplain forest along 
the River Rhine may be interrupted in an early stage, because lateral migration of the river bed is 
prevented by groynes that fix the main channel. Therefore, only softwood forest species are 
excepted to establish and develop on riverbanks along the River Rhine. 

This thesis has contributed to the understanding of the ecology of softwood forest species and the 
effect of floodplain forest on the riverbank morphology in relation to the hydrology and 
morphology of the River Rhine. The gained insights are also useful for restoration plans that address 
not only to the riverbank but to the whole floodplain. Perspectives for the recovery of softwood 
forest are very promising, provided that cattle-grazing intensity is not too high. 
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HERSTEL VAN OOIBOS: DE ONTWIKKELING VAN ZACHTHOUTOOIBOS IN RELATIE 
TOT HYDROLOGIE, OEVERMORFOLOGIE EN BEHEER 

In Europa wordt de natuurlijke vegetatie langs rivieren gevormd door ooibos. Momenteel zijn langs 
de Rijn in Nederland slechts fragmenten van dit bostype te vinden. De afgelopen eeuwen is het 
rivierenlandschap als gevolg van menselijke invloeden drastisch veranderd en is het ooibos actief 
vernietigd. In de uiterwaarden met een hoge begrazingdruk van vee is vestiging van ooibossoorten 
en daarmee terugkeer van het bos onder de huidige omstandigheden onmogelijk geworden. 
De laatste decennia wordt de waarde van het rivierengebied als divers ecosysteem en habitat voor 
talloze organismen erkend. Als resultaat hiervan zijn visies en plannen ontwikkeld voor het herstel 
van het rivierecosysteem. Ooibos vormt een belangrijke component van dit ecosysteem. Grote 
oppervlakten ooibos in de uiterwaard leidt tot verhoging van de hydraulische weerstand wat tijdens 
een hoogwater verhoging van de waterstand tot gevolg kan hebben. Tijdens extreem hoge afvoeren 
kan opstuwing van het rivierwater door ooibos een gevaar gaan vormen voor de veiligheid van de 
inwoners van het rivierengebied. 

Kennis van de ecologie van ooibos is van groot belang door de sleutelpositie die het ooibos inneemt 
bij de ontwikkeling van natuurgebieden en voor het verantwoord uitvoeren van rivierbeheer. Er zijn 
twee typen ooibos: zachthout- en hardhoutooibos die respectievelijk lang- en kortdurende over
stroming door de rivier kunnen overleven. Dit proefschrift is gericht op onderzoek naar vestiging en 
ontwikkeling van zachthoutooibos op de rivieroever. Naast de ecologische aspecten is tevens het 
effect van zachthoutooibos op de oevermorfologie onderzocht. In Nederland staan op de oevers van 
de Rijn voornamelijk soorten van de wilgenfamilie (Salicaceae): Schietwilg (Salix alba), 
Amandelwilg (S. triandra), Katwilg (S. viminalis) en Zwarte populier [Populus nigra). Schietwilgen 
worden vooral aangetroffen op rivieroevers die uit zand bestaan en waar in de loop der tijd klei- en 
slib deeltjes zijn afgezet. Zwarte populieren domineren oevers die in hoofdzaak uit een dik pakket 
zand zijn opgebouwd. De struiken van Amandelwilg en Katwilg groeien met name in en langs oude 
kleiputten in de uiterwaard, die hydrologisch gezien een minder dynamisch karakter hebben dan de 
rivieroever. 

De rivieroever wordt gekarakteriseerd door sterke waterstandsfluctuaties. Afwisselend kan de 
vegetatie op de rivieroever aan overstroming en droogte bloot komen te staan. Vooral de eerste 
levensstadia van zachthoutooibossoorten zijn gevoelig voor verstoringen. Het effect van 
waterstandsfluctuaties op de vestiging en ontwikkeling van zachthoutooibossoorten is in een aantal 
experimenten bestudeerd. Hierbij werd de respons van zaden en zaailingen onderzocht op een 
teveel aan water (overstroming) en op een tekort aan water (droogte). De resultaten worden 
bediscussieerd in relatie tot onderzoek en waarnemingen in het veld. 

Wilgen- en populicrenbomen produceren ieder voorjaar miljoenen zaden. De zaden worden 
verspreid door de wind. Veel zaden worden verzameld in aanspoelselbanden op de oever waardoor 
kiemplanten in banden evenwijdig aan de rivier worden aangetroffen. De zaden van de onderzochte 
wilgensoorten en Zwarte populier verliezen hun kiemkracht bijzonder snel. Na drie dagen werd bij 
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de kiemkracht van wilgenzaad een reductie van 50 % vastgesteld. Het zaad van Zwarte populier had 
na 14 dagen 50 % van de kiemkracht verloren. Ook de periode waarin zaad rijp is en verspreid wordt 
is erg beperkt: gedurende een à twee weken voor alle onderzochte soorten behalve Schietwilg, die 
een maand lang zaad verspreidt. Het percentage kieming neemt af bij een afnemend vochtgehalte 
van de bodem. In het kiemingsexperiment kiemden de zaden van Zwarte populier en Katwilg op de 
droogste grond. Geconcludeerd is dat de vestiging van zachthoutooibossoorten op de Rijn oevers 
grillig en onvoorspelbaar is en afhankelijk van een specifiek waterstandsverloop en specifieke 
weersomstandigheden in een bepaalde periode in het jaar. 

De zonering van kiemplanten van zachthoutooibossoorten op de rivieroever is het gevolg van de 
interactie tussen het tijdstip van zaadverspreiding en de waterstand gedurende die periode. De 
zachthoutooibossoorten verspreiden hun zaad vah april tot juli op verschillende tijdstippen: eerst 
Katwilg, dan Amandclwilg en daarna Schietwilg en Zwarte populier. De hoogteligging van de 
banden van kiemplanten is gelijk aan de waterstand tijdens de zaadverspreiding van die soort. In 
1993, een jaar waarin de waterstand in het voorjaar daalde, werden de kiemplanten van Katwilg 
hoger op de oever aangetroffen dan de kiemplanten van Schietwilg; kiemplanten van Zwarte 
populier waren slechts in heel klein aantal aanwezig terwijl kiemplanten van Amandelwilg niet zijn 
aangetroffen. 

Voor de vestiging en overleving van kiemplanten is vooral het verloop van de waterstand in het 
eerste jaar van belang, wanneer de planten erg kwetsbaar zijn. Stijging van de waterstand in juli, na 
de kieming, leidde tot sterfte van de meeste kiemplanten. Uit de overstromingsexperimenten bleek 
dat sterfte niet het gevolg was van de lange overstromingsduur maar waarschijnlijk van golfslag en 
stroming waaraan de kiemplanten tijdens een overstroming ook bloot staan. In het experiment 
overleefden alle kiemplanten 12 weken totale overstroming. Zo'n lange periode overstroming van 
het begroeide deel van de oever komt in de zomer niet voor in het stroomgebied van de Rijn. Tijdens 
een overstroming stond de groei van de zaailingen geheel stil en nam de biomassa van de planten af 
als gevolg van bladval (vooral bij Amandelwilg en Katwilg) en verrotting van een deel van de 
wortels. Na de overstroming groeiden de planten weer, waarbij de groeisnelheid ongeveer gelijk was 
aan de groeisnelheid van niet overstroomde controleplanten. Er werd geen verschil geconstateerd in 
de overstromingstolerantie tussen de onderzochte zachthoutooibossoorten. Geconcludeerd werd 
dat de hoogteligging van de soorten op de oever niet bepaald wordt door de overstromingsduur. 
Tijdens en na een snelle daling van de waterstand kan er een tekort aan vocht in de bodem ontstaan, 
vooral op rivieroevers díe bestaan uit snel uitdrogend, grof substraat. Sterfte van zaailingen van 
zachthoutooibossoorten als gevolg van droogte werd onderzocht in een experiment. Sterfte werd 
alleen geconstateerd bij zaailingen van Amandelwilg en Katwilg. Deze twee soorten hadden ook een 
hoge transpiratiesnelheid in vergelijking met Schietwilg en Zwarte populier, wat duidt op een hoog 
waterverlies. De ratio wortellcngte : bladoppervlakte nam in Zwarte populier en Schietwilg sterk toe 
wat duidt op een respons van de planten op droogte. Bij alle soorten nam ook de bewortelingsdiepte 
toe als gevolg van droogte; zaailingen van Zwarte populier deden dit het snelst. Zwarte populier was 
de meest droogte-tolerante soort, gevolgd door Schietwilg, Amandelwilg en Katwilg. Als gevolg van 
deze variatie in droogte-tolerantie tussen de onderzochte soorten zal droogte, en dus ook 
substraattype, het voorkomen van zachthoutooibossoorten op de oever beïnvloeden. 
Naast de waterstandsdalingen en -stijgingen is de mechanische kracht van water ook van invloed op 
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de vestiging en ontwikkeling van zachthoutooibos. Variatie in de soortensamenstelling en 
bedekking van vegetatie op de oever was het gevolg van variatie in stroomsnelheid langs de oever 
(bijvoorbeeld in binnen of buitenbocht). Op hoog dynamische oevers stonden slechts kleine plukjes 
ooibos terwijl op matig dynamische oevers tot 60 % van de oever begroeid was met wilgen en zwarte 
populieren. Tijdens een vierjarige studie ontwikkelde de vegetatie in matig dynamische proefvakken 
zich van een open begroeiing tot een gesloten ooibosstruweel; dit was ook mede het gevolg van de 
afwezigheid van begrazing door vee. Op plaatsen met een hoge begrazingsdruk was vestiging van 
ooibossoorten onmogelijk, terwijl onder extensieve begrazingsdruk kleine plukjes zachthoutooibos 
tot ontwikkeling kwamen. 

Het bandenpatroon van de ooibossoorten dat ontstaat tijdens de zaadverspreiding en kieming is in 
volwassen zachthoutooibos nog steeds zichtbaar. Op een oever kunnen meerdere banden aanwezig 
zijn, die kunnen verschillen in soortensamenstelling of in leeftijd. Struiken van Amandelwilg en 
Katwilg die naast bomen van Schietwilg of Zwarte populier groeien, zullen in de loop der tijd 
overschaduwd worden en doodgaan. Hierdoor ontwikkelt struweel zich uiteindelijk tot een 
opgaand bos. 

Zachthoutooibos beïnvloedt de rivieroever doordat tijdens een hoge afvoer de bovengrondse 
plantendelen golven breken en de ondergrondse delen de bodem versterken; hierdoor kan 
oevererosie worden voorkomen. Tijdens een overstroming kan wilgenstruweel ook sediment 
invangen doordat de takken de stroomsnelheid reduceren en er sediment uit de waterkolom zakt. 
In een veldstudie werd een positieve relatie aangetoond tussen de stamdichtheid en de hoeveelheid 
sedimentatie. In een vrij afstromende rivier kan bij aanhoudende sedimentatie, de oever zo hoog 
worden, dat hardhoutzaailingen de overstromingen kunnen overleven en er successie van 
zachthout- naar hardhoutooibos plaatsvindt. Langs de Rijn is deze successie niet mogelijk door de 
aanwezige kribben, die laterale migratie van de rivier en daarmee voortgaande sedimentatie 
tegengaan; het bos zal in het zachthout stadium blijven steken. 

Dit proefschrift heeft het inzicht vergroot in de ecologie van zachthoutooibos en het effect van 
zachthoutooibos op de oevermorfologie in relatie tot de hydrologie en morfologie van de Rijn. De 
resultaten zijn toepasbaar in natuurontwikkelingsplannen die niet alleen betrekking hebben op de 
rivieroever maar op de hele uiterwaard. Mits de huidige begrazingsdruk verlaagd wordt, ziet de 
toekomst voor het herstel van zachthoutooibos er veelbelovend uit. 
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Eindelijk dan die laatste woorden. Dit betekent dat het er toch echt op zit. Met wie en dankzij wie 
heb ik gewerkt; het was een lange periode en mensen die belangrijk waren zijn soms alweer 
vertrokken. Beginnen met de meest betrokkenen, de (co-) promotores Hugo Coops en Kees Blom. 
Hugo, ik bewonder je doorzettingsvermogen: wanneer een manuscript eindelijk afwas en ik er niets 
meer aan kon toevoegen, had jij de energie en maakte je tijd om het nog eens minutieus na te 
pluizen. Het kon inderdaad altijd beter. Kees, jouw enthousiasme was stimulerend en hield mij goed 
aan het werk: "wij deden nog het echte ecologische werk". Allebei hartelijk bedankt voor de 
begeleiding, de discussies en het corrigeren van de manuscripten. 
De paranimfen heb ik niet zomaar gekozen. Noël Geilen was een belangrijke rode draad in alle jaren 
bij het RIZA: in het veld, in discussies, als uitlaatklep en voor gezelligheid. Op mijn eerste dag 
hebben we een ijzeren band gesmeden bij de golfbakken in de Voorst: wat een verschrikkelijk saai 
werk was dat. Ik ben blij dat je mijn paranimf wil zijn. Zo ook Frans Kerkum, mijn andere nimf. 
Geen betere kamergenoot kan ik me bedenken. Heel wat jaren hebben we er samen opzitten en ik 
zal je missen in m'n toekomstige kamer. 
Marita Cals en Eric Marteijn, die het project mogelijk maakten. Bedankt! Ik heb het erg getroffen 
dat ik bij jullie in het cluster / op de afdeling heb gewerkt. De manier waarop jullie de groep 
bestuurden was erg inspirerend. Marita (en Vinus), jammer dat onze nog prille muziekcarrière 
alweer wordt afgebroken. 
Verder de hele WSE-groep, beneden en boven, te veel om op te noemen; het was een leuke 
gevarieerde groep op in te vertoeven en ik heb het er echt naar m'n zin gehad. Ik zal jullie missen 
(echt hoor Ruurd) maar jullie mij ook (hoop ik) op het kampeerweekend, wie moet er nu voor jullie 
koken? Hopelijk komen we elkaar in de toekomst nog vaak tegen. 
Margriet Schoor: zonder jouw morfologische inbreng zou mijn proefschrift incompleet zijn 
geweest. Onze samenwerking ging ook steeds beter lopen, op het laatst was het artikel in 6 weken 
bijna (!) af. Vaak vond ik het jammer dat ik niet dichter bij Arnhem zat zodat ik nog meer van jou 
en de andere morfologen en hydrologen (zoals Wilfred, Bertus, Emiel, Wilfried, Claus) kon 
opsteken. 
De veldwerkclub: een wisselende groep mensen bij wie allemaal dat 'kat bitt niets, niets bitt niets' 
nog wel eens door het hoofd zal galmen: John ν S., Roel, Noël, Hugo, Ruurd en 'mijn' studenten 
John L., Stefanie, Rudy, Xander, en heel kort Sàndor en Evelien en parttime studente Jacomijn, 
allemaal hartelijk dank voor de vele en soms taaie arbeid die jullie verricht hebben. De resultaten 
zijn allemaal gebruikt in het proefschrift, goed werk! 
Voor het veldwerk was ook de inspanning van de meetdienst van de Directie Oost-Nederland 
onmisbaar. Heel wat dagen zijn we er op uit geweest en nog veel meer dagen gingen jullie zonder 
mij. Ondanks tegenslagen heeft het essentiële resultaten opgeleverd. 
Hulp op een ander vlak: Gissen door Jan. Bedankt voor de mooie plaatjes en die (misschien wel) 
honderden files met oneindig veel getallen. 
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De tekenkamer: jullie hebben mooi werk afgeleverd, de posters, de brochure, dit proefschrift. 
Helaas altijd die vervelende tijdsdruk en die veranderingen op het laatste moment. Ik vond het altijd 
erg prettig om me bij jullie te verbergen voor de drukte op m'n bureau. Allen bedankt. 
Mensen van buiten het RIZA die ik wil bedanken: Geert Willink en Jacques Leemans (STL), Wouter 
Heimer (Stroming), Hans Stokkermans en Willem van Ommeren (DON), Carlo van de Rijt 
(Hansson ecodata), Pieter van de Sanden (AB-DLO) en natuurlijk de afdeling Experimentele 
Plantenecologie van de KUN. Ik kwam graag op de afdeling, de kritische kijk en de gedegen aanpak 
waren een belangrijke toetssteen. Harry, Rens, Paul en ook José en Gerard (kassen) bedankt voor 
nuttige gesprekken en de praktische hulp; Harry, speciaal wil ik de veldbezoeken noemen waar jij 
meteen tijd voor maakte; het was altijd erg leuk en leerzaam. Verder wil ik de mensen bedanken die 
zitting nemen in de promotiecommissie, speciaal degenen die het manuscript vooraf hebben 
beoordeeld. 
Mrs. McNab, Mrs. Burrough, Bas en Hans bedankt voor de last-minute correcties op het Engels. 

Een niet geringe lijst. Verder zijn er nog een heel aantal herinneringen waarbij een divers gezelschap 
hoort: excursies naar de Donau en de Allier, de jaarlijkse kanotocht over de Grensmaas, de 
congressen, de etentjes in Maastricht, dia's kijken bij Tom, telemarken in de Jura, het jaarlijkse 
kampeerweekend. Het maakt de afgelopen jaren in Lelystad bijzonder en extra de moeite waard. 

De tijd van eenzame arbeid is voorbij, het proefschrift is af, tijd voor verandering maar ook voor 
gewone activiteiten. Pa, Ma, een wandeling in de duinen? Pim, m'n liefste maatje, we hebben het 
samen gered, precies 6 weken na elkaar. Hier gaan we gewoon even van genieten, het is klaar en er 
is weer tijd. Zijn de Grutto's al binnen, of moeten we er nog op uit? 

Ingeborg van Splunder 
februari 1998 
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CURRICULUM VITAE 

Ingeborg van Splunder werd 13 juli 1965 geboren in Heemskerk en groeide op in Beverwijk en in 
Driehuis. In Driebuis werd ook het VWO doorlopen en in 1983 begon zij aan de studie biologie aan 
de UvA. 
Tijdens de studie werd een drietal stages doorlopen. Microcystis werd bestudeerd bij de vakgroep 
Aquatische Oecologie op de UvA, Blaassilene was het middelpunt van onderzoek bij de vakgroep 
Oecologie en Oecotoxkologie van de VU en Kweek werd onderzocht bij de vakgroep 
Oecofysiologie in Utrecht (RUU). Na beëindiging van de studie in 1989 heeft zij totaal 1 jaar op de 
afdeling Oecologie en Oecotoxkologie van de VU gewerkt aan het kopertolerantiemechanisme van. 
Blaassiline, onderbroken door het begeleiden van wandelreizen in Europa gedurende twee zomers 
bij SNP natuurreizen. 

In 1991 kreeg zij, aanvankelijk bij de vakgroep Aquatische Oecologie en later bij de afdeling 
Experimentele Plantenecologie, een aanstelling op de Katholieke Universiteit Nijmegen. Het werk 
was in opdracht van het RIZA en werd uitgevoerd op de afdeling Ecologie te Lelystad. Het 
onderzoek naar de vestiging en ontwikkeling van zachthoutooibos op rivieroevers is beschreven in 
dit proefschrift. 

Na haar promotie kreeg zij een aanstelling bij het adviesbureau AquaSense, waar zij zich opnieuw 
bezig gaat houden met rivieren. 
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behorende bij het proefschrift Floodplain forest recovery: softwood forest development in 
relation to hydrology, riverbank morphology and management 
van Ingeborg van Splunder, 13 mei 1998. 

1. Tijdens overstromingen is niet de inundatie maar de stroming de dominante factor voor 
overleving van wilgen en populieren zaailingen, (dit proefschrift) 

2. Droogte speelt minstens zo'n belangrijke rol als overstroming voor de overleving van 
wilgen en populieren zaailingen in het dynamische rivier-ecosysteem, (dit proefschrift) 

3. De jaargemiddelde overstromingsduur waarmee plantensoorten en vegetaties in het 
rivierengebied vaak gekarakteriseerd worden, zegt niets over hun overstromings
tolerantie omdat de actuele overstroming hier sterk van af kan wijken, (dit proefschrift) 

4. De grootschaligheid van natuurontwikkeling in het rivierengebied komt niet overeen 
met de kleinschalige uitwerking na inachtneming van de randvoorwaarden voor veilig
heid. 

5. De uitbreiding van het leefgebied van grof wild met de uiterwaarden, komt niet alleen de 
kwaliteit van het (ooi)bos ten goede maar ook de vitaliteit van het wild en de jagers. 

6. 'Beter goed gejat dan slecht verzonnen', maar bij hergebruik van (wetenschappelijke) 
ideeën is bronvermelding een vereiste. 

7. De woorden tijdens een gedachtewisseling zijn van een geheel andere strekking dan de 
gedachten tijdens een woordenwisseling. 

8. Sport maakt meer kapot dan je lief is. 

9. Ondanks dat de multiculturele samenleving in Nederland heeft geleid tot verrijking van 
de danskunst, blijven Hollanders een volk op klompen. 








