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STELLINGEN 

1. Statistische modellen van ecosystemen gebaseerd op correlaties zijn aantrekkelijk 
door hun relatieve eenvoud maar leiden zelden tot een vergroting van het begrip 
van de processen die aan die correlaties ten grondslag liggen. 
Complexe deterministische modellen gebaseerd op kennis van de belangrijkste 
causale relaties in een ecosysteem zijn dan ook noodzakelijk indien een werkelijk 
inzicht in het functioneren van dat ecosysteem gewenst is. 
Schetter, 1990. 

2. De vaak geconstateerde onnauwkeurigheid van modeluitspraken gedaan door 
ecologen moet worden afgezet tegen het feit dat zij voor een goede voorspelling van 
ecosysteemprocessen ook nog een perfecte weersverwachting nodig hebben. 

3. Problemen bij overleg tussen statistici en ecologen berusten vaak op biologisch 
analfabetisme van de eersten en statistische ongeletterdheid van de laatsten. 

4. Als de variatie in fotosynthetische respons tussen ogenschijnlijk identiek planten-
materiaal gemakkelijk groter kan zijn dan 10% dan hoeven we ons minder zorgen 
te maken over de precisie van de meetapparatuur maar des te meer over voldoende 
replicatie. 
Dit proefschrift. 

5. Variatie noopt tot replicatie. Meer monsters nemen uit hetzelfde experimentele 
aquarium betekent pseudo-replicatie. Meer monsters van dezelfde experimentele 
lokatie in een meer is echter meestal het enige dat praktisch mogelijk is. De steun 
vanuit statistische standaardwerken voor dit dilemma is minimaal. 
Hurlbert, 1984. 

6. De beperktheid van ons huidige inzicht in het functioneren van aquatische 
ecosystemen wordt schrijnend duidelijk als experimenten verstoord worden door 
'ongewenste algenbloei'. 
Dit proefschrift. 

7. De keuze tussen een pizzeria en een Grieks restaurant is niet te verklaren met een 
optimal foraging theorie gebaseerd op energie opname criteria. 
Krebs & McCleery, 1984. 

8. Omvangrijke ingrepen in de visstand van grote, ondiepe, wind-geëxponeerde meren 
om de helderheid te verbeteren zonder veel aandacht voor sedimentstabilisering 
door waterplanten kunnen gezien worden als geld in het water gooien. 
Meijer et al., 1990. 



9. Als Ph.D. onderwijs slechts op experimentele schaal op enkele instituten voor 
internationaal onderwijs mag worden gegeven, dan miskent dit het belang van 
gepromoveerden voor de opbouw van goed hoger onderwijs in de Derde Wereld 
en voor een verminderde afhankelijkheid van westerse kennis. 
Pronk, 1990. 

10. Het structureren van een afdeling voor wetenschappelijk onderwijs en onderzoek 
dient het functioneren van het personeel van die afdeling, en niet omgekeerd. 

11. Participatie en milieu vormen belangrijke thema's binnen ontwikkelingshulp. Voor 
beide begrippen geldt echter dat ze niet eenduidig zijn. Dit bemoeilijkt een heldere 
discussie over hun onderlinge relatie. 

12. Het overheidsstreven naar invoering van de TGV is onbegrijpelijk aangezien we al 
voldoende treinen met grote vertraging hebben. 

13. Bij veldwerk in het getijdegebied is ook de maanstand van belang. 

14. Duurzaam gebruik van ons milieu is voor het voortbestaan van de menselijke 
samenleving van essentieel belang maar onbelangrijk voor de aarde. 
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STELLINGEN 

1. Intensieve samenwerking bij het verrichten van wetenschappelijk onderzoek hoeft 
geen rem te zijn op de ontplooiing van het individu. 

2. De verschillende betekenis die in de statistiek en de plantenfysiologie aan het woord 
stratificatie wordt verbonden doet vermoeden dat deze vakgebieden zich te 
gescheiden ontwikkeld hebben. 
Steel & Torrie, 1980; Thomas & Vince-Prue, 1984. 

3. Daar juist waterplanten een grote plasticiteit in groeivorm vertonen, dient een 
indeling van waterplanten naar groeivorm met de nodige zorg te gebeuren. 
Bradshaw, 1965; Chambers, 1987; Van Wijk et al., 1988; dit proefschrift. 

4. Als 'consumers of unknown trophic level' in staat zijn 'to cause the fall of artificial 
substrates to the bottom', dan noopt dit tot een kritische evaluatie van de trofische 
relaties in het ecosysteem onder studie, waarbij ook de relatie tussen de 
onderzoeker en zijn objecten betrokken dient te worden. 
Gons, 1982. 

5. Als plantaardige organismen hun chlorofylgehalte uitgedrukt per eenheid biomassa 
(asvrij drooggewicht) binnen korte tijd (uren, dagen) kunnen aanpassen aan de 
lichtomstandigheden, dan lijkt het wijdverbreide gebruik van chlorofyl a als maat 
voor de biomassa van onder andere fytoplankton onterecht. 
Falkowski et al., 1985; Jiménez et al., 1987; Vermaat & Sand-Jensen, 1987; dit proefschrift. 

6. Het gebruik van aquaria of enclosures om bijvoorbeeld perifytonontwikkeling op 
waterplanten te bestuderen introduceert een complicerende factor. De wanden zijn 
namelijk een relatief groot extra oppervlak ter kolonisatie. Mogelijke effecten 
hiervan dienen bij de analyse van dergelijke experimenten betrokken te worden. 

7. Het vergelijken van de groei en ontwikkeling van verschillende soorten waterplanten 
onder experimentele omstandigheden dient met evenveel zorg te gebeuren als het 
vergelijken van appels met peren. 

8. Hoe bevredigend een simulatiemodel de werkelijkheid ook moge beschrijven, de 
fysieke bevrediging die wordt ondervonden na een dag veldwerk blijft achterwege 
na een dag rekenen. 

9. De stelling 'Als het milieu geschikt is zullen de zeldzame (plante)soorten die daarin 
thuishoren er zich na verloop van tijd vanzelf wel vestigen' vereist het nodige 
geduld van de terreinbeheerders gezien de dispersiecapaciteit van deze soorten en 
de vangkans van de huidige potentieel geschikte terreinen. 
Westhoffet al., 1970; Silvertown, 1982; MacArthur & Wilson, 1967. 



10. Als werkelijk belang gehecht wordt aan de zogenaamde beklijfbaarheid van 
samenwerkingsprojecten met als doel institutionele ontwikkeling van de partner­
instelling in een ontwikkelingsland, dan moeten vraagtekens gesteld worden bij de 
zin van projecten die dit doel in 3 jaar of minder moeten bereiken. 

11. Ter bevordering van het wandelen en fietsen en ter verbetering van de ecologische 
infrastructuur verdient het met name op de Waddeneilanden aanbeveling meer 
aandacht te besteden aan de overheersende windrichting bij de aanleg van heggen 
en houtwallen langs openbare wegen en paden. 

12. Het besef dat het grondig mislukken van meerdere experimenten niet het mislukken 
van het gehele onderzoek hoeft in te houden is een belangrijke leerervaring van 
promotieonderzoek. 

13. Voor natuurwetenschappelijke onderzoekers (m/v) geldt eerder 'wie wat vindt moet 
verder zoeken' dan 'wie wat vindt heeft slecht gezocht'. 
Kopland, 1972. 

14. Wetenschap bedrijven is zowel kunst als kunstje. 
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SCOPE OF THE RESEARCH PROJECT 

J.E. Vermaat & M.J.M. Hootsmans 

Introduction 

Numerous shallow fireshwaters have been 
affected by cultural eutrophication during 
the last decades (Parma, 1980). This has 
often been associated with a loss of 
macrophyte species diversity and pro­
duction. As a result of the disappearance 
of macrophytes, faunal species diversity 
often declines and food-webs and carbon 
and nutrient cycles are drastically changed 
(Hall et al., 1970; Kemp et al., 1984; 
Carpenter & Lodge, 1986). In many of 
such habitats, the phytoplankton becomes 
dominated by Cyanobacteria during pro­
longed times of the year. A recent review 
on this subject is given by De Nie (1987). 

During the last decade, several 
restoration efforts have been undertaken to 
improve the water quality and to prevent 
a further deterioration due to eutro­
phication. The measures range from de­
phosphorizing the effluent of water treat­
ment plants (Van Liere et al., 1984) via 
dredging of sediments rich in phosphorus 
(Gelin & Ripl, 1978) to whole-scale mani­
pulation (temporary drainage, fish stock 
changes; e.g. Van Donk & Gulati, 1990). 

Still, little is known of the 
mechanisms behind the observed changes. 
At least two major hypotheses appear to 
exist that try to explain macrophyte disap­
pearance, for convenience they are named 
Model 1 and Model 2 in the following. 

Model 1 stresses the importance of 
a changed fish stock composition and 
phytoplankton development. Due to 
increased nutrient availability, phyto­
plankton biomass increases strongly. 

Macrophyte biomass decreases due to 
shading, and this causes a decline in 
piscivorous fish stocks, e.g. pike (Esox 
lucius L.) in Western Europe. This preda­
tory fish is highly dependent on vegetation 
for spawning, hiding (both as juvenile and 
adult) and furthermore is very dependent 
on sight for successful prey capture. Pré­
dation pressure on non-piscivorous fish 
thus decreases, leading to a strong in­
crease in planktivorous and benthivorous 
fish like bream {Abramis brama L.). This 
species limits zooplankton densities and is 
also (when older) a bottomfeeder, stirring 
up the sediment (Lammens, 1989). The 
turbidity of the water increases, and the 
system cascades to a new balance in 
which phytoplankton dominates. 

Model 2 suggests that periphyton 
development acted as a trigger for macro­
phyte decline, with a postponed phyto­
plankton reaction due to allelopathic 
growth limitation by substances excreted 
by the macrophytes. Of course, many 
variations exist on these two themes. 

The first model hypothesis is a 
combination of mechanisms suggested by 
Hrbacek et al. (1961), Andersson et al. 
(1978) and Andersson (1984) on the fish-
plankton interaction and by Jupp & 
Spence (1977) on the interaction between 
phytoplankton and macrophytes. The 
second model originates from Phillips et 
al. (1978). 

The present study focused on the 
causes of macrophyte decline in Lake 
Veluwe, a shallow, man-made and eutro-



phicated lake in The Netherlands. In this 
lake, well-developed mixed macrophyte 
stands (Leentvaar, 1961) have been re­
placed gradually by monospecific stands 
of Potamogeton pectinatus L. during the 
last decades. The phytoplankton was 
dominated until quite recently by Cyano-
bacteria such as Oscillatoria agardhii 
Gom. (Berger & Bij De Vaate, 1983). 

Our study is part of a larger re­
search project that lasted from 1985 till 
1988. In this project, emphasis was placed 
on trying to collect as many relevant data 
as possible within one specific macrophyte 
community. Laboratory experiments on 
the dominant macrophyte were combined 
with field experiments in which relatively 
large areas of the lake were experi­
mentally manipulated. A conceptual model 
in which the relationships between macro-
phytes, periphyton, the water layer and 
grazing snails are determining the bio­
logical dynamics in the lake was taken as 
a starting point for the research. This 
model is an expanded version of the 
model of Phillips et al. (1978), it will be 
treated more elaborately in the next 
section of this chapter. The choice for 
model 2 was because we felt that the 
macrophyte decline that is the starting 
point for fish stock changes is not satis­
factorily explained by model 1. Often, 
macrophytes decline also when light limi­
tation due to phytoplankton shading and 
overall turbidity alone cannot be the cause 
(Phillips et al., 1978). 

The ultimate goals of the entire 
research project were to determine the 
optimal strategy for the restoration of a 
shallow, eutrophic lake, to redevelop its 
potential biological diversity and at the 
same time to develop strategies for sus­
tainable management of shallow water 
bodies risking cultural eutrophication. 

In this thesis, a major part of the 
results from the integrated study are pre­

sented. Together with the results from 
most field experiments, a full account will 
be published elsewhere (Van Vierssen et 
al., in prep.). 

2. The conceptual model, a working 
hypothesis 

We used the modification of the model of 
Phillips et al. (1978) suggested by Van 
Vierssen et al. (1985) as a working hypo­
thesis. This model elegantly describes the 
relationships between a number of eco­
system compartments. Moreover, the 
model offers the possibility to hypothesize 
within a well-described context about the 
causes and consequences of macrophyte 
decline after eutrophication. The model 
was used to derive a set of laboratory and 
field experiments. A graphic represen­
tation is shown in Fig. 1.1. Hough et al. 
(1989) suggest another modification where 
non-rooted, floating macrophytes affect 
submerged macrophytes in a similar way 
as periphyton. However, floating macro­
phytes never occurred in Lake Veluwe. 

To explain macrophyte decline, the 
model attributes a decisive role to the 
periphyton development after eutrophi­
cation. Phytoplankton development is 
supposed to be limited because of allelo-
pathic substances coming from the macro­
phytes. Because of periphyton shading, 
macrophytes become light-limited and 
gradually disappear. As a consequence, 
the supposedly existing negative influence 
of allelochemicals from macrophytes on 
the phytoplankton decreases. Con­
sequently, this leads to blooms all year 
round, increased turbidity and thus a 
further decline in macrophytes. Besides, 
phytoplankton is supposed to be able to 
produce substances that limit macrophyte 
growth as well (Van Vierssen & Prins, 
1985). Finally, macrophytes will com-
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moderate nutrient 
loading 

eutrophication 
high nutrient 
loading 

growth of 
macrophytes, taking 
up nutrients from 
sediment and water 

limitation of 
phytoplankton growth 
by allelopathic 
substances and 
competition with 
macrophytes for 
nutrients in water 

clear water 

increased epiphyte growth 
allelopathic limitation of phytoplankton 

y 

increase of 
periphyton grazers 

complete consumption of 
extra pedphyton growth 

V 
incomplete consumption of 
extra periphyton growth 

sufficient light and 
carbon for macrophyte 

sufficient production 
of allelopathic substances 
by macrophytes and 
suppression of phytoplankton 

clear water 

insufficient light and 
carbon for macrophytes 

insufficient production 
of allelopathic substances 
by macrophytes and less 
suppression of phytoplankton 

increased turbidity 
and phytoplankton allelopaths 
against macrophytes 

macrophytes disappear 
phytoplankton dominance 

Fig. 1.1 The revised eutrophication model of Phillips et al. (1978). 

pletely and persistently disappear from the 
ecosystem. Sediments are no longer stabi­
lized by a vegetation cover and resus-
pension of bottom material can contribute 
significantly to water layer light extinc­
tion. With the macrophytes a large variety 
of animal species, ranging from aquatic 
invertebrates to amphibians and water­
fowl, will disappear or seriously decrease 
in abundance. 

Some of the invertebrate species, 
e.g. some snails, may be important gra­
zers of periphyton, and may limit the 
decrease in the amount of available light 
in spite of the fact that the colonization 
and growth rates of periphyton are high. 
Taking into account that most of these 

snails depend on the macrophytes for their 
reproduction (deposition of eggs on 
leaves), their disappearance is tightly 
connected with that of the macrophytes. 

3. Overview of the different 
research topics 

Several research topics were derived from 
the conceptual model. They were regarded 
as essential to elucidate the explanatory 
power of the model. A macrophyte com­
munity of P. pectinatus was chosen to act 
as model system, because of its abundance 
even under the present conditions. This 
may of course obscure the sensitivity of 



the many other macrophyte species that 
have disappeared. However, it seemed 
reasonable from a management-oriented 
point of view to work with a species that 
is still present in a significant number of 
Dutch waters. We decided not to study 
nutrient and carbon competition between 
microalgae and macrophytes. The first 
decision was based on our restriction to 
eutrophic ecosystems where nutrients will 
probably not be severely limiting. Carbon 
competition was omitted because it was 
supposed not to play a significant role in 
our study lake, Lake Veluwe, regarding 
the pH fluctuations, total available dis­
solved inorganic carbon and the fact that 
P. pectinatus is able to use bicarbonate 
(Sand-Jensen, 1983; Brinkman & Van 
Raaphorst, 1986). 

Despite its abundance and the fact 
that it is relatively well studied (cf. refe­
rence lists to chapters 2-4 in this thesis), 
several important aspects of the ecology of 
this cosmopolitan macrophyte species still 
remain unclear. Observations of a.o. Van 
Wijk et al. (1988) suggested high pheno-
typic variability in a number of ecolo­
gically significant characteristics. Thus, 
several aspects of growth and development 
of the species were studied under labora­
tory conditions. 

A study was done on the plasticity 
of the species in The Netherlands. Results 
from experiments with material coming 
from a brackish ditch on the island of 
Texel and from the freshwater Lake 
Veluwe (the field study area) are pre­
sented in chapter 2. The growth of P. 
pectinatus from Texel under different 
combinations of light and temperature was 
followed for two months in the laboratory 
(chapter 3). Light response curves of this 
population were measured, together with 
an evaluation of the effect of light inten­
sity during growth and plant age on photo­
synthesis (chapter 4). Additional data on 

photosynthesis were collected for plants 
growing in Lake Veluwe under various 
artificial shading levels (also in chapter 4). 

An important interaction in the 
model is the allelopathic limitation of algal 
growth by the macrophytes (chapter 5). 
Up till now, evidence for this interaction 
is scarce, and not very convincing. Espe­
cially Chora spp. can be suspected as 
active in this process (Wium-Andersen et 
al., 1982). Several species of this genus 
were tested for allelopathic effects on two 
species of phytoplanktonic algae. It was 
tried also to find evidence for allelopathic 
limitation of algal growth in water sam­
ples collected on various places in Lake 
Veluwe during the growing season. Some 
data are presented on the occurrence of 
this interaction in biomanipulation projects 
in The Netherlands. 

Periphyton development is consi­
dered to be a crucial trigger starting 
macrophyte decline. The dynamics of 
periphyton development under various 
temperature-light conditions were studied, 
with special attention for light attenuation 
aspects (chapter 6). The effect of various 
grazer species on periphyton biomass and 
light extinction was evaluated. The conse­
quences of periphyton grazing for the 
macrophyte were studied also (chapter 7). 

To get more insight in the simul­
taneous operation of various interactions, 
two experiments were performed in Lake 
Veluwe. In a short-term enclosure experi­
ment, the effect of a small littoral fish 
(three-spined stickleback, Gasterosteus 
aculeatus L.) on turbidity and plankton 
composition was studied (chapter 8). The 
consequences of turbidity, allelopathy, 
wave action and fish activity were fol­
lowed in another enclosure experiment 
(also treated in chapter 8). 

Part of the results, mainly on mac­
rophyte development, was incorporated in 
a simulation model describing a simpli-
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fied, age-and depth-structured vegetation Finally, the results from the research 
of P. pectinatus in dependence of light project and various model simulations are 
conditions (chapter 9). The model has evaluated in chapter 10. Here also some 
been calibrated among others with data implications for vegetation and lake ma-
that will be published in Van Vierssen et nagement are discussed, 
al. (in prep.). 
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INTRASPECIFIC VARIATION IN 

POTAMOGETON PECTINATUS L., 

A CONTROLLED LABORATORY EXPERIMENT 

J.E. Vermaat & M.J.M. Hootsmans 

Abstract 

In a controlled laboratory experiment, the question was addressed whether intraspecific variation in 
Potamogeton pectinatus L. has a genotypic component. Two populations from contrasting habitats in 
The Netherlands were tested, one habitat was the exposed and eutrophic freshwater Lake Veluwe and 
the other a brackish ditch on the island of Texel. Weight frequency distributions of the natural tuber 
banks in spring were significantly different, while tuber specific densities (weight per volume) were 
not. 

Plants from four tuber weight classes (up to 100 mg fresh weight) of each population were 
cultured under identical conditions for two months. A higher proportion of the tubers from Lake 
Veluwe did not sprout at all, and a higher proportion of the sprouted 'Veluwe' plants did not elongate 
its stem but retained a 'dwarfed', bushy appearance. Logistic growth curves for the 'normal' plants 
(i.e. not- 'dwarfed') of the two populations were significantly different for all tested morphometric 
characteristics. Initial tuber weight did significantly affect the growth curves. After two months, 
'normal' plants of the 'Veluwe' population from tubers of equal weight had produced more leaves 
and photosynthetic area, had a higher total chlorophyll content per unit leaf biomass and a higher 
proportional chlorophyll b content than the 'Texel' population, but aboveground biomass and plant 
length was less. Thus, a genotypic component appears to be present in the phenotypic variation in P. 
pectinatus. 

A difference in the quality of the initial tuber material may have been present, since the 
'Texel' plants had depleted their initial tubers less whilst producing more new biomass. This 
qualitative difference may have been caused by different environmental conditions during the previous 
growing season. The presence of an environmental component thus cannot be ruled out completely. 

The relatively faster transition through developmental stages, the higher investment in 
photosynthetic tissue and the relative compactness of the growth form may be of adaptive benefit to 
the population from Lake Veluwe in its more wind-exposed habitat with high turbidity and a high 
dislodgement risk. 
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The freshwater macrophyte Potamogeton 
pectinatus L. reportedly shows a con­
siderable variation in its life cycle and 
morphometric characteristics between 
populations from different sites (Luther, 
1950; Kautsky, 1987; Van Wijk, 1988; 
Van Wijk et al., 1988). Phenotypic va­
riation between populations may be geno-
typic and/or environmentally induced. 
Distinction between the two types is 
generally investigated by means of con­
trolled laboratory experiments, the deter­
mination of chromosome numbers or 
isoenzyme patterns and reciprocal trans­
plantation experiments (Jefferies, 1984; 
Verkleij et al., 1983; Van der Aart, 1985; 
Dennison & Alberte, 1986; Van Wijk et 
al., 1988). 

Kalkman & Van Wijk (1984) and 
Van Wijk et al. (1988) used the first three 
approaches for P. pectinatus. Variation in 
chromosome number could not be related 
to variation between populations (Kalkman 
& Van Wijk, 1984) and 'isoenzyme pat­
terns were far more complicated' man 
morphometric differences between popu­
lations that were apparent from laboratory 
culture experiments (Van Wijk et al., 
1988). Thus, though isoenzyme variation 
indicated overall genetic heterogeneity, it 
cannot be concluded that genotypic varia­
tion was the basis of between-population 
differences in life strategies or life history 
traits (cf. Venable, 1984; Van der Aart, 
1985). 

Two comments must be made on 
the laboratory growth experiments done 
with P. pectinatus by Van Wijk et al. 
(1988): (a) Though average tuber size of 
P. pectinatus was different for the dif­
ferent populations (Van Wijk, 1988) and 
tuber size reportedly affects growth of the 
sprouting plant (Ozimek et al., 1986; 
Spencer, 1988), Van Wijk et al. (1988) 

did not quantify tuber size for the dif­
ferent growth experiments, (b) Seasonal 
day-length fluctuations (Salisbury, 1981; 
Spencer & Anderson, 1987) and probably 
red/far red ratios (Morgan & Smith, 1981; 
Chambers et al., 1985) in the irradiance 
spectrum affect propagule formation and 
other aspects of life cycles of several 
macrophyte species. Van Wijk et al. 
(1988) did their experiments in glass­
houses from March to July and sup­
plemented natural light with Philips 
HLRG lamps to maintain a photoperiod 
of 16 h. This clearly must have affected 
red/far red ratios in the supplemented light 
and thus may have affected tuber forma­
tion in the tested P. pectinatus material. 
Only the pairs of populations that Van 
Wijk et al. (1988) tested simultaneously 
have been exposed to similar light 
climates. It can be concluded that pheno­
typic differences between populations as 
observed in the growth experiments of 
Van Wijk et al. (1988) may also have 
been caused by a lack of control of initial 
tuber size or by environmental differences 
(i.e. light climate). Whether these dif­
ferences have a genotypic basis thus 
cannot be concluded yet. 

In the present experiment tuber age 
and environmental conditions were held 
constant, thus eliminating possible inter­
ference of these factors. Further, initial 
tuber size was controlled to allow for a 
separate evaluation of a tuber size effect. 
Two populations were studied from loca­
tions more or less representative for the 
wide spectrum of habitats of P. pectinatus 
(Van Wijk, 1988): (a) a population from 
a brackish experimental ditch on the island 
of Texel, hereafter referred to as the 
'Texel' population, and (b) a population 
from the shallow, large and fairly exposed 
freshwater Lake Veluwe (Van Dijk & Van 
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Vierssen, 1991; Vermaat et al., 1991), 
referred to as the 'Veluwe' population. 

In this study, the two populations 
are compared with respect to tuber bank 
characteristics, plant growth parameters, 
morphometry, biomass at the end of the 
growth experiment (various fractions) and 
chlorophyll content. 

2. Material and methods 

Tubers were collected in January 1986. 
This enabled a natural (physiological) 
winter stratification (Van Wijk, 1983). 
Also, a tuber bank that is sampled in 
January has probably been subject to most 
of the naturally occurring autumn and 
winter mortality and thus represents the 
net initial 'inoculum' for the oncoming 
growing season. Natural tuber bank cha­
racteristics were determined on complete 
field samples. 

The collected tubers were stored in 
the dark at 4°C in small batches of 10 -
30 tubers in separate petri dishes (9 cm 
diameter) containing tap water ('Veluwe' 
population) or tap water brought to 0.3% 
chlorinity with Wimex Meeressalz 
('Texel' population). Prior to the expe­
riment, the 'Texel' tubers were ac­
climated to freshwater by slow dilution of 
the brackish water in an overflow system 
for approximately one week at 4°C in the 
dark. Before planting, fresh weight (fw, 1 
mg precision) and volume of individual 
tubers were determined after blotting dry 
with tissue paper for 5 seconds. From 
both tuber stocks a subsample was taken 
for ash-free dry weight (afdw, 0.1 mg 
precision) determinations. 

We did not presprout (or 'pre-
germinate') the tubers prior to use, con­
trary to other authors (Spencer, 1986; 
Spencer & Anderson, 1987; Van Wijk et 

al., 1988). Since two natural populations 
were to be compared, we considered 
rejection of the unsprouted tubers an 
unjustified selection from the natural 
spring tuber stock. 

For high precision tuber volume 
determinations we developed a U-tube 
device. The U-tube was filled with water, 
the left arm was a standard titration bu­
rette adjustable in height with a binocular 
microscope height-screw, the right arm 
was a 1 ml pippette of fixed height. The 
two tubes were connected with a flexible 
pvc tube to form the U. Water level in 
both tubes was read, the tuber added and 
the water level in the left tube was re­
adjusted to the level before addition of the 
tuber by screwing the burette up. Then the 
level in the right tube was read once 
more. Difference between the two 
readings from the fixed right tube is the 
volume of the tuber (precision 0.01 ml). 

The tubers were planted in a 
clay/sand mixture (ratio 1/3) in coffee 
beakers (135 ml sediment each). For each 
population 4 aquaria (50*30*30 cm, 
L*B*H, water depth above the sediment 
20 cm) were used containing 30 beakers 
each. The aquaria were placed in a ther-
mostatted cooling basin that was flushed 
with well water. Irradiance was held at 
200 /*E m"2 s"1 (range within 10%, mea­
sured 1 cm below the water surface with 
a Bottemanne submersible quantum sen­
sor, measuring PAR) with four Philips 
HPIT metal halide lamps suspended above 
the four aquaria. Photoperiod was 16 
hours and water temperature was 18°C 
during illumination and 15°C(± l°C)in 
the dark. The aquaria were filled with tap 
water that was replenished fortnightly. 

Four tuber size classes were distin­
guished: 0 - 25, 25 - 50, 50 - 75 and 75 
- 100 mg fw tuber'. The tubers from the 
different size classes were distributed 
randomly over the four aquaria of each 
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Fig. 2.1. Schematized specimen of P. pectinatus indicating: distance a-f = length of main shoot, b = secondary 
shoots, c = bundles, d = rhizome segment, e = tuber from which the plant has sprouted, f = inflorescence. 

population. This range of tuber sizes was 
chosen because only few tubers heavier 
than 100 mg fw were available in the 
' Veluwe' stock. Also, if an effect of tuber 

size is present, we assumed that this 
would be the most apparent for small 
tubers, i.e. at weights below 100 mg fw. 
The experiment lasted 52 ('Veluwe' popu-
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lation) and 55 days ('Texel' population). 
Weekly morphometric measurements 
involved distinction of individual bundles, 
numbers of leaves per bundle, bundle 
lengths and lengths of the main shoot 
(plant length). Fig. 2.1 indicates the dis­
cerned morphometric characteristics. A 
bundle is defined here as a group of 
leaves enclosing a meristem at the com­
mon base. We chose the bundle as a 
demographic entity or module (White, 
1980) mainly for practical reasons: we 
found it an easily discernable module and 
it appeared to have considerable stability 
during its life time (see also Vermaat & 
Hootsmans, 1991). Morphologically, a 
bundle should be considered as a shoot in 
its primary phase and of (fairly) small 
size. The elongation of the stem inter-
nodes between the leaves in these bundles 
is probably controlled hormonally (apical 
dominance). Bundle length was measured 
as the length of the longest leaf in the 
bundle. 

From the weekly morphometric 
measurements 4 characteristics were used 
for further analysis: (a) the total number 
of leaves per plant (hereafter referred to 
as 'n leaves'), (b) the number of bundles 
(n bundles), (c) total plant length (i.e. 
main stem length plus length of the final 
bundle of the tallest shoot), and (d) sum 
of shoot bundle lengths (E length, i.e. the 
sum of the length of all bundles on a 
plant). This last characteristic may be 
interpreted as an index of photosynthetic 
area. 

A logistic growth curve was fitted 
for the above morphometric characteris­
tics using a non-linear iterative technique 
based on the Marquardt algorithm 
(Conway et al., 1970). To facilitate com­
putation and comparisons, the curves were 
not computed for every separate plant but 
for every tuber size class (all plant data 
pooled per class). We applied the follow­

ing logistic formula: 

A, = K / (1 + q * exp(rt)) 

where A, is size or number (depending on 
the characteristic) at time t, K is the 
asymptotic maximum value for A,, q is an 
integration constant determining A, at time 
zero (q=K/(A0-l)) and r is the instan­
taneous, 'unrestricted' growth rate 
(Causton & Venus, 1981; Rodriguez, 
1987). 

Multiple comparisons among fitted 
curves and regression lines were per­
formed applying an experimentwise error 
rate (EER) of 0.05 (with comparisonwise 
error rates CER adjusted according to the 
number of comparisons) and the follow­
ing F statistic: 

F = 

{RSS1+2-(RSS,+RSS2)} / {df1+2-(df,+df2)} 

(RSS,+RSS2) / (df,+df2) 

Where RSS stands for residual sum of 
squares and df for degrees of freedom. 
The zero hypothesis is that the two sets 
of data pairs can be described best by one 
regression line, the alternative is that two 
lines 'are better'. This is tested with a 
difference in residual sum of squares in 
the above F with the formulated degrees 
of freedom. RSS1+2 is the RSS of the 
regression on the two data sets together, 
RSS! and RSS2 are the RSS of the sepa­
rate regressions. Statistical analyses were 
performed with the SPSS/PC+ package 
(Norusis, 1986). 

At the termination of the ex­
periment the plants were carefully washed 
free of adhering sediment, divided into 
aboveground (leaves and stems), below-
ground (roots and rhizomes) and tuber 
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Fig. 2.2. Fresh weight (fw) frequency distributions of 
tuberbanks of the 'Veluwe' and 'Texel' populations 
sampled in January 1986. The weight classes have 
width of 0.025 g fw. Sample sizes were 196 and 202 
for 'Veluwe' and 'Texel' respectively. Average (avg) 
weights and standard errors (se) are indicated in the 
top right corner. 

parts, dried (105°C, 24 h), weighed, 
ashed (520 - 540°C, 3 h) and weighed 
again to determine ash-free dry weight 
(afdw). From every aquarium a sample of 
5 to 10 randomly selected leaves from 
each of 7 to 10 plants was frozen for 
chlorophyll determination. Fresh weight of 
this subsample of leaves and the rest of 
the aboveground material was determined 
to enable the calculation of chlorophyll 
concentrations per g afdw of leaf mate­
rial. Chlorophyll a, b and their phaeo-
pigments were determined in 80% acetone 
according to Vernon (1960), modified ac­
cording to Moed & Hallegraeff (1978) to 
control the pH of the acidified sample. 

In one of the four 'Veluwe' aquaria 
a phytoplankton bloom developed that 
persisted a few weeks despite extensive 
flushing. Final plant biomass and chloro­
phyll content were significantly lower for 

this aquarium compared to the other three 
'Veluwe' aquaria, but no significant dif­
ferences could be observed with respect to 
the morphometric growth curves. There­
fore, data from this aquarium have been 
excluded from analyses except for the 
growth curves. 

3. Results 

3.1 Tuber bank characteristics 

The fresh weight frequency distribution of 
the natural spring tuber bank of the two 
populations differed significantly (Fig. 
2.2, p< 0.001, Kolmogorov-Smirnov test 
for comparison of distributions). The 
'Veluwe' sample had a higher kurtosis 
than the 'Texel sample (i.e. clustering for 
a given variance, kurtosis values were 4.3 
and 0.7, respectively) and a higher skew-
ness (i.e. tails to the end of the distri­
bution, values were 1.7 and 1.0). The 
same samples were not significantly dif­
ferent in volume/fresh weight relation of 
the tubers (Fig. 2.3, p>0.50). Thus, the 
samples from the two populations did not 
differ significantly in specific density of 
the tubers. 

Also the fw/afdw and volume/afdw 
relations were not significantly different 
(p=0.293 and 0.529 respectively). The 
afdw/fw relation, however, was signi­
ficantly different (p=0.028). This is pro­
bably due to the presence of a few outliers 
in the 'Veluwe' sample that have a rela­
tively strong influence in this relatively 
small sample (for 'Veluwe' n = 36, for 
'Texel' n = 95) that was used for drying 
and ashing. Deviation of outliers from 
the least squares regression is different 
when the dependent variable is changed to 
be the independent and vice versa. Conse­
quently, this may have effect on the RSS 
and thus on significance tests. We there 
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Fig, 2.3. Relation of tuber volume to fresh weight (fw) for the 'Veluwe' (triangles) and 'Texel' populations (crosses). 
The linear regression line for the two populations together is plotted: volume = 0.003 + 0.851 * fw, r2=0.981, 
p<0.001. 

fore consider the afdw/fw relation for the 
two populations also to be described best 
by the line based on the combined sam­
ples. The parameters of the linear regres­
sion lines of the two samples together are 
given in Table 2.1. Regressions with 
forced zero intercepts fitted the data 
equally well as those with non-zero inter­
cepts. 

3.2 Growth form 

Most remarkably, the planted samples of 
tubers from the two populations differed 
strongly in the numbers that sprouted: for 
the 'Veluwe' population this was 82%, 
for 'Texel' 95%, which is a significant 
difference (x2, p< 0.005). Also, we ob­
served two forms of sprouted plants. One 
developed 'normal' tall stems, growing 
regularly to the water surface. The other 
remained close to the sediment, attained a 

Table 2.1. Parameters for linear regression between 
fw, afdw and volume of tubers from 'Veluwe' and 
'Texel' samples together. Regression line: y = a + 
b*x. Given are y and x, a, b, r2 and n, the number of 
data pairs used. All four regressions were highly 
significant (pSO.OOl). Regressions with forced zero 
intercept (a=0) described the data sets equally well (F 
tests with error sums of squares, p>0.05). 

y * 

volume afdw 

volume fw 

afdw fw 

fw afdw 

a 

0.014 
0 

0.003 
0 

0.004 
0 

0.012 
0 

b 

1.975 
2.104 
0.851 

0.865 

0.421 
0.405 

2.339 
2.452 

r2 

0.976 
0.987 

0.981 

0.993 

0.986 

0.992 
0.986 
0.992 

n 

131 

398 

131 

131 
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Table 2.2. Number of not-sprouted tubers, dwarfed 

and 'normal' plants in samples of spring tuber banks 

from a brackish ditch on the island of Texel and from 

Lake Veluwe. Tuber size-classes: (1) 0 - 25, (2) 25 -

50, (3) 50 - 75, (4) 75 - 100 mg fw, tubers of 

exactly 25 mg are included in the first size-class etc. 

tuber size-class: 

'Veluwe' 

not sprouted 

dwarf 

tall 

total 

'Texel' 

not sprouted 

dwarf 

tall 

total 

1 

10 

6 

12 

28 

1 

1 

14 

16 

2 

4 

7 

19 

30 

2 

1 

30 

33 

3 

4 

8 

21 

33 

2 

1 

30 

33 

4 

3 

6 

14 

23 

1 

0 

32 

33 

total 

21 

27 

66 

114 

6 

3 

106 

115 

Table 2.3. Multiple comparisons of fitted growth 

curves for the total number of leaves per plant (n 

leaves), the number of bundles (n bundles), plant 

length (cm), and sum of shoot bundle-lengths (£ 

length, cm). The four size classes (cf. Table 2.2) are 

compared here per morphometric characteristic and per 

population ('Veluwe' and 'Texel' respectively). EER 

is held at p=0.05. Compare text for comparisons 

between populations and the determination of CER. 

Different letters indicate a significant difference 

between curves. 

tuber size-class: 1 

'Veluwe' dwarf 

n leaves a 

n bundles a 

plant length a 

£ length a 

'Veluwe' tall 
n leaves 

n bundles 

plant length 

E length 

b be be 

b b b 

ab b ab 

ab b b 

dwarfed 'bushy' appearance producing 
numerous bundles of increasingly smaller 
size and apparently lacked the capability 
of stem elongation. The latter 'dwarfs' 
were virtually absent (3 % of the sprouted 
plants) in the 'Texel' sample but markedly 
present in the 'Veluwe' sample (29%, 
Table 2.2, difference significant, x2> 
p<0.001). 

For the 'Veluwe' sample, the 
number of not-sprouted tubers was sig­
nificantly correlated with tuber size-class 
(Kendall's Tau B or C, p=0.017). Thus, 
in the 'Veluwe' sample the smallest size-
class had a significantly higher proportion 
of not-sprouted tubers. 

'Texel' 

n leaves 

n bundles 

plant length 

£ length 

3.3 Growth during the experiment -
morphometric characteristics 

All fitted logistic curves were highly 
significant (p<0.001). Figs 2.4 and 2.5 
give the curves for the number of leaves 
and plant length of the 'Veluwe' and 
'Texel' populations respectively and sepa­
rately for the four size-classes. 
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O - 25 mg tuber freshweight 25 - 50 mg tuber freshweight 

50 - 75 mg tuber freshweight 75 - 100 mg tuber freshweight 

10 20 30 40 50 

time (daysl 

Fig. 2.4. Development of the number of leaves on a plant and the fitted logistic growth curve for four tuber weight 
classes of both populations. Crosses indicate the 'normal' plants, open circles the 'dwarfed' plants from the 'Veluwe' 
population. Filled triangles indicate the 'Texel' population. Bars represent standard errors, plotted only up- or 
downwards if this improved the clarity of the graph. 
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Fig. 2.5. Development of plant length and the fitted logistic growth curve (further as in Fig. 2.4). 
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Table 2.4. Parameter estimates for the logistic fits to several morphometric characteristics of the "tall" 'Veluwe' 
plants and the 'Texel' plants. Parameters are K (units: number or cm), q (initial scaling parameter, dimensionless) 
and r (day ') and given are mean and standard error (se). For an explanation of the morphometric characteristics, 
see Table 2.3. 

n leaves 

n bundles 

plant length 

E length 

size-class: 

'Veluwe' 
K 

q 
r 

'Texel' 
K 

q 
r 

'Veluwe' 
K 

q 
r 
'Texel' 
K 

q 
r 

'Veluwe' 
K 

q 
r 

'Texel' 

K 

q 
r 

'Veluwe' 
K 

q 
r 
'Texel' 
K 

q 
r 

tall 

tall 

tall 

tall 

1 
mean 

34.1 

30.2 
0.08 

19.5 

20.4 
0.08 

10.4 
23.3 

0.08 

4.6 
16.8 

0.10 

11.6 
12.9 
0.09 

15.1 

23.7 
0.14 

84.2 
73.8 
0.10 

40.7 
49.8 

0.12 

se 

28.1 

15.5 
0.04 

4.2 

7.7 
0.02 

7.6 
12.3 
0.04 

0.6 
9.8 

0.03 

3.6 
9.2 

0.04 

0.9 

19.9 
0.04 

82.6 
77.7 

0.06 

4.7 
45.1 
0.03 

2 

meat 

35.4 
23.7 
0.08 

28.2 
26.0 
0.08 

10.7 
21.2 
0.09 

6.2 
20.2 

0.12 

12.6 
49.2 
0.17 

17.7 

21.2 
0.15 

79.1 
42.3 

0.11 

61.8 
49.4 

0.12 

se 

12.1 
11.3 
0.03 

3.3 
7.1 

0.01 

3.1 
10.6 

0.03 

0.3 
13.2 

0.02 

0.8 

44.2 
0.04 

0.7 

13.8 
0.03 

21.8 
39.2 
0.04 

4.1 
27.9 

0.02 

3 

mean se 

53.2 

40.0 
0.10 

29.5 

29.0 
0.09 

17.6 
36.8 
0.09 

6.3 

37.9 

0.13 

13.5 
37.4 
0.16 

17.5 

31.0 
0.17 

131.6 
69.5 

0.12 

60.7 
60.1 
0.14 

12.9 
19.1 

0.02 

2.5 
7.0 

0.01 

4.6 
16.7 
0.02 

0.3 
16.6 

0.02 

0.9 
38.9 
0.04 

0.5 

18.4 

0.03 

29.6 
57.5 

0.04 

2.9 
30.6 

0.02 

4 
mear 

66.7 

36.8 
0.10 

33.4 

27.1 
0.09 

19.3 
40.8 
0.11 

6.9 

55.9 
0.16 

15.3 
89.3 
0.23 

18.2 

33.6 
0.19 

162.0 
73.0 

0.13 

67.8 
66.6 

0.15 

se 

11.3 
16.7 
0.02 

2.4 

5.9 
0.01 

2.6 
19.2 
0.02 

0.2 
24.8 

0.02 

0.7 

96.7 
0.06 

0.3 

14.2 

0.02 

19.7 
50.6 

0.03 

2.2 
29.9 

0.02 
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Table 2.5. Morphometric data of "tall" 'Veluwe' and 
'Texel' plants after 49 days. Given are mean, standard 
error (se) and the level of significance (p) from at ' -
test (variances were not homogeneous, Steel & Torrie, 
1980) comparing the two samples. Replication was 46 
for the 'Veluwe' sample and 109 for 'Texel'. For 
explanation of the morphometric characteristics, see 
Table 2.3. 

Veluwe Texel p 

mean se mean se 

n leaves 41.9 2.3 21.1 0.7 0.001 
n bundles 13.6 0.7 5.9 0.2 0.001 

bundle length 8.3 0.2 9.5 0.2 0.001 
leaves/bundle 3.1 0.4 3.7 0.9 0.001 
plant length 14.7 0.7 16.9 0.5 0.014 
E length 117.6 7.5 55.3 2.0 0.001 

Per morphometric characteristic, 
the fitted growth curves were entered in a 
multiple comparisons' scheme comparing: 
(a) the "dwarfed" and the "tall" 'Veluwe' 
plants for each tuber weight class, (b) the 
"tall" 'Veluwe' and the 'Texel' plants for 
each weight class, and (c) the four weight 
classes for the 'Veluwe' and 'Texel' 
samples separately (Table 2.3). To main­
tain an experimental error rate (EER) at 
p=0.05, these 26 comparisons in total 
necessitated a comparisonwise error rate 
(CER) of 0.0019. The 'Veluwe' datasets 
were described significantly better 
(p< 0.001, i.e. less than the CER) by two 
curves, i.e. one for the "dwarfed" and one 
for the "tall" plants. Estimated logistic 
parameters for all four morphometric 
characteristics are given in Table 2.4. 

The growth curves of "tall" 
'Veluwe' and 'Texel' plants were com­
pared per size-class and characteristic: all 
curves were significantly different except 
the L length curves of classes 1 and 2. 
Figs 2.4 and 2.5 show that the "tall" 

'Veluwe' plants produced more leaves 
than 'Texel' plants, but the 'Texel' plants 
grew taller. This was probably (individual 
logistic parameters were not tested, cf. 
section 2) not due to a difference in initial 
exponential growth rate (r, Table 2.4), but 
in the asymptotic maximum (K) to be 
attained. The 'Texel' plants already had 
closely approached this maximum at the 
end of the experiment, while the 'Veluwe' 
plants had not. The 'Veluwe' plants also 
produced more bundles and photosynthe-
tical area, though individual bundles were 
shorter and had less leaves (Table 2.5). 

For the tested range of tuber 
weights and for 'normal' plants from both 
populations, initial tuber weight had a sig­
nificant effect on all morphometric charac­
teristics: a plant that sprouted from a 
larger tuber grew more rapidly (Table 
2.4, cf. values of r) and produced more 
leaves and bundles, taller plants and a 
larger photosynthetical area. This dif­
ference was less distinct for the dwarfed 
'Veluwe' plants. Here, size-classes 2, 3, 
and 4 were not significantly different in 
morphometry and only tubers from the 
smallest weight class produced sig­
nificantly less leaves, bundles and photo-
synthetical area than those from the three 
other classes. This smallest weight class 
also had the highest fraction of not-
sprouted tubers (Table 2.2). None of the 
plants had formed new tubers at the ter­
mination of the experiment. Some flower­
ing had occurred in the 'Veluwe' sample, 
but only by two plants. The 'Texel' sam­
ple had not produced any flowers yet at 
the termination of the experiment. 

3.4 Final biomass 

Biomass data are given in Table 2.6. All 
differences are significant, except for the 
L/S ratio (leaf biomass/shoot biomass) 
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Table 2.6. Final biomass data of "tall" 'Veluwe' and 
'Texel' plants after 52 and 55 days respectively. Given 
are mean, standard error (se) and the level of sig­
nificance from a t-test comparing the two samples (or 
from a t'-test when variances were not homogeneous, 
Steel & Torrie, 1980). Replication was 40 for the 
'Veluwe' sample and 109 for 'Texel'. All values are in 
mg afdw plant', unless stated otherwise. 

Veluwe Texel p 

mean se mean se 

shoot 24.2 2.2 
leaves 16.0 0.9 
roots &rhiz. 17.1 1.9 
final tuber 3.8 0.5 
new 41.9 4.0 
total 45.7 4.1 
initial tuber 18.8 1.7 

29.7 1.2 0.015 
19.3 6.3 0.003 
24.7 0.9 0.001 
7.1 0.4 0.001 

54.4 1.8 0.006 
61.5 2.0 0.001 
19.9 1.1 0.581 

S/R 1.52 0.09 1.20 0.03 0.001 
L/S 0.83 0.05 0.77 0.02 0.228 
afdw/fw 0.104 0.003 0.143 0.002 0.000 

Shoot = leaves + stem, total = final tuber + below-
ground + aboveground, new = belowground + 
aboveground, i.e. the truely newly formed biomass, 
initial tuber biomass in mg afdw is derived from initial 
tuber fw with the appropriate regression formula from 
Table 2.1. S/R = aboveground/belowground biomass, 
L/S = leaf biomass/shoot biomass (both dimension-
less and calculated per individual plant). Leaf biomass 
was calculated from the number of leaves on a plant, 
the fw of an individual leaf and the aboveground 
afdw/fw ratio (replication was 32 for both samples). 

and, as expected, initial tuber biomass. 
Apparently, 'Texel' plants produced more 
new biomass while the tubers decreased 
less in biomass. Because the S/R ratio was 
significantly higher for the 'Veluwe' 
plants, they invested relatively more in 
aboveground matter. Since the L/S ratio 
was not significantly different, plants from 

the two populations allocated aboveground 
biomass similarly over stems and leaves. 

When initial tuber fw was used as 
a «»variable in an ANOVA comparing the 
two samples, the covariable had a sig­
nificant effect on shoot, roots and rhi­
zomes, final tuber, new and total biomass 
(p< 0.001) but not on the S/R ratio 
(p=0.528). This is illustrated in Figs 2.6 
and 2.7. Fig. 2.6 gives the depletion of 
the tubers as a function of their initial bio­
mass. This linear function is significant 
for both populations and the slopes of the 
two fitted lines are significantly different 
(p< 0.001). So, with increasing initial 
tuber-biomass the 'Veluwe' population 
depleted its tubers more than the 'Texel' 
plants did. 

In Fig. 2.7 the newly formed bio­
mass is plotted against initial tuber bio­
mass. A fair amount of scatter is present, 
but for both samples a significant 
(p< 0.001) linear and hyperbolic 
(y=a*x/(b+x)) fit could be made. The 
hyperbolas did not fit the data significantly 
better or worse than the linear re­
gressions, although they conceptually 
appear to fit better due to their inherent 
zero intercept. Still, we will restrict us to 
the linear fits. The 'Veluwe' and 'Texel' 
linear fits are significantly different 
(p< 0.001). Up to about 30 mg initial 
tuber afdw (i.e. « 75 mg fw) the 'Texel' 
line is above the 'Veluwe' line. Thus, for 
equal initial tuber biomass, 'Texel' tubers 
produced more new biomass than the 
'Veluwe' tubers did, while they used less 
of their initial tuber in terms of afdw to 
achieve this. 
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Fig. 2.6. Tuber depletion as a function of initial tuber biomass for the 'Veluwe' (triangles) and 'Texel' populations 
(crosses). 
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Fig. 2.7. Newly formed biomass as a function of initial tuber biomass for the 'Veluwe' (triangles) and 'Texel' 
populations (crosses). 
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3.5 Chlorophyll-content at harvesting 

Total chlorophyll (i.e. chlorophyll a + b) 
and the fraction of chlorophyll b in this 
total are presented in Table 2.7. While 
phaeophytin a was not detectably present 
in the samples, some phaeophytin b was 
detected, though in small amounts only 
(8% of chlorophyll b at most, no 
significant difference between 'Veluwe' 
and 'Texel'). 
It can be concluded that the plants from 
the 'Veluwe' sample had a significantly 
higher chlorophyll content and a sig­
nificantly higher fraction of chlorophyll b. 
Applying initial tuber fw as a covariable 
in an ANOVA comparing the two samples 
gave no significant effect of initial tuber 
fw on total chlorophyll content (p=0.850) 
but a significant effect on the fraction of 
chlorophyll b (p=0.046). 

4. Discussion and conclusions 

4.1 Environmentally induced versus 
genotypic variation 

We demonstrated significant differences 
between the two populations under con­
trolled laboratory conditions and with 
consideration of interference by initial 
tuber size. Plants from tubers of similar 
weight from the 'Veluwe' population 
produced more leaves, bundles and pho-
tosynthetical area and had a higher chlo­
rophyll content and fraction of chloro­
phyll b whilst aboveground biomass and 
plant length were less than that of the 
'Texel' plants. From the above we can 
conclude that these differences have a 
genetic basis. 

Furthermore, the number of not-
sprouted tubers and dwarfed plants was 
higher in the 'Veluwe' sample and the 
amount of new biomass that could be 

Table 2.7. Total chlorophyll (a+b) content of leaves 
(mg g afdw leaves') and the fraction of chlorophyll b 
(frac-b = chl-b/chl(a+b)) in this total for the 'Veluwe' 
and 'Texel' samples. Given are mean, standard error 
(se) and the level of significance (p) from a t' test 
comparing the two samples (cf. Table 2.5). Replication 
was 32 for both samples, each of the replicates con­
sisted of S to 10 leaves. 

Veluwe Texel p 

mean se mean se 

chl(a+b) 4.69 0.27 3.78 0.18 0.006 

frac-b 0.25 0.01 0.21 0.01 0.001 

produced from more heavily used tubers 
(final tuber biomass was less) was less 
than that in the 'Texel' sample. This may 
indicate that a qualitative factor like con­
dition may also have played a role. Since 
specific density (biomass/volume, cf. 
Table 2.1) of the tubers from the two 
populations was not significantly dif­
ferent, other qualitative aspects may have 
been involved (like nutrient, sugar or 
protein content). The tubers from the 
'Veluwe' sample then may have been in a 
worse condition. This difference in con­
dition may have been genetically as well 
as environmentally based: adverse en­
vironmental conditions during the previous 
growing season may have affected the 
condition of the tubers. This may also 
have had consequences for the quantitative 
performance of the sprouting tubers that 
resulted in 'tall' plants. 

Little information on qualitative 
aspects of P. pectinatus tubers from dif­
ferent populations or habitats is available, 
or, specifically, of the effect of tuber 
'quality' on the plant that sprouts from it. 
Thus, no quantitative measurements as 
reported here can be excluded a priori 
from being influenced by tuber 'quality'. 
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To our knowledge only Van Wijk (1989b) 
reported on nutrient concentrations in P. 
pectinatus tubers from different field 
locations. His data show wide ranges of 
nutrient contents but no distinct dif­
ferences between locations. In a consecu­
tive paper, Van Wijk (1989c) reported on 
laboratory experiments concerning plant 
growth in nutrient gradients. Below mini­
mal nutrient concentrations in the culture 
medium the plants failed to produce new 
tubers. Unfortunately, he did not report 
on the nutrient contents in the newly 
formed tubers, a possible measure of tuber 
'quality'. 

Summarizing we conclude that to 
date we have strong evidence of truly 
genotypic variation between different 
populations of P. pectinatus. However, 
the possibility of an environmental basis 
for the observed phenotypic variation via 
a difference in quality of the initial ex­
perimental material can never be ex­
cluded fully. In general, the latter seems 
to be inevitable when plant material col­
lected from different locations is used 
without controlled culture of one or more 
pre-experimental generations. 

4.2 Phenotypic plasticity 

While the differences between the tested 
populations reported here may be more or 
less environmentally based, plasticity 
itself, as a genetically based trait, may 
have clear adaptive value (Bradshaw, 
1965; Venable, 1984). More specifically, 
genetically based plasticity in S/R ratios, 
chlorophyll content, plant height, allo­
cation ratios between different reproduc-
tive/propagative organs or rate of passing 
through different developmental stages 
may allow P. pectinatus populations to 
survive succesfully in a variety of envi­
ronments. 

The presently reported differences 
between the two populations, then, may 
be interpreted tentatively as of adaptive 
value in the specific habitats, whether 
caused by phenotypic plasticity or geno­
typic differences. The relatively faster 
transition through different developmental 
stages in the 'Veluwe' population (tubers 
were produced earlier than in other popu­
lations (Van Wijk et al., 1988), combined 
with a relatively higher investment in 
photosynthetic tissue (S/R ratio, chloro­
phyll content) and the relative compact­
ness of the plants then may be of adap­
tive value in the wind-exposed Lake 
Veluwe with high turbidity, high dis-
lodgement risk due to wave action and a 
fairly short growing season (Kautsky, 
1987; Van Wijk, 1988; Van Dijk & Van 
Vierssen, 1991). Van Wijk et al. (1988) 
also found relatively short and compact 
plants for his sample from Lake Veluwe, 
their average shoot length is similar to the 
average of the pooled 'dwarf and 'tall' 
plants in this study. Their average plant 
biomass was much higher than that repor­
ted here (0.75 vs. 0.05 g afdw plant"1), 
probably due to differences in initial tuber 
size and irradiance. 

Since the contrast 'brackish versus 
freshwater habitat' in the present study is 
coupled with the contrast 'lake versus 
ditch', interpretation of the reported dif­
ferences with respect to salinity will not 
be endeavoured. When comparing two 
simultaneously cultured samples popula­
tions, one from a brackish (Camargue, 
France) and one from a freshwater habitat 
(Lake Veluwe), Van Wijk et al. (1988) 
concluded that the Camargue sample had 
produced more biomass and thus had a 
higher photosynthetic efficiency. We have 
demonstrated here that tuber size and 
tuber condition may also have been impor­
tant. 
It may be postulated that a certain degree 


