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Abstract

The performance of broadly distributed plants is potentially constrained by geographic variation in
climatic factors. Several patterns of response have been proposed that can be considered of adaptive
value if variation in abiotic conditions is pronounced. Firstly, species may possess a high capacity for
phenotypic plasticity that results in increased tolerance to variation in abiotic factors. Secondly, locally
adapted genotypes may evolve that show phenotypic characteristics that are only suited for a
restricted set of environmental conditions. Thirdly, populations may avoid unfavourable conditions by
showing changes in phenology that result in a compression of the life cycle.

As compared to terrestrial species, many aquatic plants are widespread and have the ability to
thrive in different climatic regions. To evaluate to what extent phenotypic plasticity, local adaptation
and differences in phenology might contribute to the globally wide distribution of the aquatic
macrophyte fennel pondweed (Potamogeton pectinatus L.), a series of experiments were performed
that focused on geographic variation in life-history traits. For this purpose we used up to 15 clones
obtained from a gradient in latitude (24-68°N) and studied their performance in dependence of
variation in abiotic factors that relate to climate. We thereby focussed at various stages of the life
cycle, such as tuber sprouting, vegetative growth and asexual reproduction.

At northern localities, where the length of the growth season is restricted, genetically fixed changes
in phenology result for P. pectinatus in a compression of the life cycle. To prevent young plants to be
damaged from low spring temperatures, tubers of higher-latitude clones possess a higher thermal
threshold for sprouting. In addition, northern clones show early reproduction, which constrains the size
of the tubers. Furthermore, adaptive phenotypic plasticity allows P. pectinatus to grow at contrasting
environmental conditions. Although thermal acclimation in gas-exchange is constrained, plastic
changes in morphology are of special importance to attain a comparable biomass between 15/20 and
30°C. P. pectinatus can also cope with considerable differences in the light climate. Increased light
capture through canopy formation and acclimative changes in photosynthesis result in a relatively high
biomass yield at low irradiance (i.e. 2.5% of full sunlight in temperate regions). Similarly, photoperiods
varying between 13 and 22 h did result in plastic changes in morphology and physiology that limited
the loss of biomass productivity at shorter days. Despite the fact that changes in phenology and high
phenotypic plasticity allowed P. pectinatus to grow and reproduce in different climatic regions, the
Mediterranean clones showed local adaptation resulting from increased perenniality and the absence
of asexual reproduction.

In conclusion, this thesis has shown that not a single evolutionary mechanism is responsible for the
ability of P. pectinatus to thrive in different climatic regions, but that at different stages of the plant’s life
cycle, phenotypic plasticity, local adaptation and changes in phenology play an important role in
maintaining the observed distributional pattern.



Dit proefschrift draag ik op aan
wijn vader Jan J. Pi[on, T0OY Wie
het vergaven van kennis en het
andeven [aten delen in kenis een
levensdoel was, en wijin moeder
Tngrid Pilon-Meyer die dit op
bijzonder zorgzame wijze

heeft ondersteund.




Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Table of contents

General introduction

Latitudinal variation in life-cycle characteristics of
Potamogeton pectinatus L.: vegetative growth and
asexual reproduction

Jorn Pilon, Luis Santamaria, Michiel Hootsmans & Wim van Vierssen

Seasonal acclimation in the photosynthetic and
respiratory temperature responses of three submerged
freshwater macrophyte species

Jorn Pilon & Luis Santamaria

Clonal variation in the thermal response of the submerged
aquatic macrophyte Potamogeton pectinatus L.

Jorn Pilon & Luis Santamaria

Clonal variation in morphological and physiological
responses to irradiance and photoperiod for the aquatic
angiosperm Potamogeton pectinatus L.

Jorn Pilon & Luis Santamaria

Latitudinal variation in Potamogeton pectinatus L.:
tuber sprouting and the effect of temperature and
photoperiod on growth

Jorn Pilon & Luis Santamaria

Plant performance across latitude: the role of plasticity
and local adaptation

Luis Santamaria, Jordi Figuerola, Jorn Pilon, Marit Mjelde,
Andy Green & Thijs de Boer

Summarising discussion
Samenvatting
Dankwoord

Curriculum vitae

List of publications

25

43

61

79

97

111

125
137
140
142
144



With respect to p[ants, it has [ong been known what enormons
ranges many fvesb-watev and even marsb—species bave, both over
continents and to the most remote oceanic islands.

Charles Darwin (1859)



CHAPTER

General introduction

The distribution of aquatic vascular plants

Differences and similarities between terrestrial floras have led to the recognition of major vegetation
types (Eyre, 1971). Many studies have shown that the presence or absence of plant species in
particular regions is strongly correlated with seasonal extremes in climatic factors (e.g. Woodward,
1988; Woodward & Williams, 1987). Biogeographers predominantly focussed on terrestrial
vegetations, while the distribution of aquatic plants received much less attention. Although aquatic
plants only represent a small proportion of all vascular plant species (i.e. 1-2%; Cook, 1990), the
available information on their distribution draws an intriguing picture. In comparison with terrestrial
plants, many aquatic plants show broad distributional ranges, which makes them true ‘citizens of the
world’.

Aquatic plants

Aquatic plants may be simply defined by their most eye-catching feature: the permanent or temporal,
occurrence in wet environments. Moreover they often possess distinctive ecological characteristics
(e.g. high phenotypic plasticity, extensive clonal propagation, reduced sexual reproduction,
hydrophilous pollination and water-dispersed diaspores) that clearly set them apart from species
native to the terrestrial environment (Barret et al., 1993). Aquatic plants have various growth forms,
that range from partially submerged (i.e. emergent, floating leaved, free floating) to completely
submerged life cycles (Duarte et al., 1994). In addition, one may discriminate between salt tolerant
plants that inhabit marine waters (e.g. oceans, coastal wetlands, salt marshes) and those that are
intolerant to high salinity and occur in freshwater ecosystems (e.g. lakes, ponds, rivers, bogs,
swamps) (Begon et al., 1996). In this introductory essay the term ‘aquatic plant’ will refer to all
possible growth forms, although the emphasis will be floating-leaved and submerged freshwater
species.

Distributional ranges and historic effects
Although rivers flow over large geographic distances and contribute to habitat connectivity, tracts of

land that are inhospitable for aquatic plant establishment frequently separate freshwater ecosystems
(i.e. lakes and ponds). As aquatic species thus occur in island-like habitats, one might expect them to



CHAPTER 1

show limited spatial distribution. However, already since Darwin (1859), many botanists (e.g. Arber,
1920; Ridley, 1930; Sculthorpe, 1967) have noted the broad distribution of aquatic plants. Sculthorpe
(1967) estimated that about 60% of all species show extensive distributional ranges and organised
them into three different groups: cosmopolitans, north-temperate species and pan-tropical plants. The
complementary proportion of the aquatic flora (40%) has smaller ranges, confined to the limits of a
single continent. In addition, a recent study on the biogeography of the freshwater plants of
Australasia also indicated a major disjunction between temperate and tropical aquatic floras (Jacobs &
Wilson, 1996). Altogether it seems clear that the distribution of aquatic macrophytes reflects the
zonation described for terrestrial species, although the pattern is simplified and restricted to broad
climatic regions (Santamaria, 2002).

The current distributional patterns of aquatic plants are not only the consequence of ongoing
evolutionary processes, but also the result of historical factors. Over the past 150 million years the
tectonic plates of the earth’s crust have moved in such manner that the continents of Pangea have
drifted apart. As a consequence, existing populations were split and moved across broad climatic
regions (Begon et al., 1996). In more recent times, the aquatic flora was largely influenced by the
glacial cycles of the Pleistocene. While the Arcto-Tertiary flora of the Northern Hemisphere consisted
of many species with relatively broad (northern and circumpolar) distributions, glaciation resulted in
spatial disruption and only those species with southern affinities could survive near ice margins or in
isolated refugia. Some 11.000 years ago, when global temperatures began to rise and the ice age
came to an end, meltwater collected in numerous streams and runoff was trapped in ponds and lakes.
This resulted in a perfect avenue along which aquatic pioneer species that had survived glaciation (i.e.
Arcto-Tertiary flora remnants) could migrate and colonise newly available habitats (Stuckey, 1993).

Dispersal and establishment

The fact that many aquatic vascular plants show broad distributional ranges, suggests that they have
the ability to disperse propagules over relatively long distances (Barret et al., 1993). Although seeds of
emergent species can be dispersed by wind (e.g. Typha and Phragmites), most aquatic plant
propagules are spread by water or biotic agents (Cook, 1987). Nevertheless, wind can be an important
secondary force that blows floating seeds or detached plant parts across lakes. While propagules
dispersed by water are transported over relatively short distances (within the limits of catchment
areas), migratory waterfowl is probably responsible for long-distance dispersal (Figuerola & Green,
2002). Although ducks and other waterbirds may carry seeds attached to various body parts
(ectozoochory), more evidence exists for the dispersal of ingested propagules (endozoochory). After
seeds have been swallowed accidentally (i.e. seeds attached to consumed plant parts) or on purpose
(i.e. seeds are a food item), the effectiveness of dispersal heavily relies on the propagules’ ability to
survive gut passage. Moreover, the maximum distance of dispersal is limited by how long propagules
remain in the gut of a waterbird (i.e. their retention time) and the range over which the particular
migrant can fly during that period of time (Figuerola & Green, 2002; Charalambidou & Santamaria,
2002).

Whether aquatic plants can occupy new habitats, largely depends on the interaction between the
founding genotype(s) and the ecological characteristics of a newly adopted homes (Barret et al.,
1993). Most importantly, the encountered abiotic conditions should not critically constrain processes
like germination, growth and reproduction. Moreover, a high competitive ability would be
advantageous in areas already occupied by others. One possibility by which colonisers could persist in
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GENERAL INTRODUCTION

novel environments is that they have the ability to adapt their responses to changes in abiotic
conditions (Barret et al., 1993). In this context, genetic recombination through sexual reproduction is of
particular importance. Although aquatic plants show a wide diversity of sexual mating systems, clonal
propagation is probably the predominant mode of multiplication (Les, 1988). This may ensure rapid
colonisation (even in the absence of compatible mating types), but it constrains genetic recombination.
As a consequence, the occurrence of locally adapted phenotypes may be less frequent in recent
populations. Under these circumstances pronounced phenotypic plasticity (as observed in many
broadly distributed aquatic plants) may play an alternative role in facilitating the occupation of new
habitats.

Climatic factors and their influence on aquatic plant performance

From a global perspective some abiotic factors that influence aquatic plant performance vary
stochastically and show heterogeneity on relatively small spatial scales (i.e. nutrient availability,
salinity and sediment anoxia). Other determinants of growth are related to climate and vary in a more
predictable manner across latitude. Both the intensity of light and the temperature it creates on the
earth’s surface are dependent of solar elevation (B). This variable that oscillates between a minimal
value at midnight and a maximum value at noon, also determines the length of the photoperiod (i.e.
> 0; Fig. 1A). The amplitude of B and its variation with time of the day depends on the angle through
which the hemispheres are tilted towards the sun (i.e. solar declination, 8) and the degree of latitude
(Kirk, 1994). Solar declination varies seasonally and is positive during summer (maximally +23°27"),
negative during winter (maximally —23°27’) and zero during the spring and autumn equinoxes (Fig.
1B). As a consequence, light intensity and temperature decrease with increasing latitude, while during
spring (which coincides with the first half of the growth season) the length of the photoperiod increases
(Fig. 2A to C).
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Figure 1. Schematic representation of diurnal changes in solar elevation and irradiance at contrasting latitudes
(A) and seasonal variation in solar declination (B; modified from Kirk, 1994). Note that the presented data relate
to the Northern Hemisphere.

Several authors have attributed the wide distribution of aquatic vascular plants to the relative
uniformity of the aquatic environment (Sculthorpe, 1967; Les, 1988). Although the exact nature of this
uniformity is seldom specified, it probably refers to the fact that the water column has the capacity to
moderate the climatic extremes that are thought to determine terrestrial plant distribution. However,
other authors have argued that the alleged uniformity is misleading and that variation in climatic
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CHAPTER 1

factors across latitude may constrain growth and reproduction of aquatic plants (Bowes, 1987;
Santamaria, 2002). In the following sections, a brief overview will be given on how climatic variables
are influenced by the optical and physical properties of the water column and what their effect may be
on the functioning and distribution of aquatic vascular plants.
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Figure 2. Changes in maximum solar irradiance (A), photoperiod (B) and air temperature (C) throughout the year
at different latitudes. Maximum solar irradiance and photoperiod were calculated by making use of the online
calculator developed by Lammi (1996-2001), while air temperatures were plotted from data presented in The
Times Atlas of the World (1997). Note that 68°N represents the northern distributional limit of P. pectinatus and
that during summer highest air temperatures are recorded near the tropic of cancer (23.5°N).

Light intensity

Aquatic plants are exposed to a wider range of irradiance levels than most species native to the
terrestrial environment (Jeffrey, 1981). While emergent species and plants that float on the water
surface receive approximately the same quantum flux than species that grow in open terrestrial
habitats, the irradiance level experienced by submerged plants is generally much lower. The latter is a
consequence of the light-absorbing properties of the water column itself, suspended particles (e.g.
phytoplankton, bottom sediment, detritus) and/or dissolved substances (e.g. peat-derived colorants)
(Morgan & Smith, 1981). Since differences in trophic status (Jeppesen et al., 1994) and the amount of
sediment resuspension (Blom et al., 1994) may introduce large differences in water transparency
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GENERAL INTRODUCTION

among neighbouring lakes, latitudinal gradients in solar irradiance may be modified by local
conditions.

Since aquatic plants show morphological and physiological characteristics that promote growth
under low-light conditions, they invariably have been categorised as shade plants (Bowes, 1987;
Bowes & Salvucci, 1989). While emergent species minimise self-shading by the vertical placement of
linear-shaped leaves; submerged plants frequently increase light capture by pronounced stem
elongation that concentrates their leaves near the water surface (Spence, 1975; Barko & Smart, 1981;
Barko et al., 1982; Wetzel, 1988). Also the gas-exchange characteristics of aquatic plants are adapted
to low irradiance, since they typically show low photosynthetic rates, low light-compensation points
(LCP) and reduced rates of dark respiration (Bowes & Salvucci, 1989; Duarte et al., 1994). Finally,
species-specific variation in morphological and physiological flexibility may determine the growth
potential of aquatic plants under various light conditions. For example, introduced Hydrilla verticillata
successfully invaded Florida due to a high competitive ability related to extensive foliar canopy
formation (Haller & Sutton, 1975).

Temperature

The high specific heat of standing waters buffers aquatic plants against rapid fluctuations in air
temperature (Wetzel, 1988). Nevertheless, seasonal extremes may vary between 0 and 40°C, while
diurnal fluctuations in temperature can also be substantial (Bowes & Salvucci, 1989). In addition,
aquatic plants may be exposed to high within-plant thermal variation. Besides strong vertical
temperature gradients that occur in densely vegetated waterbodies, the amount of thermal variation
that exists among various plant tissues also depends on the growth form. For example, shoots of
emergent species are exposed to the same temperature regime as neighbouring terrestrial plants,
while roots growing in water-saturated sediments may experience cooler or warmer conditions
depending on the season (Wetzel, 1988). Finally, aquatic macrophytes lack insulating or heat
dissipating mechanisms that give terrestrial species native to arctic or desert regions the opportunity to
regulate tissue temperatures so that they become less harmful for physiological functioning
(Santamaria, 2002).

In both terrestrial and aquatic plants, changes in temperature show their most prominent effect on
the biochemical conversions that relate to photosynthesis and growth (Berry & Raison, 1981; Bowes &
Salvucci, 1989). In submerged plants the thermal optima for net photosynthesis are generally high (i.e.
between 20 and 35°C) and outside the range that is found for terrestrial Cs-species (Bowes, 1987;
Bulthuis, 1987; Santamaria & Van Vierssen, 1997). Since in temperate regions actual water
temperatures are frequently lower than the observed thermal optima, it is likely that photosynthesis is
predetermined to profit from high summer temperatures, or that other abiotic factors (e.g. low carbon
availability) constrain the photosynthetic reactions from being thermally optimal. In agreement with the
thermal response of photosynthesis, biomass productivity of aquatic plants normally increases with
increasing temperature, while growth becomes arrested between 10 and 15°C (Barko & Smart, 1981).
Though frequently disputed (e.g. Sculthorpe, 1967; Pip, 1989), temperature is probably the most
important climatic factor that affects the global distribution of aquatic plants. For example, the
extensive latitudinal range of Myriophyllum spicatum in North America could be related to broad
thermal tolerance that was found in this species (Barko & Smart, 1981).

13
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Photoperiod

Water depth and turbidity have a large impact on the instantaneous light level, but the length of the
photoperiod is hardly affected (Van Vierssen & Hootsmans, 1994). As a result, aquatic plants are
exposed to photoperiods that are largely comparable to those experienced by terrestrial species. The
water column has, however, a large impact on the spectral quality of light, which affects the
mechanism by which aquatic plants can detect differences in photoperiod. While in terrestrial species,
the red (R) to far-red (FR) photoreversible pigment phytochrome acts as a sensor of photoperiod
(Salisbury, 1981; Thomas & Vince-Prue, 1994); in aquatic plants the involvement of phytochrome in
timekeeping is doubted, because diurnal shifts in underwater R:FR are more pronounced than those
above the water surface. Moreover, they often fall outside the range that is physiologically active in
terrestrial plants (Chambers & Spence, 1984). Alternatively, aquatic plants may perceive photoperiod
in a more direct manner (i.e. as a change in photosynthetically active radiation), while also the
involvement of other photoreceptors (e.g. cryptochrome) has been suggested (Spence et al., 1987).

In terrestrial plants, the induction of flowering is the most widely studied photoperiodic response
(Thomas & Vince-Prue, 1994), while in aquatic species research on photoperiodism predominantly
focussed on the initiation of asexual reproduction (e.g. Chambers et al., 1985; Van Vierssen &
Hootsmans, 1994). Other aquatic plant processes that are affected by photoperiod include propagule
germination (Flint & Madsen, 1995; Weber & Nooden, 1976), photosynthesis (Van Vierssen &
Hootsmans, 1994), growth (Spencer & Ksander, 1995) and leaf-pigment composition (Spencer &
Anderson, 1987). Despite this multiplicity of investigations, the influence of photoperiod on aquatic
plant distribution received virtually no scientific attention. However, from studies on broadly distributed
terrestrial species it is known that across latitude, physiological ecotypes based on varying responses
to photoperiod may develop (Salisbury, 1981). The only aquatic study that relates to this, focussed on
geographically distant populations of Zostera noltii and revealed that morphological characteristics of
low-latitude plants are less sensitive to photoperiod seasonality as compared to plants native to higher
latitude (Vermaat et al., 2000).

How to cope with latitudinal variation in climatic conditions

To understand the widespread distribution of aquatic plants, it is of importance to investigate
responses to differences in climatic factors. For this purpose, the construction of reaction norm
diagrams is an important method to evaluate genotype-environment interactions (Schlichting, 1986). A
reaction norm can be defined as a set of phenotypic character states that is produced when a
genotype is exposed to different intensities of a particular condition (Via et al., 1995). From an
evolutionary perspective it is desirable to determine reaction norms for plant variables that are directly
related to fithess (Begon et al., 1996). Various types of generalised reaction norms have been
described, but the specific shape appears to be critically dependent on the character and environment
under study (Fig. 3A).

To prevent plant performance to be constrained by latitudinal variation in climatic conditions,
several evolutionary solutions can be proposed. Firstly, plants could possess a high potential for
adaptive phenotypic plasticity. In such case, an integrated change in character states that depends on
the intensity of a condition can provide an increased range of tolerance and a relatively high fitness in
multiple environments (Fig. 3B) (Via et al., 1995). Although changes in growth and photosynthesis in
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response to light and temperature have been reported for a number of aquatic plant species (Barko &
Smart, 1981; Barko et al., 1982; Hootsmans & Vermaat, 1994; Vermaat & Hootsmans, 1994), reaction
norms of different genotypes were never reported. In addition, no information exits on the plasticity
ranges of plants that have different latitudinal origins.
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Figure 3. Schematic representation of phenotype (A) and fitness (B) in dependence of the intensity of condition
(i1-3) for two hypothetical genotypes that differ in plasticity.

Although adaptive phenotypic plasticity can be adopted as a mechanism to explain the distribution
of aquatic plants across climatic regions, the ability to express optimal traits in many different
environments is likely to be constrained. Several authors have argued that it is costly to maintain
sensory systems that monitor the environment, while also the establishment of alternative character
sets may involve expenditures (e.g. Van Tienderen, 1991; Huber, 1996; but see Sultan, 1992). In
addition, genetic processes may limit the adaptiveness of plasticity, since genes that confer beneficial
changes in one trait may furnish negative effects on others (Dewitt et al., 1998). If plasticity is
advantageous, but constrained, locally adapted genotypes may evolve that show phenotypic traits that
are only suited for certain conditions (Fig. 3B) (Van Tienderen, 1991). In broadly distributed terrestrial
and emergent plants, local adaptation through natural selection was evidenced by reciprocal
transplant experiments (e.g. Chapin Ill & Chapin, 1981; Joshi et al., 2001), while no such experiments
exist for submerged aquatic species that are widely distributed.

A third possibility by which geographically distant populations of broadly distributed plants may
respond to differences in climate is a change in phenology or life-cycle strategy. For example, in
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terrestrial (Criddle et al., 1994), emergent (Clevering et al., 2001) and submerged plants (Phillips,
1983) it was shown that higher-latitude populations could escape from low temperatures by growing
later in the season or postponing their reproductive phase. Such shift in phenology may become so
pronounced that within-species differences in life-cycle strategy may arise. For instance, in Southern
Europe submerged plants may show a perennial or winter-annual life cycle, while at higher latitudes
populations are most frequently summer annuals (Van Vierssen, 1982; Van Wijk, 1988). The capacity
of plants to avoid unfavourable climatic conditions by a shift in seasonal growth may reduce the
requirements for high plasticity or strong local adaptation.

The model species Potamogeton pectinatus L.

Fennel pondweed (Potamogeton pectinatus L.) is a submerged aquatic macrophyte that was
scientifically named and described by Linneaeus (1707-1778) in his Species plantarum of 1753. The
name Potamogeton is derived from the Greek for ‘river-neighbour’, which refers to the emergent
growth form of Polygonum amphibium (water smartweed) that in former times was classified among
the pondweeds (Weeda et al., 1991). The epithet pectinatus (‘comb-like’) refers to the dense ‘brushes’
of narrow leaves that radiate out over the water surface (Kantrud, 1990). P. pectinatus belongs to the
family of the Potamogetonaceae, among which two different genera have been recognised:
Groenlandia that includes only one species (i.e. G. densa) and Potamogeton that includes about 70
species worldwide (Wiegleb & Kaplan, 1998). On the basis of leaf shape two Potamogeton species-
types have been recognised: the magno-potamids that have broad submerged or floating leaves and
the parvo-potamids that produce submerged, narrow and linear leaves that are typical of P.
pectinatus.

Figure 4. Distribution of P. pectinatus throughout the world (shaded area) (partially based on maps presented in
Hultén & Fries, 1986 and Meusel et al., 1965). Dotted lines mark the latitudinal range (24-68°N) from where P.
pectinatus clones studied in this thesis were obtained.

The genus Potamogeton is present in nearly all parts of the world. Highest species densities (20-
35) are found in North America, Western Europe and Asia, while less species (5-15) occur in South
America, Africa, New Zealand and Australia (Wiegleb & Kaplan, 1998). Many Potamogeton species
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are interior or northern in their distribution, while among the widespread species (i.e. P. crispus, P.
nodosus, P. perfoliatus), P. pectinatus is the only true cosmopolitan. In the Northern Hemisphere,
fennel pondweed occurs circumboreally to about 70°N, and it is also present in South America, South
Eurasia, Africa, Australia and New Zealand (see Fig. 4) (Casper & Krausch, 1980). From the previous
it is clear that P. pectinatus can persist in nearly all climatic zones, from the sub-arctic to the tropics.

P. pectinatus is most commonly found in standing waters (i.e. lakes, ponds, ditches), but the
species also thrives in running waters (rivers, streams, irrigation channels) characterised by low-
velocity currents. In addition, the plant frequently inhabits coastal ponds and estuarine wetlands (Van
Wijk, 1988; Menendez & Sanchez, 1998), as it can cope with moderate salinity and fluctuating water
tables. Luxurious growth has been reported on a variety of substrates (from coarse sand to fine clay)
that may largely vary in the content of organic carbon, phosphorus and other nutrients (Casper &
Krausch, 1980). P. pectinatus shows a wide tolerance to differences in nutrient status and has the
ability to grow in oligotrophic to eutrophic and even in polluted waters. Water transparency frequently
limits the depth distribution of P. pectinatus and under conditions of high turbidity its presence is
restricted to shallow habitats (<1.5 m). However, in (crystal) clear waters the species may occur to a
maximum depth of about 10 m, although this seems to be an exception (Kantrud, 1990).

water surface

main shoot /' inflorescence

secondary shoot

axillary tuber

leaf
leaf sheath Lnternode
—= =0 o
sediment fhizome verwinterin
sprouted tuber roots ~ OvVerwintering

tuber

Figure 5. Schematic representation of a P. pectinatus shoot complex, showing morphological features of
importance for this study.

The life cycle of P. pectinatus can be deducted from the plants growth habit (Fig. 5). Most
frequently, seasonal growth starts with the sprouting of subterranean tubers (Fig. 6A), although seeds,
axillary tubers and rhizome parts may also give rise to new plants. After the formation of a main shoot
(with long narrow leaves), a constant production of secondary shoots that sprout from (branched)
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rhizomes can be observed (Fig. 6B). In summer, monoecious flowers arise on the leafy tips of sexual
shoots. Following hydrophilous pollination at the water surface, a maximum of 10-15 buoyant seeds
can be formed on each peduncle (Fig. 6C). Although the importance of seed production for yearly
survival is probably limited (Van Wijk, 1989), waterfowl-mediated long distance dispersal may depend
on it. Asexual reproduction is completed in late summer or early fall, when maximum tuber density is
reached (Fig. 6C and D). At higher latitudes, most P. pectinatus populations show a pseudo-annual
life cycle, which means that during autumn the vegetative plant parts (i.e. shoots, rhizomes, roots) die-
off and only seeds and (subterranean) tubers survive the winter (Fig. 6D). However, under mild
climatic conditions fennel pondweed may show a perennial life cycle, with only partial decomposition
of the aboveground biomass (Spence et al., 1979; Van Wijk, 1988).
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Figure 6. Schematic representation of the pseudo-annual life cycle of P. pectinatus as it can be observed in
Central to Northern Europe.

For the genus Potamogeton, more than 70 different hybrids have been proposed, of which 50 are
relatively well established. At higher latitudes, P. pectinatus frequently crosses with both P. filiformis
and P. vaginatus, and the resulting hybrids (P. x suecicus and P. x boftnicus, respectively) are
morphologically very similar to both parents (Preston, 1995; Wiegleb & Kaplan, 1998). Chromosome
counts were previously used to discriminate between hybrids and their parental species. However, for
P. pectinatus and the two species it hybridises with (i.e. P. filiformis, P. vaginatus), the same average
chromosome number of 2n=78 was found (Hollingworth et al., 1998). As a consequence, cytological
recognition of hybrids is impossible. Recently, however, molecular tools have become available that
provide a reliable method for the identification of P. pectinatus hybrids on the basis of comparisons of
nuclear and chloroplast DNA (King et al., 2001).
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P. pectinatus is an important food source for many species of herbivorous waterfowl. During
summer, large flocks of coots (Fulica atra) and ducks (Anas spp.) may feed on the aboveground

shoots and ripening seeds (Fig. 7A) (Anderson & Low, 1976; Sgndergaard et al., 1996), while in

autumn migrating Bewick’s swans (Cygnus colombianus bewickii) depend nearly exclusively on the
starch-rich subterranean tubers (Fig. 7B) (Beekman et al., 1991; Nolet et al., 2001). As a
consequence, peak standing crop of P. pectinatus may be reduced by 17 to 40% (Anderson & Low,
1976; Van Wijk, 1988), while 48% of the tuber biomass may be lost due to extensive swan feeding
(Santamaria & Rodriguez-Gironés, 2002).

Figure 7. Grazing of coots (Fulica atra) and ducks (Anas spp.) on the aboveground plant parts of P. pectinatus
(A) and foraging of Bewick’s swans (Cygnus colombianus bewickii) on subterranean tubers (B). Note that the size
of the tubers is exaggerated.

Outline of the thesis

The primary aim of this thesis was to evaluate the contribution of phenotypic plasticity, local adaptation
and changes in life-cycle strategy (phenology) to the globally wide distribution of P. pectinatus. For this
purpose we used up to 15 clones obtained from a gradient in latitude (24-68°N) and studied their
performance in dependence of variation in climatic factors. We thereby focussed at various stages of
the life cycle, such as tuber sprouting (Chapter 6), vegetative growth (Chapter 2-6) and asexual
reproduction (Chapter 2). In addition, a transplantation experiment was used to test the effect of in situ
variation in climate on the performance of P. pectinatus in Western Europe (Chapter 7).

Several investigators have studied P. pectinatus at various locations in Western Europe. Although
population-specific differences in biomass productivity and reproductive output were found, the
detection of clear latitudinal trends was hampered by variation in habitat conditions (Ozimek et al.,
1986; Kautsky, 1987; Van Wijk, 1988). We therefore performed two laboratory experiments (under
standardised conditions) that focussed on the existence of genetically fixed and latitude-correlated
differences in growth and (asexual) reproduction for P. pectinatus clones obtained from 24 to 68°N.
The results of these experiments are described in Chapter 2.

Seasonal differences in temperature vary across latitude and plants may respond to this by
acclimative changes in physiological processes (Berry & Bjorkman, 1981). While for terrestrial and
marine plants seasonal acclimation in photosynthesis and respiration received some attention (e.g.
Drew, 1978; Singh et al., 1996), no such studies were available for species native to freshwater
ecosystems. Chapter 3 reports on an experiment in which seasonal acclimation in gas-exchange was
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examined for three freshwater macrophyte species, among which P. pectinatus. Photosynthetic and
respiratory temperature-response curves were measured for shoots collected from the field at monthly
intervals. In addition, a simple model was used to evaluate species-specific differences in acclimation
capacity.

Besides seasonal variation in the thermal regime, cosmopolitan plants have to cope with
pronounced latitudinal variation in the prevailing environmental temperatures. For P. pectinatus, some
aspects of the thermal response have been studied previously (e.g. Spencer, 1986; Madsen & Adams,
1989; Vermaat & Hootsmans, 1994), although ecotypic variation across latitude was never
considered. We therefore characterised the thermal response (i.e. morphology, growth and
photosynthesis) of five P. pectinatus clones obtained from 42 to 68°N and evaluated if thermal
differentiation and/or acclimation could contribute to the species broad distribution (Chapter 4)

Previous research suggested that distant populations of P. pectinatus might vary in their response
to irradiance (Hootsmans & Vermaat, 1994; Hootsmans et al., 1996), although this was not tested
experimentally. In addition, no information existed on geographic variation in vegetative growth
responses of P. pectinatus to differences in photoperiod. Therefore an experiment was performed in
which three clones obtained from contrasting latitudes (42.5-68°N) were grown at a factorial
combination of two irradiances and three photoperiods (Chapter 5). Differences in morphology, growth
and photosynthesis in response to variation in the light climate were characterised. In addition, the
contribution of local adaptation and/or acclimation to the species broad distribution was evaluated.

For broadly distributed plants native to the terrestrial environment, latitude-correlated differences in
the thermal requirements for propagule germination were found (e.g. Sawada et al., 1994; Minggang
et al., 2000). We investigated if such differences also existed for P. pectinatus and characterised tuber
sprouting at a range of different water temperatures for six clones obtained from 49-68°N. Sprouted
tubers were also used to study the combined effect of temperature and photoperiod on subsequent
growth and biomass allocation. We hypothesised that clones from higher latitudes would have the
capacity to make efficient use of a long photoperiod, thus compensating for the growth limiting effect
of low water temperatures (Chapter 6).

Climate is one of the largest sources of environmental variation that has a large impact on plant
functioning (Woodward & Williams, 1987). To assess the contribution of plasticity and local adaptation
to the performance of P. pectinatus at contrasting climates, a transplantation experiment was
performed. For this purpose, 54 clones collected from 14 geographically distant populations (situated
within four climatic regions) were grown in Norway (Oslo), The Netherlands (Heteren) and Spain
(Dofana) (Chapter 7).

Finally, the results presented in all previous chapters are summarised and discussed in Chapter 8.
In particular the contribution of local adaptation, adaptive phenotypic plasticity and phenological
changes was evaluated in relation to the capacity to grow at different latitudes. Moreover, the
environmental variables and plant traits of major importance for the problem under analysis are
discussed.
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Latitudinal variation in life-cycle characteristics of Potamogeton
pectinatus L.: vegetative growth and asexual reproduction

Jorn Pilon, Luis Santamaria, Michiel Hootsmans & Wim van Vierssen

Plant Ecology, in press

Summary

Across latitudinal gradients, environmental conditions that influence plant growth and reproduction
largely change. Here we study clonal variation in life-cycle characteristics of the cosmopolitan water
plant Potamogeton pectinatus L. across a broad latitudinal range.

Two consecutive experiments were performed under standardised laboratory conditions
(photoperiod, irradiance and temperature). In the first experiment we investigated asexual
reproduction among fifteen clones, obtained from latitudes ranging from 24 to 68°N. After 90 days of
growth, high-latitude clones produced more but smaller tubers, while the aboveground biomass was
lower as compared to the clones obtained from low latitudes.

In a second experiment we studied inherent differences in early growth, morphology and
photosynthesis for eleven clones (obtained from the same latitudinal range as in experiment I). We
found high among clonal variation for most measured variables, but the number of latitude-correlated
traits was limited. The only trait that correlated with latitude was the number of leaves per plant, which
increased in clones from higher latitudes.

Our results agree with the hypothesis of a latitude-correlated switch in life-cycle strategy for this
species. For northern clones this results in a short life cycle, with an early and high investment in tuber
biomass, while for low latitude clones the length of the life cycle is prolonged, with a delayed
reproduction and increased total plant biomass.

Introduction

Environmental factors that vary with latitude, such as temperature, irradiance and photoperiod
influence plant morphology, growth and reproduction (Boardman, 1977; Berry & Raison, 1981;
Salisbury, 1981). Therefore, cosmopolitan species might be expected to show phenotypic variability
across latitude. Several studies on terrestrial plant populations have shown the existence of latitudinal
patterns in phenology (Potvin, 1986) and traits related to growth (Li et al., 1998), morphology (Chapin
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Ill, 1974) and sexual reproduction (Aizen & Woodcock, 1992; Winn & Gross, 1993). Reciprocal
transplant and laboratory experiments have revealed that the variation observed in the field was partly
genetically based. In general, ecotypes from higher latitudes were inherently smaller due to lower
growth rates or short development cycles. Simultaneously, mean flowering date for plants grown in
common environments was successively later from high to low latitudes, while seed production
increased (Chapin Ill & Chapin, 1981; Winn & Gross, 1993; Li et al., 1998).

Although the aquatic environment can affect latitudinal gradients by buffering temperature
fluctuations, changing light intensities and influencing phytochrome-mediated detection of photoperiod
(Chambers & Spence, 1984), several studies have reported latitudinal variation in aquatic species,
similar to those of terrestrial plants. However, previous studies concentrated mainly on marine (macro)
algae and seagrasses (Phillips et al., 1983; Strémgren, 1986; Peters & Breeman 1993; Molenaar &
Breeman, 1994), while information about latitudinal responses in freshwater angiosperms is lacking.
This is surprising because the latter are considered to be among the most widely dispersed
(Sculthorpe, 1967), and are excellent tools to study local differentiation induced by environmental
factors that vary with latitude.

In the present study we focus on inherent phenotypic variation among clones of fennel pondweed
(Potamogeton pectinatus L.), collected along a broad latitudinal range. P. pectinatus is a submerged
aquatic macrophyte with a predominant pseudo-annual life cycle. Unlike most other Potamogeton
species, it has a cosmopolitan distribution and occurs in nearly all climatic zones (Casper & Krausch,
1980; Wiegleb & Kaplan, 1998). At sub-arctic latitudes P. pectinatus has to cope with short summer
seasons, followed by long winters with extensive ice-coverage. At temperate latitudes, strong life-cycle
seasonality becomes less important due to extended periods suitable for plant growth. Under mild
climatic conditions, P. pectinatus is reported to be perennial (Spence et al., 1979; Van Wijk, 1988).

Although P. pectinatus can flower abundantly, the significance of seed production for yearly
survival is reported to be very limited (Van Wijk, 1989). As in many other aquatic macrophyte species,
asexual reproduction is achieved through subterranean tubers that play an important role in annual
regeneration. Several authors showed that the production of tubers in P. pectinatus is induced by
short photoperiods (Spencer & Anderson, 1987; Spencer et al., 1993), though Van Vierssen &
Hootsmans (1994) have shown that the interaction between photoperiod and photosynthetic period
has a stronger effect on tuber formation.

Some studies have focussed on the phenology, biomass production and reproductive allocation of
P. pectinatus at different locations in Western Europe. These studies revealed that in Southern
Europe, peak biomass takes place earlier (May-June in Southern Spain [personal observation] and
France [Van Wijk, 1988]), than in Central to Northern Europe (July in the Netherlands [Van Wik,
1988], Poland [Ozimek et al., 1986], Sweden [Kautsky, 1987] and Finland [Van Wijk, 1988]; August in
Northern Russia [personal observation]). Furthermore, maximum plant biomass and the number of
tubers per unit area seemed to be higher for lower latitude populations. Because specific habitat
conditions largely influenced phenotypic variation in life-history traits, the cited field studies made it
possible to only recognise very general latitudinal trends. To discriminate between genetic effects and
the effect of varying environmental conditions, we performed two laboratory experiments with P.
pectinatus clones from a wide latitudinal range (24 to 68°N).

In the first experiment we studied tuber formation in fifteen clones of P. pectinatus, grown under
standardised conditions. We hypothesised that the clones would show genetically based and latitude-
correlated variation in traits related to asexual reproduction. This hypothesis was based on the
assumption that reproduction of individual clones should be adapted to the length of the growing
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season. For clones obtained from higher latitudes, we therefore expected early formation of tubers

and subsequently smaller tuber-sizes (e.g. Aizen & Woodcock, 1992).

In a second experiment we concentrated on differences in morphology, growth and photosynthesis
for eleven clones of P. pectinatus. Since terrestrial plants from high latitudes, normally produce
smaller ecotypes (Chapin Ill & Chapin, 1981; Reinartz, 1984) with inherently lower growth rates (Li et
al., 1998), we expected a similar pattern for P. pectinatus. Simultaneously we explored, if clonal

differences in growth could be attributed to correlated changes in morphology and photosynthesis.

Material and methods

Origin, propagation and storage of plant material

Tubers of P. pectinatus were collected at 18 locations in Europe, North Africa and North America (see
Table 1). Since P. pectinatus reproduces predominantly by means of tubers (Van Wijk, 1988),
populations are largely clonal. Sampling of several individuals per population therefore involves a high

risk of pseudo-replication (Hurlbert, 1984). Hence, we selected a single clone per sampling site.

Table 1. Localities of origin of the clonal lines of P. pectinatus used in experiment | and/or Il

Clone Country Location of origin

Climatic region Latitude* Longitude* Experiment

1 Russia Korovinskaya Bay, Kashin Island
2 Russia Sukhoye Bay, Mudyug Island

3 Russia St. Petersburg, pond in city park
4  Denmark Lake Stigsholm

5  Scotland River Kelvin

6 Poland Lake Mikolajskie

7 Netherlands Lake Lauwersmeer, Babbelaar

8 Netherlands Lake Lauwersmeer, Zoutkamperril
9 Netherlands Lake |Jsselmeer, near Lemmer
10 Netherlands Lake Nuldernauw

11 France River Orne, near La Forét-Auvray
12 France Drainage canal along river Rhine
13 ltaly Pond near Desana

14  Spain Lake Carucedo

15 USA (lllinois) lllinois River

16 USA (California) Imperial irrigation district

17  Egypt Lake Nasser, near Aswan Dam
18 Egypt Lake Nasser, near Aswan Dam

Sub-arctic
Sub-arctic
Sub-arctic
Mild-coastal
Mild-coastal
Mild-coastal
Mild-coastal
Mild-coastal
Mild-coastal
Mild-coastal
Mild-coastal
Mild-coastal
Mild-coastal
Mild-coastal
Continental
Desert
Desert
Desert

68.24°N
64.92°N
59.95°N
55.98°N
55.88°N
53.80°N
53.34°N
53.34°N
52.84°N
52.29°N
48.82°N
48.53°N
45.27°N
42.48°N
39.95°N
32.85°N
23.97°N
23.97°N

53.88°E
40.30°E
30.36°E
9.50°E
4.37°E
21.57°E
6.22°E
6.23°E
5.71°E
5.55°E
0.33°E
7.80°E
8.39°E
6.77°E
90.53°E
115.57°E
32.87°E
32.87°E

I: asexual reproduction experiment, |I: vegetative growth experiment, * geographical coordinates in decimal degrees

At higher latitudes, P. pectinatus hybridises with P. filiformis and P. vaginatus (Preston, 1995;
Preston et al., 1998, 1999). The hybrids (P. x suecicus and P. x bottnicus, respectively) can easily be
confused with P. pectinatus. All clones used in this experiment have been analysed by using
molecular tools (restriction fragment length polymorphism [RFLP] on nuclear and chloroplast DNA
extracted from freshly grown material; King et al., 2001) to ensure that only P. pectinatus, and no P. x

suecicus or P. x bottnicus hybrids were included.
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Tubers of all clones were propagated once a year in the outdoor plant growth facilities of the
Centre for Limnology (May-September in Nieuwersluis, The Netherlands [52.20°N, 5.01°E]) and the
Plant Protection Research Institute (November-March in Pretoria, South Africa [25.75°S, 28.20°E]).
This enabled us to complete two growth cycles per year and thereby maximise tuber production. At
both locations, P. pectinatus plants were grown in polyethylene tanks (1m3), filled with a mixture of
sand and clay (3:1 by dry mass [DM]) and supplemented with tap water.

To remove harmful micro-organisms, all harvested tubers were surface sterilised with 5% NAOCI
(Madsen, 1985). Subsequently, tubers of each clone were wrapped in wet tissue paper and stored at
4°C until further use.

Plant cultivation and characterisation

Experiment I: latitudinal variation in asexual reproduction

For each clone, 8-9 tubers of a standard size-class (50-100 mg fresh mass, FM) were planted
individually in disposable coffee beakers (150 cm3). Each beaker contained a sediment mixture of
sand and potting clay (3:1 by DM) and was covered with 1 cm washed aquarium sand. All beakers
were randomly distributed over eight aquaria (96 I; 60x40x40 cm) and placed in two phytotrons. The
plants were grown in tap water, without additional nutrients. As shown by Van Vierssen & Hootsmans
(1994), tuber production in P. pectinatus is promoted by a short photosynthetic period. To enhance
tuber formation we used the following light regime: 3 h dim light (< 5 pmol m? 3'1), 10 h full light (200
umol m?s™), 3 h dim light (< 5 umol m? s™), 8 h darkness. Irradiance was provided by 17 fluorescent
light tubes (TLD 36W/850, Philips Nederland B.V., Eindhoven, The Netherlands) per phytotron, and
was measured with an underwater quantum sensor (LI-192SA, LICOR, Lincoln, NE, USA) 1 cm below
the water surface. During the experiment, temperature was kept constant at 20 + 1°C. Whenever
necessary, tap water was used to replenish the evaporated water.

After 90 days of growth, all plants were washed free of sediment and the length of the longest
shoot (leaves included) was measured. Thereafter, the DM (after 24 h at 70°C) and ash free dry mass
(AFDM, after 3 h at 520°C) of the above- (shoots) and belowground (roots+rhizomes, tubers) plant
fractions were determined. In addition, we recorded the number and individual size (DM and AFDM) of
the tubers produced per plant.

Experiment II: latitudinal variation in vegetative growth, morphology and photosynthesis

Tubers of 50-150 mg FM were pre-sprouted during one week in plastic trays filled with washed
aquarium sand. All trays were completely submerged in aquaria filled with tap water and exposed to
the following conditions: a photoperiod of 16/8 h day/night, an irradiance of 133 + 1.5 pymol m? s’
(TLD 50W/830 HF, Philips Nederland B.V., Eindhoven, The Netherlands) and a water temperature of
22 + 1.5 °C. Sprouted tubers were planted individually in disposable coffee beakers (150 cms) filled
with a sediment mixture of sand and clay (3:1 by DM) and covered with a layer of washed aquarium
sand. All beakers were randomly distributed over fifteen aquaria (96 |; 60x40x40 cm). Growing
conditions were the same as described for the pre-sprouting of tubers. The pH of the water was
adjusted weekly to 7.3 with 3 M H,SO,.
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Per clone, 6-9 randomly selected plants were carefully washed free of sediment on each of days 9,
17, 31, 39, 46 and 53 (counted from the day when pre-sprouted tubers were planted in the beakers).
At all harvests, plants were separated into leaves, stems and belowground parts (roots, rhizomes and
old and new tubers). Subsequently, DM (70°C for 48 h) and AFDM (520°C for 3h) were determined for
the separated fractions. The following morphometric variables were also recorded for each individual
plant: total number of shoots, length of the longest stem and number of nodes of the longest stem.
After 31 days of growth, 9 plants per clone were collected for photosynthesis measurements and
subsequent biomass determination (as before). The same plants were also used to measure leaf
characteristics (leaf length, leaf mass) and determine the mean number of leaves per plant. For this
purpose a sub-sample of 60 leaves per clone was collected. Finally, the collected leaves were
weighed (FM), pooled in groups of three plants per clone, and stored temporarily at -20°C. At the end
of the experiment, leaf samples were used to determine the chlorophyll a and b concentrations
according to the method of Porra et al. (1989).

Oxygen-exchange measurements

All measurements were performed in three closed replicate systems, with a volume of 422 ml each.
Individual systems were assembled by interconnecting a Perspex cuvette (L: 14 cm, &: 5 cm) and an
electrode chamber (D201, WTW, Weilheim, Germany) with different types of tubing (PVC/Tygon®). All
oxygen-exchange systems were placed in two aquaria (96 |; 60x40x40 cm) filled with tap water. A
thermoregulation system (heating and cooling) connected to the aquaria, maintained the water
temperature at 20 £+ 0.1°C. Within the systems, water was circulated with a peristaltic pump
(Masterflex pump drive 7520-45, pump head 7519-05; Cole Parmer Instrument Co., Vernon Hills, IL,
USA) at a flow rate of 750 ml min™'. This flow rate was expected to have no limiting effect on the
photosynthesis rate of submerged macrophyte species (Westlake, 1967). The cuvettes were
submerged 2 cm below the water surface and held horizontally by a Perspex frame. The dissolved
oxygen concentration was measured with Cellox 325 oxygen probes (WTW, Weilheim, Germany) and
recorded (every 10 s) with a micrologger (21X, Campbell Scientific Ltd, Leicestershire, UK).

A SON-T AGRO Ilamp (Philips Nederland B.V., Eindhoven, The Netherlands) provided
photosynthetically active radiation (PAR). Different irradiances were created by varying the distance
between the lamp and the water surface and by using neutral density shading nets. As it was difficult
to maintain a homogeneous light field at high light intensities, we measured the irradiance at three
points along the inside of each cuvette and used the mean irradiance per cuvet for further calculations.
For the three cuvettes we aimed at mean irradiances of approximately 25, 50, 75, 100, 150, 200, 300,
400 and 500 pmol m’s” (PAR). Prior to the oxygen-exchange measurements, both aquaria were filled
with tap water and a single addition of 20 g NaHCO; was made. This produced a dissolved inorganic
carbon concentration (ZDIC) of 4.6 mM; high enough to saturate net photosynthesis of P. pectinatus
(Sand-Jensen, 1983). After addition of bicarbonate, pH of the water was 7.7, corresponding with a
distribution of 95% HCOj3 and 5% CO, (Prins & Elzenga, 1989).

Three intact plants per cuvette were used to derive light-response curves. After covering the
aquarium with black plastic foil to prevent light penetration, dark respiration measurements were
started at an initial oxygen concentration of 9-10 mg I (the normal concentration in tap water at 20°C).
Subsequently, the plants were exposed to the different irradiances, starting with the lowest intensity
and ending with the highest. Prior to the photosynthesis measurements, water was bubbled with
nitrogen gas to reduce the dissolved oxygen concentration to 3-4 mg I'. All oxygen-exchange
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measurements were performed during 30-45 min, until the oxygen concentration had increased or
decreased by at least 0.5 mg I"!. Between measurements, the systems were opened and the medium
inside was completely replenished with surrounding water.

Calculations and statistical analysis

All statistical analyses were performed with the STATISTICA statistical package (Statsoft Inc., 1999).
Variables related to morphology and biomass accumulation were tested for normality and
homogeneity of variances. Log-transformations were carried out whenever necessary (Sokal & Rohlf,
1995). Differences between the clones were tested by using one-way analyses of variance (ANOVAs).
To allow for (unplanned) pairwise comparisons between clonal lines, the minimum significant range
(MSR; based on the studentised range distribution) was calculated for each variable (i.e. according to
the Tukey-method; Sokal & Rohlf, 1995). In the case of unequal sample sizes, the critical values and
the standard errors were modified according to the Tukey-method (Sokal & Rohlf, 1995). The
relationship between plant variables and latitude (experiment |) were tested by using linear
regressions. The correlation structure of traits was analysed by using multiple correlations (experiment
I and Il). The outcome of all pairwise Spearman correlations was summarised in correlation matrices.
Initial growth rates (RGR; experiment Il) were calculated from exponential regressions of total biomass
data.

In experiment Il, 33 light-response curves were obtained (11 clones x 3 replicate curves). From
each data set, in which linear increases and decreases in oxygen concentration were related to time,
initial lag phases were excluded. Linear regressions were used to calculate oxygen-exchange rates
per unit time and biomass. The parameters of the light-response curves were calculated by fitting
these gas-exchange data to the following equation describing a rectangular hyperbola (e.g.
Santamaria et al., 1994):

Pmxl
Kos +1 d (1)

where P (in ug O, g'1 AFDM min'1) is the rate of net photosynthesis, Pm (in ug O, g'1 AFDM min'1) is
the light saturated rate of gross photosynthesis, | (in pmol m* s‘1) is the independent variable
irradiance, Kos (in umol m? s™) the half-saturation constant and Ry (in g O, g' AFDM min™) is the
dark respiration. The apparent quantum yield (a in ug O, m®s g'1 AFDM min'1) was calculated as Pm
divided by Ky (€.g. Hootsmans & Vermaat, 1994), while the light compensation point (LCP in pmol m™
s'1) was estimated by using equation (1) at P=0. Fitted and calculated parameters from the three
replicate curves per clone were compared by one-way analyses of variance (ANOVAs). Data were
log-transformed if needed for normality and homogeneity of variances and MSR-values were
computed according to the Tukey-method to allow for unplanned pairwise comparisons between
means (Sokal & Rohlf, 1995).
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Results

Experiment I: latitudinal variation in asexual reproduction

All variables related to morphology, biomass production and asexual reproduction varied significantly
among clones (Table 2). Latitude was positively correlated with the absolute and proportional
allocation of biomass invested in tubers (Fig. 1C and F, Fig. 2). Clones originating from higher
latitudes produced more, but smaller tubers (Fig. 1G and H, Fig. 2).

Table 2. F14104-values and significance levels (***P < 0.001 for all variables) for one-way ANOVAs on various
plant variables recorded during the reproductive part of the life cycle (experiment I). The effect of the independent
variable clone is shown. AFDM: ash free dry mass.

variable clone
length of longest shoot (cm) 13.6***
allocation to aboveground (%) 26.8***
allocation to roots + rhizomes (%) 5.5%**
allocation to tubers (%) 21.9%**
aboveground biomass (mg AFDM) 15.4***
root + rhizome biomass (mg AFDM) 9.3***
total tuber biomass (mg AFDM) 10.4***
total plant biomass (mg AFDM) 6.5***
tubers per plant 13.6***

The absolute and proportional investment of dry matter in aboveground plant tissue and the length
of the longest shoot decreased with latitude (Fig. 1A and E, Fig. 2). This suggests that higher latitude
clones had less photosynthetic tissue available to produce a higher total tuber biomass. The number
of tubers per plant and the total tuber biomass correlated positively with the proportion of biomass
allocated to tubers (Fig. 2). The absolute and proportional allocation of biomass in aboveground plant
organs was positively correlated with the investment of biomass in roots and rhizomes (both DM and
DM%), while these increases correlated negatively with the proportional allocation of resources to
tubers (Fig. 2).

Experiment lI: latitudinal variation in vegetative growth, morphology and photosynthesis
Biomass allocation and productivity

Biomass production and the allocation of biomass into different plant parts (leaves, stems,
roots+rhizomes) varied significantly among clones (Table 3). RGR varied between 27 (clone 18) and
52 mg AFDM g'1 day'1 (clone 4) and was positively correlated with total plant AFDM (Table 4, Fig. 3).
However, neither the RGR, the total plant biomass, nor the absolute investment of biomass in above-
and belowground parts correlated significantly with latitude (Fig. 3). Proportional biomass allocation
into leaves significantly increased with latitude, while proportional allocation into stems and
belowground parts peaked at intermediate or low latitudes respectively (Fig. 4). However, those
relationships relied heavily on one single point (clone 18). After excluding this clone from the data set,
no significant correlations between latitude and the proportional allocation of dry matter into leaves
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and belowground parts existed, while latitude correlated negatively with the proportional allocation of
biomass to stems (Fig. 4). Still, proportional allocation of dry matter to leaves and stems correlated
negatively with the allocation to belowground biomass (Fig. 3).

100 R’ =0.48 P <0.01 R*=0.71 P <0.001
;\3 A - 100 1 E
< 80 | .5
2 988 g 52 801 ©
3 %97 o | §4E 60- 0
D 40 © 28 Sle!
) T @) e 40 - O
> -
8 201 °f & 20-
< 0 0
2 2
< 40 R’ =0.05 P <0.40 . 180 R*=0.31 P <0.05
9 30 ® o) éf " 0
. [
o 50%; | fim w
N ) O s
‘= 20 - (@) b %
: 2 L 60 -
5 50 Q o)
o 0 "5 é 0 OQ\
n: T T T T |_ T T ) T
80 R’ =0.40 P <0.05 16 R*=0.46 P <0.01
C ®) "g G %
< 60 1 2 12 5
£ 40 - o & 8-
E d Q
P 20 1 Q Q g 4 530
0 g T T O8 Q T lE 0 '_8 T T DQ T
2 2
@ 500 R’=0.14 P <0.68 30 . R®=0.42 P <0.05
2 4004P 5 ®
22 TES 90| < Q
fmoiy . oo® | FEETC ;
© | O 29 <
32200 0,09 |, 25 210" . Q
T 100 A TE2 = Qo
(o)
l_ 0 T T T T 0 T T T T
20 30 40 50 60 70 20 30 40 50 60 70
Latitude (°N) Latitude (°N)

Figure 1. Linear regressions, describing the relationship between latitude and plant characteristics related to
growth (A, B, C, D, E) and asexual reproduction (F, G, H) for fifteen clones of P. pectinatus, grown under
standardised conditions (experiment |). Indicated are means + standard errors (n = 7-8). Standard errors can be
obscured due to the size of the data points. Lines represent significant regressions. R-values and the
significance level of the regressions are shown in the figures. Biomass is expressed as ash free dry mass
(AFDM).
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Figure 2. Correlation matrix, representing multiple correlations among characteristics recorded during the
reproductive part of the life cycle for fifteen clones of P. pectinatus, grown under standardised conditions
(experiment 1). Significant positive (+) and negative (-) Pearson correlations (P < 0.05) between the actual or log-
transformed variables are indicated. Blank cells indicate non-significant correlations.

Table 3. F-values and significance levels (NS: non-significant, *P < 0.05, **P < 0.01, ***P < 0.001) for one-way
ANOVAs on various plant variables recorded during vegetative growth of eleven clones of P. pectinatus
(experiment Il). The effect of the independent variable clone is shown. Pm: light saturated rate of photosynthesis,
Ko.s: half saturation constant, Ry: rate of dark respiration, a: quantum yield, LCP: light compensation point, a+b:

total chlorophyll, a/b: chlorophyll a/b-ratio, AFDM: ash free dry mass, FM: fresh mass.

df (effect) 10 df (error) clone
morphology length of longest stem (cm) 88 17.39***
nodes on longest stem 88 17.64***
internode length (cm) 88 17.62***
shoots per plant 88 4.86***
leaves per plant 88 23.07***
leaf length (cm) 22 20.93***
individual leaf biomass (ug AFDM) 22 26.49***
biomass leaf biomass (mg AFDM) 53 4.38***
stem biomass (mg AFDM) 53 5.69***
root + rhizome biomass (mg AFDM) 53 4.51%**
total plant biomass (mg AFDM) 53 4.44***
allocation to leaves (%) 418 31.33***
allocation to stems (%) 418 51.97***
allocation to belowground (%) 418 20.61***
photosynthesis  Pm (ug O, g AFDM min™") 22 4.60**
Kos (umol m?s™) 22 2.88*
Rq (ug O» g”' AFDM min™) 22 1.44N8
o (g O, m? s umol g™ AFDM min™) 22 1.93%°
LCP (umol m?s™) 22 2.82"°
chlorophyili a+b (ug g’1 FM) 22 11.13***
a/b (ug ug™"' FM) 22 0.74N°
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Table 4. Vegetative growth characteristics of eleven clones of P. pectinatus recorded after 31 or 53 days (RGR
and plant biomass) of development under standardised conditions (experiment Il). Shown are means + standard
errors. Differences between the clones were tested by one-way ANOVA. The minimum significant range (MSR;
based on the studentised range distribution) indicates the minimum difference between any pair of means that is
significant at P < 0.05. Clone numbers increase with decreasing latitude. AFDM: ash free dry mass, RGR: relative
growth rate. *Due to missing values, pairwise comparisons involving clone 3 (n=4) have the following MRS: 180.

Clone Leaves Leaf Individual Length of Nodes per Internode Shoots RGR Total plant
per length leaf longest shoot length per plant biomass
plant biomass stem
(cm)  (ug AFDM)  (cm) (cm) (m_%} AFQM (mg AFDM)
g day’)
(n=9) (n=60) (n=3) (n=9) (n=9) (n=9) (n=9) (n=6)
1 34+2 9.0+£05 537+41 19+1 80+£02 24101 29%0.6 36 96 £ 10
2 50+4 59103 335+33 29+2 9.0x0.2 32+03 4303 45 235+ 30
3 29+4 8.0+04 549+35 42+4 113+x04 37202 31x04 29 94 +17*
4 54+5 6.1+02 2744 22+2 100205 21+01 4.2+03 52 179 £ 43
6 49+3 50+£03 29419 34+3 118103 28x+0.2 5.0+03 43 11519
7 42+4 7.3+04 38026 38+3 114105 3302 43104 39 112+12
9 51+3 6.6+03 385x+15 47+3 112+02 41103 3.2x01 38 122 + 11
1 19+1 84+05 809132 47+1 119+03 39+01 31x03 41 126 + 10
13 45+6 73204 538+61 56+2 113103 5001 36+0.3 50 268 + 81
14 37+3 651203 365+18 41+4 111+04 36102 3902 31 9315
18 13+1 11.5+04 719152 32+4 78105 4003 27103 27 129 £ 15
MSR 17 1.7 174 13 1.7 0.9 1.6 - 147

Pm (pg O, g'1 AFDM min”

a (ug O, m?s pmol g AFDM min™’

)
)
Rq(ug O2 g7 AFDM min™")
RGR (mg AFDM g™ day™)
plant biomass (mg AFDM) +

allocation to leaves (%)| + | +

allocation to stems (%)

allocation to belowground (% )| — | — | + - - | =

leaves per plant| + +

individual leaf biomass (ug AFDM) -
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Figure 3. Correlation matrix, representing multiple correlations among vegetative growth characteristics of eleven
clones of P. pectinatus, grown under standardised conditions (experiment Il). Significant positive (+) and negative
(-) Pearson correlations (P < 0.05) are indicated for actual or log-transformed variables and photosynthetic
parameter estimates. Blank cells indicate non-significant correlations. Pm: light-saturated rate of photosynthesis,
o apparent quantum yield, Rq: rate of dark respiration, RGR: relative growth rate.
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