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Abstract

Davis, B.A.S. (1994) Palaeolimnology and Holocene environmental change from endoreic lakes in the Ebro
Basin, north-east Spain University of Newcastle Upon Tyne, Ph.D

Lake sediments from inland endoreic (saline) lakes in the semi-arid Ebro Basin, NE Spain have been analysed
to provide a history of lake level, vegetation, catchment erosion and anthropogenic activity over the last 10,000
years. Analysis was undertaken for pollen, macrofossils (seeds, Cladocera ephippia, Chironomid head capsules
etc), charcoal, geochemistry (total cations/trace metals, sulphate, carbonate & LOI) and sediment composition.

Fourteen AMS radiocarbon dates provide dating control.

Seven cores were investigated from 4 seasonal playa lakes, 1 shallow (<1.5m) semi-permanent salt lake, 1 deep
(5.0m) permanent salt lake and 1 Medieval-age reservoir. Over 40 surface samples were also taken to

investigate modern analogue environments.

A review of the use and interpretation of saline lake macrophytes (seeds & pollen), Cladocera and Chironomids
in palaeolimnology is provided, with special emphasis on those found in Spanish salt lakes. Taphonomic
problems and nearshore-offshore facies were also investigated using a surface sample transect across a small
playa lake. A surface sample pollen data set from 30 lakes in the Ebro Basin is presented and the implications
for palaco-interpretation discussed. The sensitivity of the pollen record as a climate indicator is investigated

using 6 sites across a climatic gradient from sub-humid to semi-arid.

Lake level reconstruction is based on an 8 stage semi-quantitative palaechydrological model, developed from a

surface sample data set from 32 lakes ranging from temporary to permanent, and hypersaline to freshwater. A
simple hydrological model for groundwater fed lakes is also discussed which can be used to quantify these

palaecohydrological changes.

The early Holocene (<9.3-8.0Kyr BP) was characterised by semi-arid extreme continental conditions in the
Ebro Basin, with an extensive Juniper thurifera woodland. Lake levels rose to their highest point in the
Holocene between 8.6-7.2Kyr BP when evergreen oak and pine forest dominated. This is interrupted by a short
recession in lake level between 8.2-7.6Kyr BP. A distinct regional early-Neolithic fire and clearance event
occurs between 7.7-7.3Kyr BP. A drop in lake level and development of a monospecific pine forest
(P.halepensis) indicates warmer and drier conditions in the mid Holocene (7.2-5.4Kyr BP).

Evergreen oak reappears as forest cover declines after 5.4Kyr BP, although this is not marked by any increase in
charcoal or cultivation indicators. Low groundwater but moderate lake levels (4.0-2.7Kyr BP) may be linked to

high summer storm frequency and low winter rainfall. This coincides with catchment erosion and valley floor

allyviation.

I ake level rises again significantly between 2.7-1.8Kyr BP during Iberian and Roman times when
archaeological evidence indicates a peak in population. Agriculture changes from small scale pastoral to small
scale arable without any further decline in woodland cover. A rapid fall in lake level at ca.1.8Kyr BP 1s
followed by complete forest recovery (P.halepensis) and depopulation, until major deforestation around 1.4Kyr
BP marks the arrival of the Visigoths/Arabs and extensive nomadic pastoralism.

Intensive grazing pressure or lower temperatures resulted in Juniperus increasing again between 1.4-0.4Kyr BP.
This also coincides with a second period of catchment erosion and valley floor alluviation. After ca.0.4Kyr BP,
lake levels have increased along with extensive olive cultivation and the development of modern (irrigated)

arable agriculture.
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Chapter 1

Introduction

1.1 Background

This research project was initiated as part of a multi-proxy investigation into Holocene environmental
change in the Ebro Basin, NE Spain, in cooperation with the Taller de Arquelogia y Prehistoria de Alcaiiiz,
Teruel, Spain. The strength of this approach has been in combining the archaeological, alluviation and lake
sediment record to provide an integrated environmental reconstruction encompassing as many different lines of
evidence as possible. The main challenge of this thesis has been to provide a lake sediment-based record that
would reveal information on vegetation (pollen), fire history (charcoal), lake level (pollen, macrofossils,
geochemistry & sediment composition) and catchment erosion (geochemistry & sediment composition). This

analysis was undertaken on cores taken from a series of previously uninvestigated saline endoreic (mainly

playa) lakes in the semi-arid basin of the Rio Ebro, NE Spain.

1.2 Palaeoenvironmental research in Iberia

Core-based palaecoenvironmental research in Iberia has been almost entirely dominated by pollen-based
studies. Of this work, the majority of Holocene palynology has been undertaken on valley mire systems. Due
to the high aridity of much of the continent, these are largely confined to high mountain areas or areas of
impeded drainage along the coast. Most of the main published radiocarbon dated pollen sites for Spain and

Portugal are shown in figure 1.1 p14 and table 1.1 p15 (some major cities are shown in figure 1.2 p16 for

reference). Full sequences for the entire Holocene are limited by a number of factors. Many coastal sites only

started to accumulate sediment after sea levels stabilised in the past 4.5Kyr (eg. sites 1-3, 7-8, 30-31, 35). Large
numbers of inland sites also only started to accumulate sediment relatively recently in the late Holocene,
particularly in the Gredos & Guadarrama Mountains (sites 14-22). Other sites with longer sequences have been

disturbed in later years, either through desiccation, drainage or peat cutting. Many sites have been ‘analysed

with a wide sampling interval and poor dating control, resulting in a record of low resolution. Furthermore,
interest has often been focused on the Wiirm-late glacial transition, while neglecting the later Holocene
sequence. Part of the reason for this is perhaps the fact that many of the high altitude sites that contain the best
sequences show only slight changes during the Holocene compared to earlier periods. As this research shows,
the geographical bias of palynological site location towards pluvial coastal and upland sites may have helped
create an image of limited Holocene climate change within Iberia, particularly within the last 5.0Kyr. This may
have lead to archaeological and geomorphological evidence of environmental change within the semi-arid

lowland interior being interpreted in terms of anthropogenic action rather than changes within the prevailing
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climate (¢f. Gilman & Thornes, 1985; Hempel, 1987). Or alternatively, being based on ideas of climate change
extapolated from the experience of northern Europe (cf. Gutierrez-Elorza & Peiia-Monne, 1989: Julian et al,
1991). An important aspect of this current study has been to greatly strengthen the case for an environmental
determinist interpretation to human development in the Western Mediterranean.

The semi-arid interior of Iberia has seen relatively few palaynological investigations, with only the
Daimiel marshland so far investigated in detail (Garcia et al., 1986: site 11, Figure 1.1 p14). This inland area, at
low to mid altitudes (100-700m), comprises the major part of Spain, including the North and South Meseta and
Ebro and Guadalquivir valleys. A large number of endoreic lakes can be found in these regions (Figure 1.3
p13) that provide sediment records comparable with valley mire systems, as well as a potential record of lake
level change. As far as is known to the author, this project 1s the first to provide a full radiocarbon dated
Holocene pollen record from this type of lake system, as well as providing a unique record of lake level change.
Short sediment cores have previously been investigated for mineralogy at Laguna Gallocanta (Comin et al,
1990) and for pollen at some lakes in the Los Monegros area (Perez-Obiol & Roure Nolla, 1991). These cores

were, however, relatively short (less than 100cm) and were not dated.

A two metre core from Laguna Gallocanta, dating back to the late glacial, is currently being
investigated using a full range of palacoenvironmental techniques by Prof. F.Comin and colleagues at Barcelona
University (pers. comm.). Work is also being undertaken by J.Reed (University College London) and Dr
A.C.Stevenson (Newcastle University) on long cores from karst lakes in Andalucia involving ostracod

chemistry and pollen.
The continuous record of environmental change often provided by lake and mire sediments provides a

valuable point of reference against which other discontinuous records can be compared. Archaeological
evidence represents an invaluable snapshot of human occupation and society at various time intervals, and the
abundance of archaeological remains are one of the great assets of working in the Mediterranean region. A
large part of the work undertaken in Iberia, however, remains site specific (¢f. Harrison, 1980; Harrison, 1988;
Keay 1988) and only now is becoming to be seen as forming part of a broader picture of regional environmental
change (Gilman & Thornes, 1985; Cuenca & Walker, 1986; Benavente et al., 1991; Stevenson & Harrison,
1992, Harrison, 1994). The importance of determining the level and type of human impact is vital in
understanding the interaction of climate and vegetation on environmental stability, particularly with respect to
erosion and fluvial systems. Archaeology has also been employed as a dating control in studies of slope and
fluvial geomorphology (Van Zuidam, 1975; Burillo et al., 1986; Guti¢rrez-Elorza & Peiia-Monné, 1989), as
well as in investigations of land use and erosion (Gilman & Thornes, 1985). Increasing dating control of
alluvial histories by absolute techniques such as radiocarbon and thermoluminesence will no doubt increase the
detail of the alluvial record, and continue to reveal the original ideas of Vita-Finzi (1969) as too simplified. The
opportunity to integrate these discontinuous record with the more continuous record provided by endoreic lakes
(Macklin et al, 1994) perhaps offers one of the best opportunities to isolate the relative roles of climate and

anthropogenic action in determining the environmental development of the Mediterranean landscape.
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1.3 Palaeoenvironmental reconstruction from Spanish endoreic lakes

Endoreic lakes (lakes without a surface outflow) have been widely investigated as potential

palacoclimate (lake level) indicators in most of the major continents of the world where they are found (Street
& Grove, 1979; Street-Perrott & Harrison, 1985). Endoreic lakes in Spain occupy a highly sensitive semi-arid
climate, positioned between Mediterranean, Atlantic and continental climate influences. Their proximity to
northwest Europe also allows close comparisons to be made with one of the most intensively studied areas of
the world.

Lake level studies in the Western Mediterranean region have been undertaken in Southern Europe
(Harrison & Digerfeldt, 1993), Morocco (Lamb et al., 1991; Roberts et al., 1994) and North Africa (cf. Fontes
et al, 1985; Gasse et al, 1987; Fontes & Gasse, 1991). Apart from sites in North Africa which contain only a
discontinuous record for the late Holocene, all other lakes studied have not been endoreic, although those in
Morocco may have been so during periods of low lake level. Work by Harrison & Digerfeldt (1993) in

Southern Europe, including Iberia, has been based on the reinterpretation of published stratigraphic and aquatic

pollen data from valley mire sediments in open basin systems.
No previous palaco lake level investigations have been undertaken on Spanish endoreic lakes, although

a number of studies have been made of their contemporary ecology, mineralogy, geochemistry and hydrology

(cf. Montes & Martino, 1987; Comin & Alonso, 1988; Montes, 1988; Comin et al., 1990).

Four main areas of inland endoreic salt lakes can be distinguished in Spain, concentrated within the
Duero (northwest), Ebro (northeast) and Guadalquivir (south) river basins, and between the watersheds of the
Guadiana, Segura and Jucar rivers (centre). These regions are generally flat and semi-arid, falling within the
rainshadow of surrounding high mountains (Figure 1.4 p20). Rainfall is low (330-500mm per year) (Figure 1.5
p21) and evaporation high (>1000mm per year) resulting in a large number of shallow, seasonal lakes, with

many of the remainder sustained by high inputs of groundwater rather than runoff.

Research in this study was mainly confined to the Ebro Basin (Figure 1.6 p22) where endoreic lakes
are largely composed of seasonal playas due to the high aridity of the area (Figure 1.5 p21). Such lakes present
a number of difficulties in palacoenvironmental reconstruction and have generally been neglected in
palacoenvironmental studies in favour of deeper, more permanent lakes (Table 1.2 p23). Periodic desiccation

can favour deflation and interruption of the sediment record, while oxidising conditions may present

preservation problems for many biotic indicators.
In general, the nature of the preserved record dictated the analysis techniques adopted in the research.

A large number of methods have been used to reconstruct the palacoenvironment of endoreic lakes (Table 1.2
p23), although not all were available in this study. Diatoms, ostracods and molluscs were found to be poorly
preserved except in the most recent sediments. The lack of identifiable autocthogenic carbonate also restricted
the application of oxygen isotopes (for palacothermometery, evaporitic concentration efc (Fontes et al., 1985;
Gasse et al., 1987; Last & Slezak, 1988; Gasse & Fontes, 1989; Rosen & Warren, 1990; Benson et al., 1991;
Fontes & Gasse, 1991; Hickman & Schweger, 1993; Van Campo & Gasse, 1993; Van Stempvoort et al., 1993))
or carbon isotope studies (Gasse et al., 1987, Last & Slezak, 1988; Gasse & Fontes, 1989; Fontes & Gasse,
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1991; Van Stempvoort et al., 1993), while X-ray diffraction (for mineral composition (¢f. Van Stempvoort et
al., 1993; Vance et al., 1993) suffered from the lack of available equipment and money. Alternatively,

Cladocera (ephippia) and Chironomids (head capsules) were analysed which had previously been largely

neglected in such studies.
Perhaps the most important development that differentiates this study from similar ones undertaken

throughout the world is in the use of surface samples to establish a firm interpretive basis to the

palacoenvironmental record. The use of surface samples from both within and between different lake
environments has allowed the semi-quantification of lake level from previously qualitative indicators. This has

been possible through the integration of a number of different qualitative indicators (such as pollen,

macrofossils, geochemistry and textural analysis) and their correlation with a large number of different lake
environments. Although the resolution (depth/salinity) of the record is lower than for other similar

quantification techniques using diatoms (cf. Fritz & Battarbee, 1986; Fritz et al, 1991) and ostracods (cf. De

Deckker, 1988; De Deckker & Forester, 1988), 1t is nevertheless possible to apply the technique to previously

unsuitable environments. In particular, it can be used in playa lake environments that compose the widest

distribution and largest number of endoreic lakes in the world.

Other lake systems in the Ebro Basin also include one natural permanent lake (the Laguna Salada), and
one semi-permanent lake (the Laguna Gallocanta), as well as a number of freshwater, artificially flooded

reservoirs/hunting reserves. The diversity of lake systems provides both a useful collection of contemporary
modern analogues for interpreting the palacoenvironmental record, as well as a number of recent historical

analogues within the sediment record where documented historical changes in lake level etc can be examined.

1.4 Study aims and thesis outline

This study has two principle aims:

1) To investigate the utility of endoreic lakes and their sediments in the Ebro Basin (and by default, other

similar lakes within Spain and further afield) for palaeolimnological and palaeoenvironmental

reconstruction.

2) To then provide a palaeoen vironmental reconstruction for the Ebro Basin over whatever timescale the
sediments permit (the Holocene?). This would then be compared with the broader picture of environmental

change within the Western Mediterranean, including archaeological and fluvial-geomorphological evidence.

Study Aim 1:

Chapters 2 & 3 consist mainly of a literature review of the potential use of commonly found biotic

remains in Spanish salt lakes (and comparable lakes throughout the world) for palacolimnology. Chapter
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deals with the seeds and pollen of saline tolerant aquatic (and some terrestrial) plants. Chapter 3 looks at the

potential and problems of Chironomid head capsules and Cladocera ephippia.
Chapter 4 sets the scene for the study by reviewing the main physical characteristics of the study area

and lake systems.
Chapter 5 defines the techniques used in analysing the sediments extracted from the lakes studied.

Chapters 6, 7 & 8 develop the methodology 1n interpreting the palacorecord through the use of
surface samples to establish modern analogues and test theoretical concepts. Chapter 6 looks at variation
between lake centre and shore. Chapter 7 looks at variation between different lakes and develops a model to
interpret the palaeohydrological record. Chapter 8 looks at the regional vegetation and climate and how it is

reflected in the pollen record.

Study Aim 2:

Chapter 9 sets the scene for each site and looks at the record provided by each sediment core.

Chapter 10 combines all the evidence from the sediment cores to provide a general reconstruction of
the Holocene environment of the Ebro Basin. This is then compared with other studies throughout the
Western Mediterranean and beyond.

Chapter 11 concludes with a discussion of the nature of the palacoclimate and history of vegetation

development and anthropogenic disturbance. This 1s also compared with the record of erosion in the area.



26

Chapter 2

Saline lake macrophytes and palaeolimnology: with special reference to
Spanish salt lakes

2.1 Abstract

The fossil remains of saline lake macrophytes can provide a rich source of palaeolimnological
information, particularly in ephemeral lakes where the preservation of other more commonly used indicators
such as ostracods and diatoms are more problematic. Information on plant-environment relations of the main

submerged, emergent and terrestrial taxa is reviewed and their application in palaeolimnology discussed.

Problems of identification, preservation and interpretation are explored.

2.2 General Concepts

2.2.1 Introduction

Increasing attention is currently being directed at deriving climate histories from proxy sources in
response to growing concern over climate change. Lake level studies within endoreic basins have long been
shown to provide a means of climate reconstruction reflecting changes in rainfall and/or evapotranspiration

(Street-Perrott & Harrison, 1985). The fossil remains of lake macrophytes preserved within lake sediments

reflect the lake environment at the time of their deposition. This information can be used to reconstruct the

palaeolimnology of a lake, including past changes in lake level.
The use of fossil aquatic macrophyte remains as environmental indicators has been widely applied in

palacolimnology (Birks, 1973; Watts, 1978; Kershaw, 1979; Digerfeldt, 1986; Collinson, 1988), although their
application to salt lake research has been much more restricted. The greater resolution afforded by ostracods
and diatoms has meant other palaeoecological indicators have often been neglected. Many problems exist in the
use of macrophyte remains, not least in the balance between well preserved seeds and pollen formed by sexual
. reproduction, and poorly preserved vegetative buds and turions formed during asexual reproduction. However,
it is an adaptive response for many salt lake macrophytes to invest heavily in sexual reproduction, leaving
abundant resistant fossil remains, particularly in ephemeral lake environments where ostracod and diatom
remains are often poorly preserved (Fritz & Battarbee, 1986; Fritz et al., 1991; Reed & Juggins, pers.comm.).
The seed and pollen remains of salt lake macrophytes can be deposited in considerable quantities
within lake sediments, providing a rich source of additional palaecoenvironmental information for multi-proxy

studies, as well as often providing the only palaeoecological record in ephemeral lake environments.

Information from macrophyte remains in closed basin salt lakes can be used to interpret lake depth, lake
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permanence and lake water salinity, as well as water temperature and turbidity (Figure 2.1 p28 & Table 2.1
p29). These environmental inferences can in turn be compared with those obtained from other
palaeolimnological indicators such as geochemistry, mineralogy and stratigraphy to form a multi-proxy based

interpretation (eg. Digerfeldt ef al., 1992).

2.2.2 Palaeolimnological information

2.2.2.1 Salinity

The close relationship between aquatic plant communities and lake salinities has been shown by many

authors (cf. Birks, 1973, Stewart & Kantrud, 1971; Miller, 1976) (Figure 2.1 p28). Three main categories of
salinity tolerance can be distinguished: 1) those taxa that only live in freshwaters (0-3%o TDS) ii) those that
prefer freshwaters but can tolerate low salinities (ca.3-20%o0 TDS) iii) those that thrive in highly saline
environments (c.>20%0TDS) (Williams et al., 1990). Species diversity declines through each category, with
the final category, the true 'halophilics’ representing only a few species with a very broad tolerance range. The
breadth of this range means that only very general statements can usually be made about lake water salinities

from interpretation of the macrophyte palacoenvironmental record.

Lake salinity can fluctuate considerably both between different seasons and between different years.
Changes on a year to year basis are usually of a sufficiently long timescale to allow succession in line with the
optimum salinity of particular plant species. Salinity changes on a shorter timescale, that is, less than the

length of the life<cycle of any particular competing species, does not allow time for succession and must be
within the physiological tolerance of the plants living within the lake for them to remain viable. Hypersaline

lakes are particularly prone to large changes in salinity hence plants adapted for these conditions are able to
tolerate wide salinity variations. Where plants are unable to tolerate the particular saline conditions, or indeed

when threatened with desiccation, macrophytes may disappear altogether from the lake, but survive by a

variety of perennating mechanisms, including seed.

Salinity tolerance varies not only between species, but also between different stages of the life-cycle.
Lower salinities are often required for germination and fructification than during peak photosynthetic growth.
Species such as the Charophyte, Lamprothamnium papulosum, which have been found growing under extreme
hypersaline conditions, nevertheless require a short period of much lower salinity for successful germination

(Burne et al., 1980, Soulie-Marche, 1991). Many species require a change in salinity (usually dilution) before
seed dormancy can be broken (Brock, 1982).

2.2.2.2 Water Depth/Permanence

Water salinity, depth and permanence are often so closely linked in salt lake environments that they

are difficult to distinguish. Permanent, deep, saline lakes often have much lower water salinities than shallow.
scasonal lakes. A change in water depth of only 1m in a shallow ephemeral lake is likely to cause a much
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greater change in salinity than the equivalent displacement in a much deeper lake. Nor is the relationship
between depth and salinity for any one lake necessarily constant through time. Losses of salts through
precipitation, deflation and flushing can change the net availability of salts to the lake system as water levels
fluctuate (Wood & Ward, 1990). This is particularly so for shallow, ephemeral lakes, since desiccation and
exposure to deflation can cause a particularly rapid loss of salts (Comin et al., 1990).

Basin morphometry is also an imp::tham factor since this dictates the relationship between water
volume and potential shallow water habitat. For example, a doubling in water volume will cause an
approximate halving of water salinity whether a basin is large and shallow or small but deep. The horizontal
expansion of water for the same doubling of volume however, 1s likely to differ considerably between the two

basins. The area of a lake less than 2m deep is particularly important since this provides the main habitat for

macrophyte growth. Below this depth light becomes restricting and stratification (chemical or thermal) can

cause anoxia or sulphide build-up.
The production of seeds and pollen is critical since it 1s these that allow us to interpret the

palacoenvironment. An absence of such remains does not necessarily imply an absence of aquatic macrophytes
since they may well have existed in the lake but reproduced vegetatively or existed at the lake margins, far away
from the central sampling point. Alternatively, lake waters may be so ephemeral as to allow insufficient time

for aquatic plant growth. In the latter case, aquatic macrophytes are likely to be replaced by terrestrial species

invading the lake basin during prolonged periods of desiccation.

The minimum length of life-cycle for any particular macrophyte found within the lake sediments
provides a minimum time period for lake flooding (Table 2.1 p29). This flooding period, however, is likely to
be longer than the life-cycle since other requirements may need to be met, such as a minimum water depth and
salinity. These requirements dictate the 'environmental window' within which plant growth and reproduction

will be successful. It is the maximum and minimum parameters for this window which form the basis for

reconstructing the palaeoenvironment.
2.2.2.3 Temperature, Turbidity and Turbulence

Lake water temperature provides both an upper and lower limit for germination, growth and

reproduction. Salt lakes are often characteristically shallow with large diurnal and seasonal variations in water

temperature, Intense insolation in summer can raise water temperatures to over 40°C at low latitudes, while in
winter at higher latitudes, lakes can become supercooled to temperatures well below freezing (Hammer, 1986).
In deeper lakes at low latitudes, thermal stratification can develop for much longer periods than is common in
lakes at mid-latitudes (Finlay et al., 1991; Prat et al., 1992). Intense insolation in early spring starts to heat the
upper layers, preventing mixing until late autumn except by physical turbulence. With inherently low dissolved
oxygen concentrations and high sulphide levels, stratification in saline lakes can quickly lead to anoxia and

toxic sulphide levels below the thermocline or chemocline, forming an effective lower limit to submerged

macrophyte development (Heseltine, 1976).
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Shallower salt lakes tend to be less stratified due to physical turbulence as a result of wind and wave

action. Exposure to physical turbulence can, however, have a damaging effect on macrophyte growth, although
some species are better adapted than others for this type of high energy environment. Windward shores of large,
open lakes with plenty of fetch are particularly vulnerable to wave action, enhanced further by the high mean wind
speeds often encountered on the treeless steppes associated with many salt lake landscapes.

Physical turbulence can also lead to increased turbidity as a result of continued resuspension of inorganic
particulate matter within the water column. Inorganic minerals, together with organic nutrients and a well
oxygenated environment can provide favourable conditions for algal growth and hence further turbidity.
Submerged macrophyte growth is particularly vulnerable to high turbidity, although again, some species such as

Potamogeton pectinatus show better adaptation than others (Blindow, 1992a) (Table 2.1 p29).

2.2.2.4 Colonisation and Dispersal

Obligate aquatic plants are generally perennials, with a tendency towards asexual, vegetative
reproduction. This factor reduces the usefulness of such plants in palacolimnology, since it is the more resilient
seeds and pollen resulting from sexual reproduction that preserve best within lake sediments. It is a useful
characteristic of salt tolerant taxa that as an adaptive response to the environmentally marginal conditions, greater
emphasis is placed on sexual reproduction and the use of resistant and abundant sceds for perennation.

The occurrence of pollen and seeds at the coring site will be determined by the proximity of vegetation
and the production and dispersal of the resistant reproductive parts. Taphonomic problems can occur through
differences in production and dispersal mechanisms between species and between different lake environments,
Pollen is generally the most widely dispersed agent, however, differences can occur between above or below water
dispersal. In the case of the fonnfr, pollen may enter the pollen rain falling on adjacent lakes to contaminate a
dissimilar environment and flora (Davis, 1994). Similar problems may arise with seed dispersal, particularly with
emergent macrophytes which tend to favour wind dispersal. Many salt lakes are shallow with a low relief, causing
only weak sediment focusing. Exposure to wind and wave action can result in accumulation along windward
shores rather than at depth. Focusing may also be seasonal in ephemeral lakes, with strongest focusing during the
summer desiccation when storm run-off can wash surficial material into the lowest areas of the basin.

Dispersal and perennation are important colonisation mechanisms. Interpretation of the
palaeolimnological record requires the assumption that the lake biota and the lake environment are in equilibrium.
A change in lake salinity from fresh to saline conditions would therefore be reflected in a change from fresh to salt
tolerant species. assuming the change to be over a sufficiently long time period for the new generation to replace

the old. Rapid changes in lake environment may fail to be recorded if succession and colonisation from the seed

bank, seed rain or vegetative parts cannot occur fast enough.
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2.3 Submerged macrophytes

2.3.1 Ruppia

2.3.1.1 Introduction

Ruppia has a broadly cosmopolitan distribution, occurring in salt lakes throughout the world (Hammer,
1986), although its taxonomy at species level 1s poorly understood (den Hartog, 1981). In Europe, two main
species have been identified from permanent coastal habitats, R.cirrhosa and R.maritima (den Hartog, 1971).
R.maritima is thought to have a world-wide distribution, also occurring in North America, along with
R.occidentalis (Mason, 1967), as well as in Australia and parts of Asia. Further species include R.fruncatifolia in
Japan and R.tuberosa, R.megacarpa and R.polycarpa in Australia, with the latter two also occurring in New
Zealand.

Three different species of Ruppia occur in the Iberian Peninsular, R.maritima var maritima,
R.drepanensis and R.cirrhosa. R.maritima var brevirostris has been recorded in the Balearic islands, but not on
the mainland (Cirujano et al, 1990). The species R.drepanensis does not occur elsewhere in Western Europe and
is unique to Iberia and parts of North Africa. Only R.drepanensis and R.maritima var. maritima occur in inland
salt lakes, with R.cirrhosa confined to the coasts (Cirujano et al, 1990, Fernandez Casas, 1990).

2.3.1.2 Identification from fossil remains

Seeds

The seeds of Ruppia are highly adapted to survive desiccation, being both resistant to decay and prolific
in number. Preservation within the sedimentary record is therefore generally very good. The identification of
Ruppia seeds within saline lake sediment records has, however, been made by relatively few authors (eg. Vance et
al., 1992), and no previously known attempt has been made to differentiate seed remains to species level.

In America, seed morphology was employed (together with penducle and podogyn length) as a taxonomic
indicator by Fernald & Wiegand (1914) to subdivide R.maritima s.1. into 10 separate varieties. Similarly, in
Australia, Brock (1982) lists two contrasting sced forms in differentiating the ‘annual’ R.tuberosa & R.polycarpa
from the 'perennial’ R.megacarpa. Information on seed morphology for many of the main Ruppia species has been
reviewed by Brock (1980). and appears to show sufficient variety to provide a good guide to species identification.

Other references to sced morphology as a taxonomic indicator in the Ruppiaceae (eg. Valentine, 1980)
have concentrated on the exocarp morphology which is rarely preserved within the fossil record and shows much
less morphological variation than the endocarp. In addition, in common with all studies in the Ruppiaceae, the

substantial disagreement in the nomenclature and taxonomic subdivision of the genus (Verhoeven, 1979) can

provide confusing comparisons, particularly since many Ruppia taxa have simply been recorded as Ruppia

maritima L.
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Analysis of macrofossil remains in sediments from the Ebro basin revealed two distinct Ruppia seed
morphologies. These forms are the same as those identified by Cirujano (1986, 1990) as taxonomic indicators
for both R.maritima L. var maritima and R.drepanensis Tineo in La Mancha, Spain. Fossil material was

identified in line with this division (Figure 2.2 p34) with asymmetric, ‘comma’ types with a pronounced ‘beak’

being assigned to R.drepanensis, and only slightly asymmetric 'tear drop’ types being assigned to R.maritima

var maritima. Type material consulted at the Natural History Museum, London, appeared to confirm this
categorisation, although only their European material has so far been re-catalogued in line with modern views
on the genus. Immature seeds appeared to retain the characteristics of more mature examples, while
morphotypic variation reflected the clear division apparent in the fossil material, with only limited variation
within populations from the same species. The seed morphology of the three Australian species identified by
Brock (1982) is comparable with that of R.maritima var maritima but not R.drepanensis. Morphological
variation of the endocarp between the Australian species 1s much less than that between the two Spanish

species. This would suggest that environmental, rather than genetic, factors are not significant in dictating seed

shape since the ‘perennial’ R.megacarpa occupies similar environments to R.maritima var. maritima, and the

'annual’ R.drepanensis occupies similar environments to R.polycarpa and R.tuberosa.

Pollen

The pollen of Ruppia has been identified far more frequently than Ruppia seeds in palacolimnological

studies (eg. Dodson, 1974; Hickman et al., 1983; Barnosky ,1989; Radle et al., 1989; Platt Bradbury et al.,

1989; Vance et al., 1992) reflecting the greater use of palynology as an analytical tool.

. . ] f
Ruppia pollen has a particularly distinctive large boomerang shape, together with a delicate reticulate

surface patterning. It is easily identified under the microscope, although its fine structure means that it is readily
broken and distorted and poorly preserved under certain conditions, including acetolysis (Diez et al., 1988).

Schwanitz (1967) undertook an extensive study of R.maritima and R.cirrhosa in Europe but could find no

morphological difference between their pollen grains apart from size. Slight differences in pollen morphology
between 3 Australian species have been identified by Brock (1982), although Cirujano (1986), Valdes et al.
(1987) and Cirujano et al. (1990) do not note any differences in the pollen of species occurring in Iberia.
Independent of species, differences in pollen size have been noted by Valdes et al. (1987), and Brock (1982)

notes significant differences in pollen grain length between habitats. Unfortunately, insufficient information is

available on the likely environmental significance of pollen size and pollen identification is best confined to

genus level.

9 3.1.3 Palaeoecological information

Ruppia occurs widely throughout the world in fresh to hypersaline wetland habitats, and is often the

only submerged angiosperm present in lakes of high salinity (Brock, 1982b). Its occurrence in freshwaters is

only likely to be limited by competition from freshwater taxa (Brock & Lane, 1983). Its wide tolerance of



Figure 2.2
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Ruppia drepanensis Tineo Ruppia maritima L. var maritima
Annual Perennial
Found in temporary saline waters Found in permanent saline waters

[llustration of the different endocarp seed morphologies of Ruppia maritima L. var
maritima and Ruppia drepanensis Tineo (from Cirujano, 1986)
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extreme fluctuations in salinity and prolonged periods of desiccation have made it a particularly good coloniser

of ephemeral habitats. Only 3-4 months of flooding to shallow depths are sufficient for it to complete its life-

cycle (Brock & Lane, 1983).

Salinity

Ruppia occurs in waters of widely ranging salinity from fresh to hypersaline. Brock (1982) reports the
occasional occurrence of R.tuberosa in waters upto 230%0TDS in Australia, although at these extreme salinities

there appeared to be little active plant growth. In most cases under these conditions, any growth is vegetative

and fructification inhibited, although the effect of high salinity is usually complicated by high water
temperatures and limited water depth. Brock (1982) found only R.tuberosa flowering in water above
50%0TDS, although Cirujano (1986) reports that development and fructification in Laguna de Pétrola is not
difficult for R.drepanensis in water greater than 82000uS/cm (ca.58%0TDS). R.drepanensis has not been
observed in extremely hypersaline (>140%0TDS) lakes in Spain (Montes & Martino, 1987).

Apart from artificial salt pans, R.maritima occurs in only permanent salt lakes in Spain; Laguna Salada
(Ebro basin, northeast Spain) and Laguna Mata (southeast Spain) (Comin & Alonso, 1988). These permanent
salt lakes (ca.67-120%0TDS) have a much more restricted seasonal salinity range than temporary salt lakes
(ca.7-300%0TDS). Hammer (1986) has reviewed the evidence for the salinity tolerances of these species
world-wide and reports a range of 0-66%0TDS for R.drepanensis and 0-72%0TDS for Ruppia maritima. It is
perhaps interesting to note that in Australia, R.maritima is not a saline lake species and is confined exclusively
to freshwaters (Brock & Lane, 1983). Martino (1988) notes the occurrence of R.maritima in permanent and
semi-permanent waters in Spain in the range 68-84%0TDS, and R.drepanensis in temporary waters from 10-

112%0TDS. The mean salinities for lakes in Iberia in which R.drepanensis grows is given by Cirujano et al

(1990) as 31%0TDS, with a mean of around 20%0TDS for R.maritima (although this includes artificial salt

pans and coastal lagoons).
The absolute concentration of ions is often the most important factor influencing submerged plant

growth 1n saline waters (Sculthorpe, 1967 p42), however the ionic composition may be significant. In Spain
R cirrhosa is confined exclusively to coastal sodium-chloride waters, while R.drepanensis occurs only in inland
waters. away from the influence of the sea, in waters dominated by magnesium-sulphate, sodium-chloride and

those of mixed composition (Cirujano et al., 1990). R.maritima lives in both coastal and inland locations,

although it tends to prefer inland environments rich in sodium-chloride.

Water Depth/Permanence

The seasonal and intra-seasonal fluctuation of water level influences both water depth and salinity.

Both these factors influence the environmental ‘window’ in which Ruppia can live and reproduce. The
vegetative parts of Ruppia are rarely preserved in the fossil record, only the fruits of successful growth and

reproduction. The minimum length of time needed by Ruppia to produce seeds gives an indication of the

{
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minimum time during which environmental conditions were favourable within the fossil record. Reproduction
in Ruppia can be both sexual and asexual (Brock, 1982), although unlike its Australian counterparts, the
production of asexual turions has not been noted in the annual R.drepanensis in Spain (Cirujano, 1986). In
permanent environments, R.maritima var. maritima will over-winter as vegetative stems as well as by seed
(Verhoeven, 1979). Seed production by perennials, although low compared to annual species, is still thought
necessary as a survival strategy against possible desiccation. Laboratory trials by Brock (1982) demonstrated
that the vegetative parts of the perennial R.megacarpa failed to regenerate following drying, although this

actively promoted seed germination. Verhoeven (1979) similarly observed that resistance to desiccation by the

vegetative parts of Ruppia was very low, resulting in death within a matter of days.

The time taken from germination to fructification under optimum conditions is commonly around 3

months for Ruppia (Table 2.2), although this may be extended for perennial species (Brock & Lane, 1983).

Table 2.2 Minimum time for seed production in Ruppia

R.cirrhosa 3 month life-cycle (Verhoeven, 1979)
R.drepanensis 3 month life-cycle (Martino, 1988)
Ruppia spp. 3 month life-cycle (Hammer, 1986)
Ruppia spp. 3-4 month life-cycle (Brock & Lane, 1983)

The time taken from germination to flowering by Ruppia is around 2 months, though less information

is available from the literature (Table 2.3).

Table 2.3 Minimum time for pollen production in Ruppia

R.maritima 2-4 months (Young, 1924)
R.maritima 5 weeks (Heseltine, 1976)
R.maritima var. maritima 2 months (Verhoeven, 1979)
R.cirrhosa 2Y2 months (Verhoeven, 1979)

As with all flowering plants, pollen production will occur more often than fructification, implying that

pollen will be produced even if seed production eventually fails.

The relative balance of ephemeral and perennial species is indicative of the existence of favourable
environmental conditions in excess of this life-cycle minimum. Reproduction in the perennial species favours
stable, permanent habitats where its more robust vegetative growth can out-compete the ephemeral form.

R maritima var maritima is found almost exclusively in permanent habitats in Spain, while R.drepanensis is
confined to seasonally wet environments of 4-10 months inundation a year. This preference for vegetative

reproduction in permanent waters can cause problems in the fossil record since only sexually reproducing plants
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ephemeral lakes, awaiting favourable environmental conditions. The seed bank of permanent salt lakes
occupied by perennial species of Ruppia is likely to contain lower numbers of seeds since asexual, vegetative

growth tends to dominate.
Ruppia seeds do not float well and their pyrimidal shape, together the retention of their penducle,

reduces seed dispersal within the lake body. Verhoeven (1979) has, however, mentioned that ripe seeds can be
transported by drifting plant parts.

As with most aquatic lake species, dispersal of Ruppia between lakes has been the subject of much
debate, particularly given the ephemeral nature of its habitat. During desiccation, Verhoeven (1979) reports that
dried plant parts and attached seeds can be transported by the wind over considerable distances. A more
commonly proposed idea is that birds feeding on the plant (which include flamingos in Spain) inadvertently
transport vegetative parts after they become attached to a birds feet or beak, or that (more likely) after
consumption, the resistant seeds are later defecated while still remaining in a viable condition. Saline lakes in
Spain are important resting and feeding areas for migrating aquatic birds in an otherwise arid land. The annual
South-North migration in spring when water levels and vegetative development is high, probably provides a
constant "seed rain” of different species from different lake environments, such that vegetative development is

in close equilibrium with the environmental potential.
Brock (1982) observed that the perennial R.megacarpa did not flower and fruit prolifically, although

Verhoeven (1979) reports that the flowers of (mainly perennial) R.maritima var. maritima were "very
abundant”, and that it produced "enormous quantities of seed”. Production of both seeds and pollen by the
annual, R.drepanensis, has also been described as prolific (Cirujano, 1986; Cirujano et al., 1990). A more
fundamental (although not exclusive) difference occurs in the mode of pollination. Flowering by R.drepanensis
occurs at the water surface (favouring cross-pollination), while R.maritima var. maritima flowers below the
water surface (favouring self-pollination). The effect is that pollen produced by R.maritima will almost always
enter the lake sediments directly, with little transport from its point of origin. Pollen from R.drepanensis,
however, forms a surface scum similar to pine pollen, such that in Spring, the water of the inland salt lakes in
Spain acquire a "tonalides amarillentas" (Cirujano, 1986; Cirujano et al., 1990). A lot of this pollen is then
blown by the wind to the shore where it accumulates or is further dispersed over the surrounding land (Cirujano
et al. 1990). Pollen from R.drepanensis may therefore be well dispersed from its point of origin before entering

the lake sediment record, and can form part of the regional pollen rain falling on nearby lakes devoid of Ruppia.

2.3.2 Althenia

9 3.2.1 Introduction

Den Hartog (1981) describes Althenia as monotypic, although its taxonomic position is somewhat

controversial (Garcia Murillo & Talavera, 1986). Althenia filiformis occurs throughout the coastal lagoons of

the Western Mediterranean and as far north as southern Brittany (Den Hartog, 1981; Valentine, 1980). In the
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Iberian peninsular it also occurs in inland salt lakes, particularly in Andalucia (Martino, 1988) although here,

A.filiformis may now have been replaced by A.orientalis (Garcia Murillo & Talavera, 1986).

2.3.2.2 Identification from fossil remains

Due to its rarity, most of the main seed key texts do not include Althenia. Galacia & Talavera (1986)
and Den Hartog (1981) provide references to many of the main taxonomic studies on Althenia which include
seed descriptions. SEM pictures of Althenia seeds are illustrated in Cirujano (1990) together with similar
pictures of seeds of other taxa with which it might be confused, including Zannichellia.

The pollen of Althenia is inaperturate, with a reticulate patterning and size that make it similar to, and
possibly confusable with, Potamogeton (Valdes et al., 1987). This could be a problem were it not for the fact

that, unlike Potamogeton, the pollen of Althenia does not resist acetolysis (Diez et al., 1988)

2.3.2.3 Palaeoecological information

Althenia filiformis is an annual plant with an extended 5 month life-cycle (Martino, 1988). It occurs in
both temporary and semi-permanent salt lakes and marshes in the south and centre of Spain (Montes & Martino,

1987) between 27-74%0TDS (Martino, 1988, Duarte et al., 1990)). It prefers turbid saline waters, particularly

where chloride is predominant (Alonso & Comelles, 1981).

2.3.3 Potamogeton pectinatus

2.3.3.1 Introduction

A wide range of Potamogeton species are present within the Iberian Peninsular (Valentine, 1980),
including those species tolerant of base-rich conditions such as P.lucens, P.coloratus, P.densus and those
species found in brackish water P filiformis, P.pectinatus. However, only P.pectinatus is found in saline and
non-permanent continental waters (Cirujano, 1990). P.pectinatus was the only Potamogeton species identified

from macrofossil remains in cores taken from salt lakes in the Ebro Basin, north-east Spain (Davis, 1994).

2.3.3.2 Identification from fossil remains

The seeds of P.pectinatus can be identified using many of the main seed identification texts, although
the use of seed morphology as a taxonomic discriminator in this genus is difficult. A further problem can arise
i saline lakes where rapidly changing environmental conditions towards the end of the growing season can
result in large numbers of immature seeds. The pollen of Potamogeton can be separated into the subgenera

Potamogeton (eg. P.natans) and Coleogeton (P.filiformis, P.pectinatus) (Moore et al., 1991). The distinction
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however is slight and difficult to apply consistently in the poorly preserved samples extracted from salt lake

sediments.

2.3.3.3 Palaeocecological information

Salinity

Potamogeton pectinatus has the widest world-wide distribution of any saline lake angiosperm
(Hammer, 1986). It has a wide salinity tolerance, although it generally occurs at lower salinities than Ruppia
and Althenia. Hammer (1986) reviewed much of the published literature on P.pectinatus, giving it a range of O-
55%0TDS. In Spain, P.pectinatus is found in both hyposaline (3-20%0TDS) and mesosaline (20-
40/50%0TDS) lakes (Comelles, 1981) and will out-compete R.drepanensis in fresh to moderately saline waters
(Cirujano, 1990). Culture experiments by Van Wijk et al. (1988) on P.pectinatus from brackish coastal water
environments in Europe found "a considerable decrease in biomass at 9%0Cl" (ca.9%0TDS)". Hammer &
Heseltine (1988) quote Huntsman (1922) as finding P.pectinatus abundant in Quill Lakes, Canada, at between
11-16.5%0TDS, and Rawson & Moore (1944) as finding P.pectinatus and R.occidentalis the only flowering
plants in Saskatchewan lakes above 20%0TDS. In their study of salt lakes throughout the Canadian prairies,
Hammer & Heseltine (1988) found only two species of Ruppia together with P.pectinatus as the submerged
macrophytes in lakes over 5%0TDS. The salinity range of P.pectinatus was between 3-53%0TDS, although at
high salinities (eg Big Quill Lake: >45%0TDS) 1t did not flower, exhibiting only vegetative growth. The
modern distribution of P.pectinatus in lakes in Minnesota and North Dakota has been examined by Birks
(1973), where it was found in all prairie lakes with conductivities between 320-2185 umhos (ca.2-15%0TDS)
(mean 1250 pmhos (ca.8%0TDS)), but not in lakes in deciduous and coniferous woodland areas. Greenhouse
experimental studies by Stevenson (unpublished, but reported in Hollis (1983)) on P.pectinatus from Ichkuel,
Tunisia, found that growth was inhibited at 20%0TDS and proved fatal for many plants. Seed germination was

also unsuccessful at this salinity. In Australia, P.pectinatus is only tolerant of much lower salinities, between 1-

6%oTDS (Brock & Lane, 1933).
One of the most detailed experimental studies has been carried out by Teeter (1965). Tolerance limits

were found to depend on the stage in the life cycle at which stress was applied. At 1 week old, plants were

found to tolerate upto 9%0TDS. This tolerance was higher at 18%0TDS at 8 weeks, but fell back again to only

6%0TDS at 12 weeks as photosynthesis declined with senescence. The maximum salinity tolerated overall was

20%0TDS.

Water Depth/Permanence

Reproduction in the Potamogetonaceae can take place using a number of regenerative methods, both

sexual and asexual. The preference for fresher, more stable (permanent) waters tends to favour asexual

strategies such as turions and persistent seedlings (Mitchell & Rogers, 1985) which do not leave a fossil record.
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Flowering in populations from stable environments tends to be very irregular. Rogers (1984), found flowering
and propagule development in P.crispus in South Africa did not appear to be in response to any particular
environmental conditions. Individual plants reproduced at maturity (4-5 month life-span) regardless of time of
year. A similar, but more seasonal growth pattern was observed by Hollis (1983) at Ichkuel, Tunisia. Here,
growth is restricted by low temperatures until April, after which growth is rapid with flowering in June, and
finally fructification in July or August.

Van Wijk et al. (1988) studied flowering in P.pectinatus from European coastal populations using
culture experiments, but could find no relationship between flowering events and known stimuli. Flowering

occurred at all salinities tested (1-9%0Cl" (ca.1-9%0TDS)) but was most frequent around the optimum growth

salinity environment (measured as the maximum total biomass) for any given population.

In less permanent environments, water depth appears to be the most important factor influencing
fructification. Mitchell & Rogers (1985) explained the less frequent flowering and achene development of
P.crispus in northern temperate lakes as a result of smaller changes in water level compared to the sub-tropics
where low water levels are more frequent. In Sweden, Blindow (1992b) found high water levels were
negatively correlated with P.pectinatus growth, while the year with the lowest July water level produced the
largest quantity of seed. Correlation of low water level with high densities of plants and seeds has also been
observed by Bailey & Titman (1984) for P.pectinatus, and Hunt & Lutz (1959) for P.crispus. In Lake
Wabamun, Canada, Haag (1981) found that only P.pectinatus and P.pusillus in water depths less than 2.0m
produced flowers and seeds. Plants at greater depths were deprived of light and time for development resulting

i1 less successful sexual reproduction. At Delta Marsh, Manitoba, Anderson & Jones (1976) and Anderson

(1978) found growth absent below 1.2m, the lower limit of photosynthetically active radiation. Maximum

production occurred at a depth of 60cm.
A similar maximum depth of 1.3m was found by Hollis (1983) for P.pectinatus growing at Ichkeul.

Optimum growth was found to occur between 1.2-0.8m, with Ruppia at shallower and deeper levels. A
minimum depth of 40cm was found by Stevenson in experimental studies (unpublished, but reported in Hollis,

1983), below which plant biomass was severely reduced. This was suggested as relating to the need for erect

growth upto 15cm as a precursor to leaf production. At depths less than 30cm, desiccation of aerial shoots can

occur (Hollis, 1983).

Temperature, Turbidity and Turbulence

The influence of temperature on the life-cycle of P.pectinatus has not been well studied, although

Hammer & Heseltine (1988) describe water temperatures alongside its phenological development in lakes in the

Canadian Prairies. Growth begins in mid-May with water temperatures at around 10°C, although seeds were

seen sprouting at 8°C. Flowering occurred in water at 15°C in late June, followed by fructification in mid-July

with water temperatures at 20°C. Plants continued to flower and fruit into August, with the release of fruits

occurring at the end of August.
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The onset of growth of P.pectinatus at Ichkeul, Tunisia, occurs at similar water temperatures (10-11°C)

to those found by Heseltine, however seed germination 1s reported to occur at considerably higher temperatures
(20°C) (Hollis, 1983).

P.pectinatus is remarkably tolerant of high turbidity, allowing it to grow in eutrophic and polluted
waters unsuitable for other species. This ability anises from the large carbohydrates stores in its tubers and
achenes which allow extensive shoot growth at an early stage independent of light availability (Blindow,
1992a). Shoot length is directly correlated with decreasing light levels (Van Wijk er al. (1988), with foliage
growth being concentrated as close to the water surface as possible. Hammer & Heseltine (1988) found

P.pectinatus at all light levels in Canadian Prairie lakes, concluding that water pressure probably delimits its
maximum depth (abundant between 1-4m).

Extensive shoot growth however, together with poor rooting, can expose P.pectinatus to turbulence
caused by wind and wave action. Haag (1981) notes that P.pectinatus occurs throughout Lake Wabamun, but

mainly in sheltered locations. Populations in deep water (greater than 2.0m) were heavily thinned by wave

action before reaching the surface. Ice can also be a problem during low water levels in some lakes (Blindow,

1990Db).

Colonisation and Dispersal

Dispersal of P.pectinatus seeds within lakes 1s limited due to their size and weight. Haag (1981) found
a 90% decline in P.pectinatus seed within the sediment seed bank 200m away from the source population. In
general, the fruits of P.pectinatus are only found where the plant is abundant, although even here they only
occur in small quantities (Birks, 1973). Seed production is generally low, although like Ruppia maritima, the
seeds produced are large. Seed production increases in shallow waters but overwintering is usually by asexual
turions. A third of all seeds produced by P.pectinatus may persist through one growing season without

germinating (Haag, 1981). As with the perennial R.maritima, seed density within the seed bank slowly

increases during wet periods providing security against long term aseasonal drought.

Culture experiments by Van Wijk et al. (1988) found that in most cases where flowering occurred in
P.pectinatus, achenes were produced. Watts & Winter (1962) found a close correspondence between pollen
curves for Potamogeton spp. and their occurrence as macrofosstls. This may perhaps be surprising since

flowering involves semi-aquatic surface pollination similar to Ruppia drepanensis, allowing much greater

dispersal.
The effect of salinity on P.pectinatus seed production was investigated by Teeter (1965) who found

that salinity stress applied to young 6 week old plants produced a marked decline in the number of seeds formed

later on in the life-cycle. In contrast, salinity stress applied after flowering and seed setting did not produce any

change in overall seed production.
P.pectinatus is canopy forming, allowing it to out-compete other submerged macrophytes by shading

(Blindow, 1992b). It is also tolerant of poor light conditions, such as those occurring at depth and high

turbidities, and possesses the ability to grow upwards towards better light conditions independent of light
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availability. These capabilities, plus a tolerance of saline waters and drought conditions, allow it to aggressively

colonise turbid, semi-permanent/permanent meso-saline lakes.
2.3.4 Charophytes

2.3.4.1 Introduction

A large number of palaeolimnological studies undertaken in North Africa have identified Charophyte
remains, including Fontes et al. (1985); Gasse et al. (1987) and Fontes & Gasse (1991). Palaeolimnological
work undertaken by Davis (1994) in Spanish salt lakes found similar remains, although only Chara vulgaris and
Lamprothamnium papulosum were identified to species level. Few examples of the Nitella genus and Tolypella
genus were found, although this probably reflects their preference for less saline waters.

A comprehensive catalogue of the Spanish charophyta, together with their environmental distribution,
is given in Comelles (1982) and Alonso & Comelles (1984). Over 20 different species are listed, occupying

habitats ranging from the fresh to hypersaline, clean to turbid and temporary to permanent. The

palaeoenvironmental potential of this diversity is limited by the difficulty of identifying individual species from

their macrofossil remains.

2.3.4.2 Identification from fossil remains

L

The identification of Charophyte species from oospore macrofossils remains difficult despite the
detailed accounts of oosporangia included in botanical descriptions (eg. Wood & Imahori, 1964). This 1s partly
related to a degree of taxonomic confusion within the genus, but mainly the limitations of the light microscope
and the level of morphological variation between oospores of the same species. This has led to sometimes
contradictory and misleading descriptions. Recent work using the SEM (eg. John & Moore, 1987; Soulie-
Mirche, 1989; Leitch, 1989; John et al., 1990; Leitch et al., 1990; Casanova, 1991) have revealed that the
surface ornamentation of oospores is indeed a good taxonomic indicator, but has often been misinterpreted
under the light microscope (John et al., 1990). Unfortunately, some problems of descriptive uniformity have
persisted through the use of SEM's at relatively low magnifications, as well as the application of different
descriptive terminology (Leitch et al., 1990). Further difficulties persist for the palacoecologist without access
to type material, since published keys relate to only a few species investigated mainly for their téxonomic
interest. Attempts at an ‘educated guess' using the light microscope can prove reasonably reliable where the
species involved is distinctive, dominant, and can be traced back through the sediment record from present day
living specimens. However, the only truly reliable method of identification is through comparison of high
resolution SEM's of both modern and fossil oospore material. Since fossil oospore populations potentially
include examples of many different species, and SEM identification of all oospores would be tmpracticable, a

sampling strategy would be necessary. Once the species composition and uniformity of the fossil population has
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species composition could be confidently differentiated.

2.3.4.3 Palaeoenvironmental information
Salinity

Charophytes occupy a wide range of aquatic environments but mainly alkaline, calcium rich waters,
with a low phosphorus content (Forsburg, 1964; Moore, 1986). In Spain, they are mainly found in nutrient poor
and moderately mineralised to hypersaline waters (Cirujano, 1990). Waters rich in nutrients tend to be

dominated by angiosperms which are better adapted to higher turbidity levels from phytoplankton growth
(Crawford, 1977).

C.vulgaris is a cosmopolitan freshwater species with an ability to adapt to slightly oligohaline water
(Soulfe-Mirche, 1991). Corillion (1957) found C.vulgaris together with the brackish water species,
C.canescens, in waters upto 5%0TDS, while Brock (1981) reports C.vulgaris in waters upto 4%0TDS. In
Spain, Alonso & Comelles (1984) found C.vulgaris in 4 out of 6 of their lake categories: both permanent and
temporary clean freshwaters (0.5-2.0%0TDS), muddy permanent freshwaters, and permanent clean mineralized
waters (this category includes lakes upto 30%0TDS). It occurred twice as often in permanent clean mineralized
waters than in the other three lake environments. Of the other 2 categories, C.vulgaris did not occur in
temporary clean mineralized waters and althalosaline waters. C.vulgaris has also been noted in lakes with a
high proportion of calcium (Crawford, 1977; Cirujano, 1990). Hammer (1986) quotes the salinity distribution

of C.vulgaris at between 0-16%0TDS from Academia Sinica (1979), China.
Lamprothamnium papulosum is only found in inland salt lakes in Spain and Australia (Martino, 1988).

It is widely reported as being able to withstand hypersaline conditions, where it photosynthesises with greatest

efficiency (Burne et al., 1980). In Australia, Burne et al. (1980) found living plants in waters up to 70%0TDS,

while Brock & Shiel (1983) noted L.papulosum as the only Charophyte collected from waters between 10-
100%0TDS. These results are similar to Brock & Lane (1983), who observed L.papulosum in waters from 9-

125%0TDS. Martino (1988) reports the distribution of L.papulosum in inland waters in Spain from 27.5-
112%0TDS. L.papulosum is exclusive to hypersaline waters (Cirujano, 1990), while occurring in association
with C.galiodes at moderate salinities (Cirujano et al., 1988; Comin & Alonso, 1988; Cirujano, 1990). Growth

experiments show that the optimum growth salinity for L.papulosum is between 24-28%0TDS, with a minimum

salinity tolerance of 8%0TDS (Daniel, 1975, reported in Moore, 1986).

While L.papulosum thrives at high salinities, lower salinities are required for germination (Burne et al.,
1980, Soulie-Mirche, 1991). For instance, culture experiments by Burne et al. (1980) showed that germination
occurred in freshwater and sea-water (35%0TDS), but not at higher salinities (53%o0 and 70%0TDS). A low
salinity phase is therefore required before L.papulosum can start its life-cycle, the lack of L.papulosum perhaps

indicative of constant high salinities, without even a short period of freshwater input (Soulie-Mirche, 1991).
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Water Depth/Permanence

Charophytes generally tolerate much greater depths than macrophytes (Collinson, 1988), often being
distributed in the deep central area and shallow margins of lakes, while being outcompeted by macrophytes in
the middle depths, between 2-6m (Moore, 1986). Ice and wave action in the shallow margins restricts this zone
to smaller species (0.5-1.0mm shoot diameter), including C.vulgaris (Blindow, 1992a). In coastal locations,
L.papulosum is usually found in waters less than 2m deep (Moore, 1986).

Charophytes are ideally suited to temporary waters, producing a large number of resistant propagules
(oospores) which can survive desiccation, often remaining viable for many years while unfavourable conditions
persist (Olsen, 1944). Under stable conditions however, some perennial species may propagate using bulbils
which are not preserved within the fossil record. The presence of ocospore remains indicates submersion for a
minimum of 3 months, this being the minimum time of a single life-cycle (Soulie-Mirche, 1991).

L.papulosum and C.vulgaris occur in both permanent and ephemeral (seasonal and aseasonal) waters
(cf. Brock & Lane, 1983; Moore, 1986; Comin & Alonso, 1988; Cirujano, 1990). L.papulosum occurs in
temporary lakes of at least 3 months inundation (Brock & Lane, 1983), with an annual life-cycle synchronised

with its ephemeral habitat (Brock, 1986). On refilling, reproduction can occur within 4-6 weeks following

germination and the onset of growth (Brock, 1936).

Temperature, Turbidity & Turbulence

The influence of temperature on the development of Charophytes has been little studied although
Moore (1986) notes that, "high temperatures often induce rapid and massive spore formation”, while

gametangia development may be inhibited by low temperatures (Hutchinson, 1975).

Charophyte lakes have generally low turbidity and phytoplankton productivity (Forsberg, 1965). In
clear lake waters, Charophytes dominate over angiosperms at depth, while in turbid lakes, macrophytes tend to
dominate (Blindow, 1992a). Charophytes utilize light better than canopy forming macrophytes and typically
form dense meadows which restrict the capacity of angiosperms to invade. Reduced light intensities promote
falling plant densities (Hutchinson, 1975) and hence greater invasion by canopy forming macrophytes. Growth
in most Characeae is inhibited when shaded by floating leaved aquatics (Moore, 1986). Unlike some other
macrophytes (eg. P.pectinatus), Charophyte propagules do not possess sufficient carbohydrate stores to allow
growth to the surface of turbid lakes in spring (Blindow, 1992a) and Crawford (1977) notes succession from
C.vulgaris by Najas and Potamogeton in farm ponds as a result.

Turbidity may be increased initially by phytoplankton blooms relating to enhanced phosphate levels
and eutrophication (Crawford, 1977). Loss of submerged vegetation then increases turbidity as a result of wave

action on the exposed sediment substrate. Alternatively, Characeae meadows can be seriously reduced by snail
and crayfish grazing (Crawford, 1977), as well as by birds (Moore, 1986). This can effectively increase

turbidity by sediment exposure, or by encouraging phytoplankton growth directly by the liberation of nutrients
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(Blindow, 1992b), or indirectly, by preventing the buffering of phosphates by marl precipitation (Otsuki et al,

1972).
Smaller Charophytes can often be found dominating lake margins as a result of their greater resistance

to wave and ice action (Blindow, 1992a). These tend to have a condensed and bushy form and may have a

larger bulbil to act as an anchor, in addition to their usual rhizoidal network (Moore, 1986).

Colonisation and Dispersal

Charophytes are aggressive pioneering plants of newly created aquatic environments, often acting to
stabilise the sediment allowing the establishment of other macrophytes which may then come to cause their
decline through the action of succession (Moore, 1986). The density and speed by which Charophytes can

dominate a lake system is partly related to their prolific production of resistant propagules. A single plant can
easily produce over 100 oospores to contribute to the seed bank (Soulie-Marche, 1991). These oospores can
then remain viable for over 4 years, even after drying (Proctor, 1967). The dispersal of these oospores within
the water body before entering the sediment seed bank is partly related to their propensity and degree of
calcification. Calcified oospores (gyrogonites) (eg. C.vulgaris) do not float, hence dispersal is limited and in-
situ deposits can easily be identified by their abundance of oospores (Soulie-Marche, 1991). Non-calcified
oospores (eg. C.baltica, C.horrida, C.galiodes, C.connivens) can float or be easily transported by wave action to

become widely dispersed (Birks, 1973). Large accumulations of oospores can often occur on the windward

shore of shallow playa lakes (De Decker, 1988; Pueyo, 1978).

Dispersal of Charophytes between lakes 1s thought to occur through the action of birds, with oospores

and plant remains having been found in the stomachs of wildfowl (Moore, 1986). Oospores have been found to

remain viable even after passage through the digestive tracts of ducks (Proctor, 1962).

2.3.5 Others

2.3.5.1 Introduction

Other submerged macrophytes that also appear in Iberian saline waters include the angiosperms in the

Ranunculaceae, Najas, Zannichellia, Myriophyllum, and the bryophyte Riella helicophylla.

2.3.5.2 Identification from fossil remains

Riella helicophylla is a bryophyte whose distinctive spores frequently appear on pollen slides from

Iberian salt lakes. Detailed descriptions of spore morphology, including SEM photographs, can be found in
Cirujano et al. (1988b). The seeds of Najas and Zannichellia also often occur in abundance but the pollen of
these taxa are rarely encountered in palynological work due to their poor resistance to acetolysis (Diez, 1988).

This is in contrast to Myriophyllum which has a resistant and distinctive pollen morphology which can be
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readily identified to species level (Valdes et a/, 1987, Moore et al, 1991; Reille, 1992b). Pollen of Ranunculaceae
is of limited use in palaeolimnology since it is too easily confused with that of terrestrial species, although its seeds

can be relatively easily identified.

2.3.5.3 Palaeoenvironmental information

Salinity

Najas flexilis was found by Birks (1973) living in virtually all lakes sampled in Minnesota and North

Dakota upto 1240umhos Conductivity (ca.8%0TDS), although the average value was nearer 200pumhos
(ca.1%0TDS). Water conductivity ranges for other macrophytes included 325-2185umhos (ca.2-15%0TDS)
(1250pumhos mean (ca.8%o0TDS) for Zannichellia palustris. Hammer (1986) notes the salinity tolerances of
Myriophyllum propinquum (0-5%0), Myriophyllum spicatum (0-5%0) and Riella capensis (5-23%0). In Spain,
Cirujano et al/ (1988) found Riella helicophylla in environments from 2.6-74%o salinity, although there was a
preference for sodium-chloride waters above 10%o0. Spore germination, however, required much lower salinities,
in the range 0-7%o0. In the Dofiana coastal marsh of southern Spain, Duarte et al. (1990) classified Zannichellia
obtusifolia in the upﬁer class of conductivity, between 47-10mS, while Myriophyllum alterniflorum was distributed
in the lower 2-1mS class. Garcia (1991) reports Z. obtusifolia as preferring relatively low salinities in Spain
compared to Ruppia drepanensis which gradually displaces Z.obtusifolia as water salinities rise as lake levels fall.

Water Depth/Permanence

Riella helicophylla 1s one of the fastest growing macrophytes found in seasonal salt lakes in Spain,
requiring less than 3 (Garcia Murillo, 1991) or 4 (Cirujano ef al., 1988) months in shallow waters to complete its

life cycle.
Other plants are more typical of deep permanent waters, including Myriophyllum spicatum and Najas

marina, although species characteristic of temporary environments, such as Zannichellia obtusifolia and

Ranunculus peltatus, may colonise the ephemeral areas around the shores of permanent lakes (Garcia Murillo,

1991).

Colonisation and Dispersal

Zannichellia, Riella and Najas have hydrophilous pollination or spore production mechanisms, while

many others are anemophilous.
Seed production varies depending on the preferred perennation mechanism, with annuals such as Najas

and Zannichellia producing considerable numbers (Birks, 1973; Grillas et al., 1993) in comparison with
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perennials such as Myriophyllum. Vegetative reproduction can still occur, however, in Zanichellia by means of

stem or rhizomes, or by turions in the case of Myriophyllum (Sanchez et al, 1992).

In surface sample studies, Birks (1973) found seeds of Najas were widely dispersed, with many

samples containing seeds but with no plants growing nearby. This contrasts with the results of Grillas et al

(1993) for Zanichellia, where seed occurrence generally reflected the distribution of living plants.

2.4 Emergent macrophytes

2.4.1 Introduction

The shallow basin shape of many salt lakes often encourages the development of a marginal emergent
vegetation. Fluctuating water levels and extreme salinities often result in poor growth, particularly where the

deep rooting system is unable to reach less saline groundwaters. Most emergent species grow best in

freshwaters, with few being truly halophilic, Declining salinity is often marked by an increase in emergent

vegetation, particularly at the very lowest salinity levels in shallow waters with a fairly stable water level.
In common with many salt lakes throughout the world, the margins of saline lakes in Spain are

typically colonised by emergents such as Typha, Phragmites and Scirpus. A north-south distribution appears to

occur within the country between Typha angustifolia and T.domingensis, with T.domingensis more associated

with lower latitudes, similar to that observed in North America.

2.4.2 Identification from fossil remains

The pollen of Typha latifolia is tetrad and easily distinguished from the monoporate Typha angustifolia

pollen. Most species of Sparganium however share the same monoporate pollen morphology as T.angustifolia

and are in most cases indistinguishable, often being combined to form the pollen taxon, T.angustifolia type

(Moore et al., 1991). The pollen of T.domingensis shares many of the morphological characteristics of pollen

from T.angustifolia, and although the two have been distinguished (Valdes et al., 1987), this is difficult to do

reliably.
T.minima and T.shuttleworth similarly share much the same pollen morphology as T.latifolia (Punt,

1976), with the three often combined under the T.latifolia type taxon (Huntley & Birks, 1983).

There are few distinguishing features between the pollen of the Cyperaceae and Gramineae making
identification to species level almost impossible. It is therefore not possible to differentiate Scirpus and

Phragmites pollen from other members of their respective families. Differentiation can only achieved by

examining their seed morphologies or possibly stem structure.
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2.4.3 Palaeoenvironmental information

Salinity

Typha is normally found in freshwaters, although it can tolerate moderately saline conditions, along
with Phragmites australis (Cirujano, 1990). As with most emergents, growth is generally negatively affected
by increasing salinities (Whigham et al., 1989; Goldsmith, 1984). Scirpus is generally found occupying waters
and marshes of higher salinities and shallower depths, which are liable to dry out for longer periods.

Birks (1973) found Typha and Scirpus acutus/S.validus in all lakes sampled in Minnesota & North
Dakota from 30-2185umhos (ca.0-15%0TDS), with a mean of 500umhos (ca.3%0TDS). T.angustifolia,
however, was confined only to Prairie Lakes (320-2185umhos (ca.2-15%0TDS)). Hutchinson (1957) describes
both species of Typha as often ocurring together in the same lakes with the same water chemistry environment.
Substratum differences appeared to be the main factor affecting their distribution, with T.angustifolia growing
on the more organic sediments in comparison with T.latifolia. Hammer (1986) has reviewed the salinity
tolerances of many of the main emergent macrophytes found in salt lakes. T.angustifolia was generally found
occupying waters of slightly higher salinities (0-9%0TDS), than T.latifolia (0-6%0TDS). Phragmites australis
can be found in waters of still higher salinities from 0-15%o0, while Scirpus species range from the mainly
freshwater S.litoralis (0-5%0) to hypersaline S.maritimus (0-60%o0). T.angustifolia does not occur in Canadian

prairie salt lakes and Hammer & Heseltine (1988) found T.latifolia restricted to only 2 lakes with a salinity

range of 3-10%o.
It is important to note that the salinity tolerance of emergents, with their deep and extensive rooting

system, is often related more to the salinity of the subsurface groundwater than that of the lake waters
themselves. Thus it may be possible to find emergents with their roots in relatively low salinity groundwaters

able to withstand periodically hypersaline lake waters. This is often the case at the margins of seasonal lakes,

where the deep rooting of Typha often allows it to survive the summer desiccation in sheltered locations by
drawing on the groundwater below. Exceptions to this rule are likely to occur during germination and seedling

survival when conditions within the lake waters are correspondingly more important.

Water Depth/Permanence

Typha can generally grow to greater water depths than other emergents, usually occupying the range

0.5-2.0m (Hutchinson, 1975). Differences in depth range between Typha species have been noted by Grace &
Wetzel (1981) who observed that T.domingensis was able to outcompete T.latifolia at depths greater than 0.8m
due to the lower resource allocation required for its narrower leaves. T.latifolia dominated at shallower depths
where its broader leaves could outcompete T.domingensis for light. Experiments by Stevenson (reported in

Goldsmith, 1984) showed that Scirpus maritimus from Ichkeul, Tunisia, preferred water levels in the region of

20cm, while S.litoralis was found to prefer deeper, but more saline conditions. The maximum depth

< maritimus was found to colonise was 40cm.
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Temperature, Turbidity and Turbulence

Typha is generally more sensitive to turbulence and exposure to wind and wave action than Phragmites
australis. This can result in Phragmites replacing Typha on the lake side of reed beds in exposed positions, in
reverse to the usual zonation (Hutchinson, 1975).

Emergents are typically more tolerant of high turbidity and eutrophication than submerged
macrophytes due to their aerial leaves. Typha in particular responds well to anoxic substrate conditions,

deriving most of its oxygen from the above surface parts of the plant (Mitchell & Rodgers, 1985). Hutchinson
(1975) notes differences between species of Typha found by Maristo in Finnish lakes, where T.latifolia replaced

T.angustifolia in shallow, highly eutrophic waters.

Colonisation and Dispersal

Most emergents perennate as buds attached to rhizome networks. Seeds are generally dispersed by the

wind and few are generally found in lake sediments away from the lake margins. Identification is therefore

often confined to pollen analysis, although reed stem litter can be found preserved under certain circumstances.
Typha is wind pollinated and produces abundant pollen, although it appears to be poorly dispersed.

Surface sample studies by Ayyad et al. (1992) showed poor representation outside reedswamp areas (<5%7TP),

but where T.domingensis was dominant in the local vegetation (upto 100%), it made up a mean value of 87%TP
of the pollen rain. Kershaw (1979) found very little pollen of Phragmites australis in surface samples from
Phragmites swamp. He concluded this was either due to low pollen productivity or the oxidation of pollen as it

lay on the thick litter layer on the water surface. Lieffers & Shay (1981, 1982) mention that seed production in

S maritimus varied according to the inundation environment, with higher seed production occurring in deeper

water.
2.5 Terrestrial Plants

2.5.1 Introduction

During periods of low water, terrestrial halophytes typically colonise saline lake margins along a
gradient according to salinity and inundation period. Prolonged desiccation can allow terrestrial vegetation to
colonise the entire basin of shallow ephemeral lakes, although this 1s usually limited in seasonal salt lakes by the
existence of a thick layer of precipitated minerals. Declining soil salinity and flooding period higher up the
shore increases competition from less tolerant species and the replacement of halophytes by more diverse
species. The seeds and pollen of these plants can readily become incorporated into the palaeoenvironmental

record, particularly in the case of weedy annuals which can produce prolific remains (Watts & Winter, 1966)
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2.5.2 Palaeoecological information

Among the most highly adapted plants to high salinity conditions are members of the Chenopodiaceae.

The margins of hypersaline and mesosaline lakes in Spain are readily colonised by annual species of

Chenopodiaceae such as Salicornia ramosissima and Sarcocornia herbacea (Montes & Martino, 1987; Bourrut,

1991). These annual species have a poor resistance to drought and require almost permanently wet root

conditions in comparison with woody perennials such as Suaeda and Arthrocnemum glaucum that colonise the

outer margins (Bourrut, 1991). Prolonged drying is liable to favour the replacement of annuals by perennials

(Watts & Winter, 1966).
Declining inundation period is often connected with a lowering of the groundwater table. This allows

free drainage by meteoric waters into the sub-soil causing the leaching of accumulated salts and a decline in
surface sediment salinity. Colonisation of the entire lake basin by halophytes may follow, along with the onset

of pedogenic processes. Further loss of surface salts will result in growing species diversity as lesser halophytes

begin to colonise, often attracted by the damper conditions found at the centre of endoreic basins.

2.6 Conclusions

Saline lakes represent particularly unstable ecosystems, susceptible to rapid and large scale changes in

environmental conditions. Such lakes are responsive indicators of past environmental fluctuations, including

climate change, wherever the records of such fluctuations have been preserved by lake sediments and biotic

remains.
Plants adapted to these lake systems are, by necessity, tolerant of a broad range of environmental

conditions. Interpretation of the palacolimnological record through the use of macrophyte remains is therefore
restricted by their low resolution in comparison with other palaeoenvironmental indicators such as ostracods
and diatoms which show greater species diversity and niche occupancy, and more rapid reproductive cycling.
Quantitative estimates of limnological conditions such as lake salinity or water permanency may however be
possible through the examination of seed or oospore morphology (Brock, 1982; Soulié-Marche, 1989).

In this sense, macrophytes are more comparable with geochemical and stratigraphic indicators,
providing a qualitative basis for interpreting the palaco-environment. Integration of these records, however,

may provide a basis for semi-quantitative reconstruction that cannot be obtained from their individual

independent analysis (chapter 7). Thus the greatest strength of macrophyte analysis is as part of a multi-proxy

based approach to palaeoenvironment reconstruction.
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Chapter 3

Cladocera and Chironomid remains and saline lake palaeolimnology: with
special reference to Spanish salt lakes

3.1 Abstract
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