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General abstract 

One of the most important features of floodplain wetlands, both from an economical and a 
purely naturalistic point of view, is their high secondary production, with abundant 
invertebrates, fish and birds. This production is primarily based on the high productivity of 
aquatic macrophytes and their associated periphytic algae. Semi-arid floodplain wetlands have 
a very dynamic character, with yearly recolonization by the fauna and flora as a 
characteristic phenomenon. It is a consequence of the annual cycle of inundation and 
subsequent desiccation. The present study concentrates on the understanding of the dynamics 
of the aquatic vegetation as a research strategy for the management of such wetlands. Aims 
of the study were to identify potential causes for the decline of the submerged macrophyte 
populations, and to better understand the factors behind the interannual variation in their 
development. 

The marsh of the Donana National Park (SW Spain) was selected as a study area. The 
research concentrated on the growth, photosynthetic performance and reproduction of the 
dominant macrophyte species in the brackish area of the marsh, Ruppia drepanensis Tineo. 
Working hypotheses were generated from a conceptual model explaining the life cycle and 
biomass development of the submerged macrophyte populations. In this model, we consider 
the light climate as the main factor limiting the development of the submerged vegetation. 
High nutrient concentration is hypothesized as the main factor triggering the decline of the 
submerged macrophytes, either by a indirect shading effect due to increased growth of 
periphyton, or by a direct physiological effect on the plant development (toxicity of 
ammonia) and reproduction (delay of the flowering event caused by high nitrogen 
availability). 

Light intensity and temperature strongly influenced growth and reproduction. The 
plants showed a strong capacity for photosynthetic acclimation to low light intensities. A 
weaker acclimation capacity was coupled with a high plasticity with respect to the 
temperature effect on photosynthesis. 

Photoperiod and photosynthetic period did not influence growth, but affected 
reproduction. A longer photoperiod resulted in earlier flowering, and a longer 
photosynthetically active period resulted in more flowering and eventually higher seed 
production. Flowering was triggered by temperatures above 15 °C, and was strongly reduced 
at 30 °C. Although in all cases some plants were able to flower, the set of characteristics 
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necessary for a successful reproduction can be defined as a long photosynthetic photoperiod 
and a range of temperatures above 15 °C but below 30 °C. 

Relatively high nitrate concentrations in the water column resulted in postponed 
flowering both under high and low sediment nutrient concentrations. Under field conditions, 
this can result in a complete failure of the reproduction, as the wetlands dry up after a 3 to 
4 months period suitable for vegetative growth. 

High ammonia concentrations in the root zone resulted in a limitation of growth and 
a failure of the reproduction. Photosynthetic oxygen production was not affected, but 
respiration increased strongly. The effect was more pronounced at higher temperatures. We 
conclude that, under hypertrophic conditions, toxicity of the ammonia generated in the 
anaerobic sediment layer can severely limit the development of the submerged plant 
populations. 

Low bicarbonate levels at the end of the season strongly restricted the photosynthetic 
production. Plant age also had a significant effect, with low photosynthetic production after 
the beginning of seed production. Together with the depletion of nutrients and with the effect 
of high temperatures on photosynthesis, these factors can explain the decline of the vegetation 
at the end of the season, sometimes before the actual drying up of the bigger wetlands. 

Two years of field data confirmed the importance of wind-induced sediment 
resuspension and periphyton growth in influencing the light climate experienced by the 
submerged vegetation. Phytoplankton was always scarce in the areas were submerged 
vegetation was developing. Plant biomass increased exponentially in early spring (March), 
with steady biomass yields (up to 100 g afdw m~2) together with abundant flowering and 
fruiting in late spring (April-May). Interannual variation was found to be very high, both 
concerning the abundance and the distribution of the submerged vegetation, mainly because 
of differences in rainfall which influenced the inundation cycle. Grazing by waterfowl can 
also account for this effect, as in dry years birds concentrate in the few wetlands still 
containing water. 

For our conceptual model, we conclude that there is experimental evidence for direct 
physiological effects of high nitrogen concentrations on the decline of submerged macrophyte 
populations. This finding can complement the general hypothesis of a negative periphyton-
mediated effect of high nutrient loads on the aquatic plants during the process of cultural 
eutrophication. Low light conditions have a strong, negative effect on the development of 
macrophyte populations. Macrophyte growth tends to improve the underwater light climate 
by stabilizing the sediment and reducing the attenuance caused by seston particles. Then, 
shading by periphyton, bicarbonate depletion and low nitrogen and phosphorus levels tend 
to be the main growth limiting factors. Flowering and seed production are thus quickly 
followed by plant senescence. Long-term survival of the seed bank and recolonization from 
seeds from neighbouring wetlands, the role of plant diversity in increasing the stability of the 
submerged vegetation meadows, the effect of grazing by herbivorous fauna, and the effect 
on light climate of sediment resuspension by carps, flamingoes and cattle trampling are 
proposed as elements worthwhile to study in the future. 

Finally, some examples are provided for the use of the present conceptual model for 
the management of semiarid shallow wetlands. 
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1. INTRODUCTION 

Mediterranean wetlands are often shallow and temporary (Florin et al., 1993), and have 
brackish or saline water (Comîn & Alonso, 1988; Martino, 1988). This applies to endorheic 
inland lakes, but also to coastal shallow lakes and estuarine floodplain wetlands. Temporary 
brackish and saline wetlands are characterised by the instability caused by recurrent (and 
often unpredictable) fluctuations in water regime and (parallel to that) salinity. This results 
in the presence of highly original communities, composed of opportunistic organisms with 
very flexible life-cycles and specifically adapted to the summer desiccation and the osmotic 
stress (Martino, 1988; Williams, 1985). 

The fluctuating character of these wetlands is held responsible for their high 
productivity (Margalef, 1976). The dynamic character of the inhabiting communities makes 
them able to produce high biomass yields in a very short time (Montes et al., 1982; Duarte 
et al., 1990). Summer desiccation results in the detritic consumption of these high biomass 
yields, except in the cases where they are exploited by animals able to move elsewhere 
during the dry period (mainly migratory birds, but also fishes in the case of floodplain 
wetlands; Margalef, 1976). Still, an important part of the biomass may remain in the 
sediment forming the seed bank (here referring to the total pool of plant and animal 
propagules; Grillas et al., 1992, 1993). 

Once substantially altered by human interferences, these ecosystems are not easy to 
manage. While their conservation and even reconstruction was formerly considered to be 
relatively easy (Margalef, 1976), the ultimate dependence of these systems on poorly 
predictable climatic fluctuations makes them difficult to understand, to anticipate and thus 
to manage. Waterway embankment and drainage to obtain agricultural land are the two main 
disturbances affecting the estuarine and floodplain temporary wetlands. Through the 
modification of the spatial and temporal pattern of inundation and salinity, these disturbances 
may severely upset the diversity and productivity of such wetlands. 

Due to their shallow character, a great number of the Spanish temporary wetlands are 
colonized by dense meadows of submerged vegetation. This vegetation offers shelter, food 
and physical substrate for the invertebrates and fishes (De Nie, 1987), resulting in a high 
secondary production. Several of these wetlands (among others, the National Parks of 
Donana and Tablas de Daimiel, and the 'lagunas' of La Mancha) are of major international 
importance due to their role as resting and breeding zones for a large amount of Western 
European migratory birds (Finlayson & Moser, 1991). The capability of these wetlands to 
sustain such high numbers of migratory birds relies on the maintenance of a high primary 
production by the submerged vegetation. 

The present study focused on the ecology of the submerged macrophyte communities 
of a Mediterranean temporary marsh, the Donana marsh, located in the estuarine floodplain 
of the Guadalquivir River (SW Spain). In this area, dense meadows of submerged 
macrophytes grow in a mosaic of fresh to brackish wetlands flooded during winter and 
spring. Ruppia drepanensis Tineo is the most abundant macrophytic species (Duarte et al., 
1990; Grillas et al, 1993). 

This chapter introduces a research project that lasted from 1990 till 1994. The 
ultimate goals for the entire research project were to gain insight into the causes behind the 
decline of the submerged macrophytes in the Donana marsh, to determine the optimal 
strategy to redevelop its potential biological diversity, and to generate strategies for the 
sustainable management of Mediterranean floodplain wetlands. In this PhD study, emphasis 
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FIG.l: Situation and landscape units of the Donana national Park. Adapted from Aguilar et al. (1986). 

was placed on trying to collect as many relevant data as possible within one specific 
macrophyte community, the one dominated by R. drepanensis. It complements other projects 
carried out in the marsh. These include the population dynamics of the American swamp 
crayfish (Procambarus clarkii (Girard)) and its impact on the macrophyte populations, the 
relationship between the abundance and distribution of the seed bank and the standing aquatic 
vegetation (Grillas et al., 1993), and the productivity of the submerged plant communities 
of the marsh (Geertz-Hansen et al, in prep.). 
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2. DESCRIPTION OF THE STUDY AREA 

The Donana National Park is located in the floodplain of the Guadalquivir River (SW Spain, 
Atlantic coast; Fig.l). It is the biggest Spanish National Park, covering 50.000 hectares, and 
it includes three different landscape units: dunes, Mediterranean forest and bushes on 
stabilized sand, and the former floodplain marsh of the Guadalquivir River. The Donana 
National Park is especially known for its fauna, which combines a high diversity (125 species 
of birds and 28 of mammals) with the presence of endemic or endangered species. Moreover, 
its marsh is of major European importance for the wintering and nesting of high numbers of 
waterfowl and other wetland migratory birds (about 40.000 geese and 150.00 to 200.000 
waterfowl overwinter regularly in the marsh; Aguilar et al., 1986). The high production of 
the submerged vegetation of the marsh (Duarte et al., 1990), and the subsequently high 
secondary production of invertebrates (Montes et al., 1982) and fishes (Hernando, 1978), is 
responsible for feeding most of these wetland birds during winter and spring. 

The plant and faunal communities of the Donana National Park are composed of 
species adapted to the Mediterranean climate, with very dry summers and mild winters. Most 
of the rainfall occurs in autumn and winter, and most of the wetlands are temporary: they 
fill with water between October and March, and dry up between May and June. Many 
species are winter annual for this reason, which means that the highest biological activity in 
the aquatic habitats is found in winter and spring. This is indeed characteristic for a majority 
of the inland wetlands of the Iberian Peninsula, 70 % of which are small, shallow lakes with 
extreme seasonal fluctuations of the water level (Florin et al., 1993). 

The marsh of the Donana National Park constitutes one third of the original area 
flooded by the Guadalquivir River (Bernues, 1990). Moreover, the two branches of this river 
which formerly flooded the Donana marsh have been closed or diverged during the 
transformation of the rest of the floodplain into agricultural areas, and they do not discharge 
into the marsh any longer. The only watershed which still feeds the marsh is the local 
'arroyo de la Rocina' (Fig. 1). Finally, the construction of a clay wall all along the Southern 
limit of the marsh, with gates for the control of water interchange through the original 
outflow channels have severely restricted the inflow of brackish water which used to enter 
the marsh during high tides. These changes virtually meant the end of the Guadalquivir 
estuary as an example of a characteristic Southern european floodplain type ecosystem. 

At present, thus, the flooding of the different wetlands composing the marsh depends 
mainly on the direct rainfall and the inflow from the 'arroyo de la Rocina' watershed, plus 
some surface- and groundwater flowing from the neighbouring dune area (West of the 
marsh). 

Because of the deposits of evaporated salts accumulated in certain parts of the marsh, 
a variety of habitats differing in salinity regime may be found in the area, following roughly 
a NW-SE gradient of increasing salinity. In combination with this, four groups of habitats 
may be distinguished according to their hydrology and water permanence. The 'canos' are 
the original channels of riverine water circulation, constituting three main courses from the 
former inflows of (from West to East) 'Madré de las Marismas', 'Guadiamar' and 
'Travieso'. The 'lucios' are depressions of the floodplain which keep water during a longer 
period of time than the 'quebradas', very shallow habitats which only keep water when the 
whole marsh is flooded (Fig.2). 

Salinity and water permanence are the two most important habitat characteristics of 
the Donana marsh. They are closely linked, in the sense that salinity rise closely precedes 
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FIG.2: Different types of wetlands in the Donana marsh. 'Quebradas' are subdivided in freshwater ('FW 
marsh') and brackish ('BW marsh'). Adapted from Aguilar et al. (1986). 

desiccation, and that a species with a wider range of salinity tolerance may profit of a longer 
period suitable for growth and reproduction in the more saline wetlands. I consider both 
factors as very important because they are vital to the dominant primary producers in such 
shallow habitats, the aquatic macrophytes. 

The characteristics of the brackish habitats of Southern Europe differ essentially from 
those in Northern or Central Europe. Van Vierssen & Den Hartog (in prep.) suggest that the 
salinity factor (and specifically its fluctuation) and the drying up of a habitat are such 



dominant factors in Southern Europe, that the species composition of the submerged 
phytocoenoses seems almost completely determined by them. This has an important 
consequence for the study and management of Mediterranean estuarine floodplains such as 
the Donana marsh. Salinity and temporality tend to result in the dominance of one or a few 
of macrophyte species. Each of these habitats has a low-diversity, but it is the heterogeneity 
of the wetland habitat mosaic that results in a high biological diversity for the marsh as a 
whole. Moreover, a certain replacement of species may occur along time. 

In contrast, the brackish ecosystems in Northern and Central Europe usually sustain 
higher-diverse communities, which occur in large areas of the estuarine or floodplain system 
with minor changes in species composition along the environmental gradient. Adequate 
management of a fraction of the estuary is in this case enough to protect a representation of 
the whole system, and the study of its macrophytic component has to deal initially with the 
interaction between species at the community level. Mediterranean estuarine and floodplain 
wetlands are more likely to require an appropriate management on their overall extension, 
due to their 'mosaic' structure and the interannual changes in community distribution 
following climatic variability. The study of their macrophytic component may be better 
approached by combining several autecological studies, the interactions between species being 
probably less important. 

Six species of angiosperms (R. drepanensis, Zannichellia obtusifolia Talavera, Garcia-
Murillo & Smit, Callitriche truncata Guss., Ranunculus baudotii Schank and Myriophyllum 
alterniflorum DC, and Althenia orientalis (Tzvelev) Garcfa-Murillo & Talavera) and two 
genera of charophytes (Chara and Tolypella) compose the submerged vegetation of the marsh 
(Duarte et al., 1990; Grillas et al., 1993). Neither paper described the community types, but 
the two more abundant angiosperms in the marsh (Grillas et al., 1993), R. drepanensis and 
Z. obtusifolia, are respectively the dominant species in the two different associations defined 
by Van Vierssen & Den Hartog (in prep.) as characteristic for the Mediterranean temporary 
wetlands: Ruppietum drepanensis (Ruppietea: Ruppion), and Zannichellietum peltatae 
(Potametea: Callitricho-Batrachion). 

3. THE CONCEPTUAL MODEL 

I proposed above that salinity and water permanence are the two most important habitat 
characteristics of the Donana marsh. The osmotic stress (high salinities) and the drying up 
of the habitats mean essentially the same for any macrophyte: they restrict the length of the 
life-cycle. Both the formation of land-forms (as in R. baudotii) and the development of a 
broad range of salinity tolerance (as in R. drepanensis, A. orientalis and Tolypella) result in 
a extended growing season. But the production of special propagules is still the strategy 
adopted by all species to survive the summer drought. In habitats which dry up completely 
during prolonged times, the production of drought resistant seeds seems to be the only 
relevant survival mechanism. Tubers and Unions are drought resistant to a much lesser 
extent, and have only been found in occasional permanent localities of the marsh (for 
example, tubers of Potamogeton pectinatus L. were found in a lucio where the sediment is 
subject to groundwater seepage from the nearby dunes). 

The winter annual submerged macrophytes from these brackish waters produce 
abundant seeds (e.g. Verhoeven, 1979; Grillas et al., 1993: seed banks of 1000 to 5500 
seeds m2), and they enable early germination and growth when the habitat has water (late 
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autumn-winter; see e.g. Van Vierssen & Van Wijk, 19821 for the germination ecology of 
Zannichellia peltata Bertol.). 

The life-cycle of annuals has two essentially different phases (Silvertown, 1982): 
1. the established phase: plants grow vegetatively. 
2. the regenerative phase: reproduction occurs. Propagules (seeds, for R. drepanensis) 

are produced, survive and produce new plants. 
I will now go into some more detail about these two different phases. In Fig.3,1 have 

summarised my thoughts regarding the interplay of different factors affecting them, together 
with their sequence along the plant's life-cycle. 

3.1. The established phase 

It is important to define the length of the period which is available for normal vegetative 
growth. Firstly, differences in salinity tolerance may modify the extension of the period 
suitable for vegetative growth. Secondly, I postulate that the time a species 'needs' before 
it can reproduce can be quite different. Therefore, information is needed on the factors 
regulating the onset of reproduction in these habitats. 

I propose vegetative growth to be mainly affected by the following factors: 

1. the light climate: the light climate experienced by the plant ('received PAR') will 
determine its photosynthetic production, and may influence the plant's architecture 
(morphology, chlorophyll concentration) and physiology (e.g. its photosynthetic and 
respiratory rates) due to acclimation processes (Boardman, 1977). In turn, the received PAR 
will depend on plant architecture, and on the turbidity of the overlying water column. The 
latter is mainly caused by (a) sediment resuspension, which may be increased by wind-
induced turbulence and by bioturbation (carp feeding habits; trampling by cattle and treading 
by flamingoes, Duarte et al., 1990), and is expected to be reduced by the growth of the 
submerged vegetation (due to the stabilization of the sediment particles; Duarte et al., 1990); 
and (b) on the concentration of phytoplanktonic algae, which depends on the concentration 
of nutrients in the water and is reduced in the presence of dense macrophyte stands (Van 
Vierssen & Prins, 1985; Hootsmans, 1994). Finally, periphyton growing on the macrophyte 
leaves may further attenuate the incoming irradiance. 

2. the availability ofC: through the growing season, especially in brackish water (pH^8), 
the concentration of free C02 may become undetectable, bicarbonate becoming the dominant 
C species. Further increases in pH may also restrict the availability of bicarbonate. The 
photosynthesis of the submerged macrophytes will thus directly depend on their ability to use 
bicarbonate, and on their particular response to a restricted C supply. 

3. the availability of N and P: main sources of N and P are expected to be found in the 
sediment for most of the Donana wetlands. Still, a relatively high release to the water column 
may be expected due to their high surface-volume ratio. N and P bound to the clayish 
sediment and coming from the organic matter mineralised during the dry season are 

One of the varieties studied by these authors, Z peltata var. peltata, received the species status 
as Z. obtusifolia in Talavera et al. (1986). 
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hypothesised to be high at the beginning of the growing season, while their availability to the 
plants would decrease strongly following abundant vegetative growth. In that moment, either 
N or P could become limiting for the growth of the plants. 

4. the temperature: while low temperatures (8-12 °C) result in optimum germination in R. 
drepanensis and Z. peltata (see above), intermediate temperatures (15-20 °C) are expected 
to result in optimum vegetative growth, and even higher temperatures (20-30 °C) in the 
induction of reproduction (as reported by Setchell, 1924 and Verhoeven, 1979 for Ruppia 
maritima L. s.L). 

3.2. Vie regenerative phase 

This period will be shorter than the total length of the life-cycle, yet it is of vital importance 
for the year-to-year survival of the population. To know how much time is needed to 
complete its life-cycle and compare it with the period available in the field, this aspect should 
be studied in detail. The major environmental cues which are responsible for the production 
of seeds are the photoperiod s.L, the temperature and the nutrient status of the environment. 
Besides, the size of the plants may also affect both the timing and the abundance of 
propagule production. 

1. The photoperiod has been widely reported to trigger the induction of flowering in many 
plant species (Salisbury, 1981). Winter annual species such as the aquatic plants from the 
Donana marsh are expected to flower in spring, when daylength is quickly increasing. Thus, 
long-day conditions may be expected to induce propagule production in these species. 

2. The temperature is hypothesised to be a factor of major importance in triggering the 
different developmental stages of brackish water plants (Verhoeven, 1979). As mentioned 
above, relatively high temperatures (20-30 °C) may initiate the reproduction, while still 
higher temperatures (>30°C) may progressively inhibit the formation of the propagules. 

3. The availability of nitrogen is hypothesised here to also induce propagule formation. 
Increased energy expenses due to a shortage in N availability at the end of the growing 
season would, according to this hypothesis, result in a switch to the allocation of the plant 
resources to reproduction. 

4. The size of the plant has been related both with the initiation and with the abundance of 
propagule production for several aquatic angiosperms (Titus & Hoover, 1991; Olesen, 1993). 
A fast vegetative growth would thus result in an earlier flowering and a higher abundant seed 
yield, increasing the chances for next year's survival. 

Due to their annual character, Mediterranean brackish water species are likely to 
allocate all their resources in a quick and abundant production of seeds once reproduction has 
been triggered. Senescence of the plant closely follows, having the supplementary role of re­
allocating all the nutrient stored in the plant tissue to the newly formed propagules. 
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4. RESEARCH APPROACH 

Several research topics were derived from the conceptual model. A submerged macrophyte 
community dominated by Ruppia drepanensis was chosen to act as model system. This 
species is the most abundant in the Donana marsh (Duarte et al., 1990; Grillas et al., 1993), 
in a majority of the Spanish inland temporary lakes (Cirujano & Garcia-Murillo, 1990) and 
in a great number of Mediterranean temporary wetlands (Cirujano & Garcia-Murillo, 1992). 

This project combined several laboratory experiments with the collection of two years 
of field data in the Donana brackish marsh. Besides, the distribution of this species was 
mapped in May 1991 for the totality of the marsh. 

A laboratory study was done on the influence of light climate on plant growth and 
reproduction (chapter 2). Special attention was paid to the ability of the plants to acclimate 
to low-irradiance regimes, both morphological and physiologically, and to the discrimination 
of irradiance- and photoperiod-mediated effects on the induction of flowering. The last 
required a careful discrimination between the photoperiod and the photosynthetically active 
period experienced by the plants. 

The effect of water temperature on plant growth and reproduction was studied in the 
laboratory (chapter 3). Johnson's mathematical description of the effect of high temperatures 
for metabolic rates (Johnson et al., 1974) was first applied to literature-reviewed data on 
submerged macrophyte's photosynthetic performance. This formulation provided a flexible 
and accurate description of the decrease in photosynthetic activity at high temperatures, based 
on a simple model of enzymatic reversible thermal inactivation. Two experiments further 
concentrated on describing the acclimation response of R. drepanensis to higher temperatures, 
and on characterising the effect of temperature on flower induction. 

The separate effect of two different forms of nitrogen supply were under consideration 
in chapter 4 and 5. In chapter 4, the effect of ammonia toxicity was tested by means of a 
rhizosphere fertilization experiment. After this, a second experiment tried to elucidate the 
effect of an increased nitrate supply on the timing and abundance of flowering. 

A set of field measurements performed in the field in 1991 aimed at achieving a quick 
evaluation of the interactive effect of carbon limitation, irradiance level and plant 
reproduction on the photosynthetic performance of intact plants (chapter 6). These 
measurements were used also to evaluate the comparability of our photosynthesis 
measurements using plants grown in the laboratory and those performed using field material. 

The interplay of different factors in the field was studied during two years in the 
Donana marsh. Special attention was paid to the evaluation of the light climate as a critical 
factor regulating the development of the R. drepanensis vegetations (chapter 7). The role of 
periphyton growth in affecting the underwater light climate was also evaluated. Field data 
permitted also a quantification of the relationships derived from the laboratory experiments, 
considered of basic importance to achieve conclusions concerning the functioning of the 
macrophyte-dominated ecosystems. 

The last chapter attempts to integrate the results and assess their implications for the 
management of the Mediterranean floodplain and temporary wetlands (chapter 8). 
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5. APPENDIX: TAXONOMY, DISTRIBUTION AND ECOLOGY OF Ruppia drepanensis 

The genus Ruppia L. (Tribe Helobiae, Fam. Potamogetonaceae) refers to a cosmopolitan group of delicate 
submerged phanerogams inhabiting coastal brackish waters and inland saline habitats. Typical characters are 
their narrow linear leaves, strongly branched horizontal and vertical stems, and inflorescences born on a 
peduncle of variable length. As Verhoeven (1979) pointed out, lack of obvious taxonomically suitable characters 
and niche overlap of the different taxa made the subdivision of the genus controversial. 

Verhoeven (1979) attempted to clarify the taxonomy of the genus Ruppia in Western Europe. He 
combined taxonomical, ecological and physiological work with cytotaxonomical results reviewed from Reese 
(1962), and concluded that three taxa existed: R. cirrhosa (Petagna) Grande, inhabiting larger permanent water 
bodies of medium-high salinity, R. maritima var. maritima L., occurring mainly in smaller permanent water 
bodies with low-medium salinity, and R. maritima var. brevirostris (Agardh) Aschers. Graebn., characteristic 
for temporary waters of various sizes. 

Unfortunately, Verhoeven's work left out the Italian and Spanish populations of Ruppia, where R. 
drepanensis occurs (sometimes referred to as R. maritima var. drepanensis (Tineo) C.Shum; Cirujano, 1986). 
After Verhoeven (1979), several authors revised the taxonomy of Ruppia in Western Europe by combining 
taxonomical characters with chromosome counts and ecological features (Marchioni, 1982a, 1982b; Van 
Vierssen et al., 1981), sometimes also including the germination ecology of different taxa (Van Vierssen et al., 
1984). Subsequent work published by Cirujano (1986), Talavera & Garcfa-Murillo (1987) and Cirujano & 
Garcfa-Murillo (1990) gave additional support to the discrimination of/?, drepanensis as a separate species. 

Like R. cirrhosa, R. drepanensis shows long flower peduncles and epihydrophilous pollination, while 
R. maritima has short flower peduncles and hypohydrophilous pollination (Cirujano, 1986). Although in R. 
cirrhosa peduncle length correlated positively with increasing depth (Verhoeven, 1979), a minimum length is 
probably genetically fixed, since R. drepanensis plants growing in very shallow lakes still developed their 
characteristic long peduncles (Cirujano, 1986). Peduncle length is linked to the pollination mechanism and, as 
differences in pollination prevent cross-fertilization, it can be an important taxonomie criterion. 

R. drepanensis has delicate leaves, that are much narrower (0.1-0.3 mm width) than in R. cirrhosa 
(0.5-1 mm width) and lack the two lateral venations. R. drepanensis inhabits temporary coastal and inland 
waters, tolerating high fluctuations in salinity and a broad range of ionic composition (from sodium-chloride 
to magnesium-sulphate waters; Cirujano, 1986; Martino, 1988). While R. cirrhosa has a perennial life-cycle 
and produces asexual propagules (vegetative stolons and stems; Verhoeven, 1979), R. drepanensis is a winter 
annual depending on the production of sexual propagules (seeds) for surviving the summer dry period. R. 
maritima may show both strategies depending on habitat characteristics, although vigorous seed production 
probably occurs mainly for dispersal (Verhoeven, 1979). 

While R. maritima and R. cirrhosa are cosmopolitan species, R. drepanensis is apparently restricted 
to the Western Mediterranean: it has been found in Italy, Spain, Portugal, Tunisia, Algeria and Morocco 
(Cirujano & Garcfa-Murillo, 1990). In Europe, R. maritima and R. cirrhosa show overlapping distributions. 
Both occur all along the Atlantic and Baltic coasts, in most countries bordering the Mediterranean (Verhoeven, 
1979), and are also reported from inland saline lakes in Russia, Rumania, Germany and France (Verhoeven, 
1979). R. maritima also occurs in inland saline lakes in Spain (Cirujano, 1986). 

Reese (1962), working with plant material originating from Germany, found R. cirrhosa to have a 
chromosome number of 2/1=40 and R. maritima to have 2/1=20. Van Vierssen et al. (1981) reported contrasting 
numbers for R. maritima populations from The Netherlands (2/»=20) to those from the Camargue, France and 
Cadiz, Southern Spain (2/i=40). While Marchioni (1982b) found a 2/1=20 chromosome number for R. maritima 
from Sicily (Italy), Cirujano (1986) reported 2n=40 for R. maritima from Central Spain. Talavera & Garcfa-
Murillo (1987) mentioned R. cirrhosa to have 2/i=40 chromosomes and R. maritima to have 2n=20 and 40 
chromosomes, all their plant material originating from Cadiz (S Spain). On the other hand, Cirujano (1986), 
Marchioni (1982b) and Talavera & Garcfa-Murillo (1987) all obtained identical counts (2n=20) for R. 
drepanensis plants from Central Spain, Italy and Southern Spain respectively. 

Reese (1962) considered R. cirrhosa (2/1=40) to have originated as a polyploid from R. maritima 
(2n=20). However, submerged angiosperm hypohydrophilous species are generally considered to have evolved 
later than epihydrophylous species (Sculthorpe, 1967). Cirujano (1986) suggested that R. cirrhosa could have 
originated as a polyploid from R. drepanensis, switching to a permanent life-cycle while adapting to permanent 
less-saline waters and thus increasing the relative importance of vegetative reproduction. In this context, it seems 
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also reasonable to consider R. maritima to have evolved from R. drepanensis by switching to a 
hypohydrophilous pollination. 

Van Vierssen et al. (1984) related differences in optimum germination temperature to the life-cycle and 
distribution of the European species of Ruppia and Zannichellia. In general, winter-annual species have a low 
optimum germination temperature (/?. drepanensis, Z. peltata Bertol.) and occur distributed in Southern Europe. 
Summer-annuals occurring in Central Europe (from N Spain to Denmark) have relatively high optimum 
germination temperatures (/?. maritima var. maritima and Z. pedunculata Rchb.). Z. major Boenn. and R. 
cirrhosa, which are perennials occurring in permanent waters, produce a relatively low number of seeds. After 
analyzing the germination characteristics of R. maritima var. maritima, they also concluded that this species 
shows a rather complicated life-history, allowing it to colonise both permanent and temporary waters as far as 
the latter do not dry up more often than once every 2 years. 

It is noteworthy that R. maritima may coexist with R. drepanensis in some temporary water bodies, 
although it clearly tends to colonise permanent habitats. Moreover, several Polyploidie populations of R. 
maritima have been reported in Southern Europe. Both facts support the theory proposed by Cirujano (1986) 
on the evolutionary origin ofR. cirrhosa. These considerations place R. drepanensis in the centre of speciation 
of the genus Ruppia in Europe. Changes in the optimum germination temperature may have led to the evolution 
of R. maritima in more permanent wetlands, while a switch to vegetative reproduction resulted in R. cirrhosa. 
With sexual reproduction loosing importance but seed production being still vital, the appearance of 
hypohydrophilous pollination in R. maritima is easily explained. R. cirrhosa, in contrast, reproduces mainly 
vegetatively, so hydrophily did not represent any major advantage. 

The ecology of/?, maritima s.l. and R. cirrhosa has been quite thoroughly studied in the USA (see, 
e.g., Richardson, 1980; Thursby & Harlin, 1984; Dunton, 1990; and Koch & Dawes, 1991a, 1991b) and 
Europe (e.g. Verhoeven, 1979, 1980a, 1980b; Ki0rboe, 1980; Menéndez & Coram, 1989; and Kautsky, 1991). 
The same applies to the ecology of the Australian Ruppia species (e.g. Brock 1982a, 1982b, 1983; Brock & 
Casanova, 1991; also Mitchell, 1989, from New Zealand). In contrast, work dealing with the ecology, 
physiology or population dynamics of/?, drepanensis is virtually lacking. Cirujano (1986) and Martino (1988), 
while working on the flora of the Spanish saline lakes, gave some indications on the characteristics (temporary 
saline and brackish lakes), salinity range (up to 80 mS cm"2) and ionic composition (from sodium-chlorine to 
magnesium-sulphate waters) of the wetlands inhabited by this species. Van Vierssen & Martino (unpublished 
data) studied the influence of temperature, salinity and ionic composition of the water on the germination of/?. 
drepanensis seeds. They found maximum germination rates of 75 to 100 % when combining low temperatures 
(8 to 12 °C) with low salinities (freshwater to 6 g I1 NaCl or to 20 g T' MgS04). Finally, Garcia et al. (1991) 
studied the photosynthetic performance of /?. drepanensis, finding relatively low net photosynthesis rates, a 
moderate photoinhibition above 695 /iE m"2 s~' and high carotenoid concentrations which they attributed to an 
adaptative response to high irradiance regimes. 
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ABSTRACT: In a laboratory experiment, Ruppia drepanensis Tineo seedlings from a 
brackish marsh in Southern Spain were grown in a factorial experiment combining 
photoperiod (PP: 16 and 10 h), photosynthetic period (PAP: 16 and 10 h) and irradiance 
level (Photosynthetic Photon Flux Density, PPFD: 285 and 145 /*E m"2 s"1). Additionally, two 
other irradiances (110 and 50 fiE nr2 s1) were tested under the 16 h PAP treatment. Several 
morphometric characters were recorded during the first five weeks of the experiment, and 
photosynthesis and respiration were measured after 11 and 16 weeks of growth. 

Results showed a significant reduction of growth and development with decreasing 
irradiance level, together with a strong reduction in the seed yield below 145 ^E m2 s"1. 
Plants showed a limited morphological adaptation to low PPFD, but a strong acclimation 
effect was found in the photosynthetic response. With decreasing irradiance level, maximum 
photosynthetic rates (Pm, estimated non-linearly from hyperbolic photosynthesis-irradiance 
curves) increased. PP and PAP did not affect growth and development, but both longer PP 
and PAP resulted in earlier flowering, whereas longer PAP also resulted in a higher seed 
production. 

Regarding the influence of the underwater light climate on R. drepanensis populations, 
we conclude that both the reduced growth due to low irradiance levels and the decreased seed 
production resulting from the shorter PAP will reduce interactively the survival potential of 
the vegetation. Consequently, annual waterplant populations such as R. drepanensis are 
predicted to decline and ultimately vanish at underwater irradiance levels (< 145 /xE m2 s"1) 
which are still above the light compensation point calculated from the photosynthesis-
irradiance relationship. 
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1. INTRODUCTION 

1.1. The scope of the study 

Mediterranean wetlands are often shallow and temporary in nature: they usually have no 
water from late spring to early autumn. Such wetlands may support a high productivity 
during late spring and early summer (Duarte et al., 1990), but their fauna and flora are 
obliged to a yearly regrowth from drought resistant propagules. Vigorous wind-induced 
sediment resuspension may also occur, especially in early spring when there is little 
vegetation to stabilise the lake bottom (Santamaria et al., 1994a). This strongly reduces the 
light available to submerged macrophytes. Such an environment functionally resembles turbid 
eutrophic lakes (De Nie, 1987). Thus, shallow wetlands are particularly sensitive to 
phytoplankton and periphyton growth due to eutrophication, as negative shading effects on 
the submerged vegetation may act synergically with sediment resuspension. Yearly 
dependence on the offspring (seeds) of previous years is likely to accelerate the decline of 
macrophyte populations under such circumstances. 

Ruppia drepanensis Tineo is the dominant submerged macrophyte in many 
Mediterranean saline and brackish waterbodies (Martino, 1988; Cirujano & Garcia Murillo, 
1990), and particularly in the Donana National Park brackish marsh area. It is an annual 
species producing abundant drought-resistant seeds in late spring to survive summer 
desiccation. High interannual variation in rainfall distribution makes the hydrological cycle 
of these wetlands rather unpredictable. Under such circumstances, production of an excess 
of propagules in favourable years seems to be an effective strategy to create a seed bank able 
to regenerate the population even after several unfavourable, dry years (Grillas et al., 1993; 
see also Thompson & Grime, 1979). Thus, factors affecting flowering and seed production 
may be of major importance for the year-to-year survival of R. drepanensis populations. 

Seed production depends on a chain of events (Titus & Hoover, 1991). First of all, 
plants have to achieve a vegetative development sufficient to sustain the production of seeds. 
Flower production has to be triggered, pollination has to occur, seeds have to be formed and 
must ripen, and all this should be finalised before the wetland dries up. Time being such an 
important factor, any delay in flowering and fruiting or in biomass development may strongly 
restrict seed production. 

Several factors are known to affect flower induction. Photoperiod (PP) is often 
considered as the most important one, and may also affect plant morphology and 
development (Salisbury, 1981). Plant biomass is reported to affect not only flower abundance 
and seed production, but sometimes also flower induction (Titus & Hoover, 1991). As 
irradiance (photosynthetic photon flux density, PPFD) and photosynthetic period (PAP; 
defined as 'time interval during which the irradiance level is sufficient to sustain a positive 
net photosynthesis' by Chatterton & Silvius, 1979) are known to affect plant morphology and 
biomass production, they may indirectly affect flower induction, flower abundance and seed 
production. Moreover, PAP has been reported to directly affect the production of asexual 
propagules (Van Vierssen & Hootsmans, 1994). Hence, it seems reasonable to hypothesize 
a possible effect of PAP on flowering and seed production. 
As described in Van Vierssen & Hootsmans (1994), shading due to turbid water conditions 
not only restricts the instantaneous PPFD, but also shortens the PAP experienced by the 
submerged plants. The more turbid the waterlayer is, the shorter the PAP becomes and, PP 
being hardly affected, the lower the PAP/PP ratio becomes. Increasing depth enhances this 
effect. 
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As decreases in irradiance and PAP both result from increasing turbidity, it seems 
worthwhile to study their combined effect on plant growth and reproduction. Mechanisms 
allowing acclimation to shading effects are of vital importance, both during the vegetative 
(morphological or physiological acclimation) and the generative phase (early or more 
vigorous reproduction). Knowledge of these is needed to enable an accurate prediction of the 
effect of cultural eutrophication on plant natural populations. 

Here we study the interactive effect of irradiance, photoperiod and photosynthetic 
period on the photosynthesis and growth, as well as on the flowering and seed production, 
of R. drepanensis, and we test the following hypotheses: 

(1) a long photoperiod (PP) enhances flowering and seed production; 
(2) acclimation to reduced PPFD is mainly achieved through environmentally-induced 

changes in the light response curve; 
(3) a short photosynthetic period (PAP) will promote an acclimation response similar to 

that due to low irradiances (PPFD); 
(4) flowering and seed production is followed by deterioration of the vegetative 

apparatus, even in the absence of adverse environmental conditions. 

Prior to discussing the experiment to test these hypotheses, separate sections are 
devoted to (a) the analysis at clonal and genet level, and (b) the mathematical description of 
the photosynthesis-irradiance relationship. The first is considered necessary because within-
plant variability is an important characteristic of obligate annual populations relying on sexual 
reproduction for the production of propagules, and it may be underestimated if analysis is 
kept at the clonal level. The second is included as we consider photosynthesis to play a major 
role on plant acclimation to different light regimes, and the mathematical formulation of the 
photosynthesis-irradiance has been object of recent controversy (see, e.g., Hootsmans & 
Vermaat, 1994). 

1.2. Analysis at clonal or genet level: limitations imposed by the life cycle 

Generalized life-cycle stages as proposed by Verhoeven (1979) for R. cirrhosa and R. 
maritima may also be applied to R. drepanensis. Due to its (winter) annual character and the 
relative shortness of the period suitable for plant growth and reproduction (3-4 months), R. 
drepanensis has a rather simple life cycle. After seed germination, seedling emergence is 
followed by a fast horizontal branching ('horizontal propagation', in Verhoeven's (1979) 
terminology). After that vertical shoots with erect stems develop ('vertical propagation'; 
Verhoeven, 1979), and subsequently the flowering and seed production from bundles located 
in vertical shoots. We never observed winter quiescence and budding, and summer secondary 
horizontal propagation as described by Verhoeven (1979) for other Ruppia species. 

When attempting to analyze morphology and population dynamics, several different 
study levels may be adopted (such as, for example, the population, genet, clone and ramet 
levels). We consider the shoot complex ('set of modular units comprising horizontal and 
vertical, sexual and asexual modules', Wiegleb & Brux, 1991) to be the appropriate level of 
study for R. drepanensis. In this species this level coincides with the 'genet' and the 'patch' 
level due to its annual character. Nevertheless, significant morphological adaptations may be 
expected to appear at the vertical shoot level. Studies at this level may thus be 
recommendable. 
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Wiegleb & Brux (1991) discouraged the use of the genet, clone and population levels 
for the study of Potamogeton species due to their low degree of tangibility. However, when 
dealing with species inhabiting temporary wetlands, all these three levels become clearly 
differentiated. We may clarify this using the genus Ruppia. Under temporary conditions, only 
sexual propagules are used to survive the dry summer. In such populations, every shoot 
complex is equivalent to a different genet. In contrast, under stable, permanent conditions, 
asexual propagules are used to survive the adverse season, while sexual propagules are used 
for (long-distance) dispersal and to establish a seed bank assuring survivorship after 
catastrophic events. In the latter habitats, different genets will spread and mix in the 
population, each one consisting of several clonal shoot complexes. Tangibility of genet and 
clone will now be very low. 

In consequence, the importance of independent clonal units strongly decreases from 
permanent, undisturbed habitats to temporary, disturbed ones. In temporary habitats, each 
genet is a clearly discernable, discrete unit in the population of slightly different strategies 
tried by the plant population every year using genetic recombination. Under such 
circumstances, to concentrate on the lower clonal level would reduce our perception of the 
variance at the basis of the survival strategy of the species under study, and may in addition 
result in problems of pseudoreplication (see Hulbert, 1984) if units being clones of different 
genets are pooled as replicates. 

In this laboratory experiment, individual seeds were used as starting material, hence 
measurements on the clonal level could always be pooled for each genet, the average value 
per genet then being considered as a single replicate value for the population. The difficulty 
of applying this approach in dense populations in the field is obvious, but it may be solved 
in temporary habitats just by making sure that each unit chosen as replicate is part of a 
different genet, physical distance being a practical criterion. Erroneous estimation of the 
actual variance endowed to genetic plasticity is inevitable when working in permanent 
habitats, as far as the identity and abundance of the different genets would remain unknown. 

1.3. Curve fitting of the PI curves: may we obtain transcendental parameter estimates? 

Photosynthesis-Irradiance curves (PI curves) are graphs or equations describing the 
characteristic dependence of the instantaneous rate of photosynthesis on the incident 
irradiance. During the last decades the use of such models has become an important 
component of plant physiology and production ecology, and many different equations have 
been proposed (see review by Lederman & Tett, 1981). 

Hereafter, 'irradiance' will be used as a measure of the photosynthetically active 
radiation (PAR; McCree, 1972). Irradiance is the radiometric term for the radiant flux 
incident on the receiving surface from all directions. As McCree (1981) clearly points out, 
'irradiance is the correct radiometer term for the property that is commonly referred to as 
the "light intensity".' In fact, 'the use of the word "light" (radiation that is visible to humans) 
is inappropriate in plant research. ' Still following McCree (1981), we will express irradiance 
as incident photosynthetic photon flux density (PPFD, in /xE m2 s1), as he concluded PPFD 
to be clearly superior to photosynthetic irradiance (PI, in W m"2) as a measure of the PAR 
(the use of PPFD instead of PI reduced measurements errors from 19% to 8%). 

PI curves all exhibit comparable shapes. Over a range of low irradiances, the rate of 
photosynthesis rises almost linearly with increased irradiance. At higher irradiances, the rate 


