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1. Project Objectives

Concern about global warming has highlighted the need, not only to improve General
Circulation Models (GCMs) in order to accurately predict future climate, but also to validate
GCM predictions against reliably reconstructed past changes in climate. Diatom remains in the
sediments of closed-basin, saline lakes can provide a proxy record of past water chemistry,
especially palaeosalinity, and an indirect measure of climate change in arid and semi-arid regions
(Fritz et al., 1991). Consequently, there is a great demand for diatom-based salinity
reconstructions for saline lakes world-wide.

Over the past decade the development of transfer functions has revolutionised palaesoecological
interpretation by providing quantitative reconstructions of key hydrochemical parameters, such
as salinity. Transfer functions are calibrated from a modern dataset of diatoms and associated
water chemistry. In East Africa, transfer functions for pH have already been developed for
bicarbonate-carbonate waters and applied to fossil sequences (Gasse & Tekaia, 1983). For other
regions in Africa and in the Northern Great Plains of North America calibration datasets and
salinity transfer functions have been developed (Gasse, 1987; Fritz er al., 1991; Fritz et al.,
1993). Elsewhere diatomists are rapidly extending sampling networks to create new regional
datasets which will be used to generate independent transfer functions (e.g. British Columbia,
Wilson et al. (1994); Mexico, Metcalfe (1988); Turkey, Kashima (1995); Spain, Reed (1995);
Australia, Gell & Gasse (1994)).

In 1991 several people involved in the collection of these modern datasets established the
Climate and Salinity Project (CASPIA) to compare saline lake diatom floras, with the eventual
aim to merge regional datasets into a single database of diatom and environmental data, in order
to generate inter-regional transfer functions (Juggins et al. 1994). This is desirable for two
reasons. First it will provide a better understanding of species optima and tolerances in relation
to range of hydrochemical chemical gradients, and may allow more accurate and sophisticated
chemical reconstructions, not just for total salinity, but also for brine type. Secondly, the
increased biological diversity of combined datasets will help in the search for modern analogues
of fossil assemblages. Unfortunately these do not always exist within the same geographical
region, and transfer functions are likely to be most accurate when analogues can be identified,
even if these are geographically distant.

Vital prerequisites to merging datasets are correct identification and nomenclatural consistency
between palaeolimnologists. Detailed systematic studies can provide an insight as to whether
biogeography limits the application of regional and global transfer functions.

The project had the following original objectives:

1. Production of a diatom iconograph and taxonomic quality control (TQC)

il. Merging diatom/water chemistry datasets, specifically those from the North American Great
Plains and Africa

iii. Development of inter-regional transfer functions

1v. Workshops and inter-group communication

v. Identification of sites for model validation

vi. Computing and database developments - taxonomic database, stored images and image
analysis



As less than half the grant money applied for was received, in the absence of clear guidelines
from NERC, the work was restructured on the basis of the referees comments. Work focused on
objectives i-iv.

2. Development of Methods and Techniques

Collaboration between taxonomists (NHM), palaeolimnologists and statisticians (UCL &
Newcastle) has led to the development of a new diatom database linking hardcopy iconograph
images and corresponding taxonomic information to ecological (distribution, habitat, chemistry)
data for application to problems of diatom palaeoecology and biodiversity in saline lakes.

As a result a new training set that combines diatom assemblages from the North American
Northern Great Plains and Africa has been produced that allows more robust reconstruction of
past salinity, water level and climate from saline lake sediment cores in both continents.

3. Progress
The revised objectives were successfully achieved:

i. The production of a diatom iconograph has been completed and will form part of a saline
diatom flora to be published in the near future (Carvalho er al. in prep.). As no such flora has
previously been published, this will be of considerable interest to the general diatom research
community in addition to those specifically investigating palacoclimate.

ii. TQC focused on detailed studies of several important species of Cyclotella, Campylodiscus,
Craticula, Navicula and Nitzschia. The results have begun to be published (Carvalho et al.,
1995; Carvalho et al., 1996; Cox, in prep.).

iii. Diatom/water chemistry datasets from NGP, N. Africa, E. Africa and Niger have been
merged into a single database with consistent identification and nomenclature. This has allowed
the development of an inter-regional transfer function that can be applied to fossil sequences that
had taxa which were absent from the individual regional datasets (Gasse et al. 1995; Juggins et
al., in prep.).

iv. Evaluation of different numerical approaches to diatom-based environmental reconstructions
(Chalié et al. in prep.).

v. Comparison of the datasets, development of the flora and manuscript writing has taken place
at four workshops held in Paris and London and attended by diatomists working in saline lake
regions throughout the world (N. America, Africa, Spain, Turkey, Mexico, Australia). In
addition a workshop was held for the wider diatom community at the 13th International Diatom
Symposium in Italy (Carvalho & Fritz, 1995) and a paper was presented at the British
Phycological Society annual winter meeting (Carvalho, Cox & Sims, 1995).

4. Summary of Results

i. Diatom iconograph and TQC.

TQC relies upon correct identification and a clearer understanding of taxa boundaries. This has
been approached in two ways: (1) The production of an iconograph and associated saline diatom

flora covering a diversity of habitat and brine types, and (2) detailed taxonomic studies of
problematic taxa.
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The diatom iconograph, covering over 160 taxa, has been completed along with elements of the
text for the flora. This includes species descriptions, identification guidelines and detailed
ecological and distributional data (an example element from the flora is provided along with the
publications).

Detailed systematic studies of important or problematical taxa were carried out using light
microscopy (LM) and scanning electron microscopy (SEM). Type material was examined,
alongside material from the datasets, to ensure decisions were based on clear taxonomic criteria.

The first completed study investigated material recorded as Cyclotella caspia Grunow (Carvalho
et al., 1995). The identity of this species was of particular interest as it is present in Holocene
sub-fossil assemblages from S. Algeria, S. Tunisia and N. Niger, yet it appears to be absent from
the modern flora of East and North Africa. It occurs abundantly in saline lakes in North
America, although uncertainties about its correct identification have prevented material in the
North American dataset from being used as an analogue for the fossil African assemblages.

Our analysis showed that the species occurring in saline lakes is quite different from C. caspia
and corresponds with the type material of C. choctawhatcheeana Prasad. Misidentification had
occurred because the identity of C. caspia was, until recently, not fully investigated and the two
species are similar in terms of valve diameter and stria density. The study also confirmed that the
American and African material contain the same species and that the salinity optimum,
calculated from the North American saline lake water chemistry data, could be used in the
salinity transfer function at Adrar Bous. This permitted salinity and climate reconstructions at
this site for time periods previously poorly reconstructed (Juggins et al., in prep.).

The second detailed study examined Campylodiscus clypeus (Ehrenb.) Ehrenb. This is abundant
in the North American and North African datasets but is rare in East Africa. Previous analyses of
distribution patterns of C. clypeus in the NGP dataset (Fritz ef al., 1993) suggested that this
species is more characteristic of sodium carbonate lakes, than sulphate-dominated lakes.

The study of type material alongside saline lake material showed that populations in North
America, Africa, and Europe should be regarded as the same species. The enlarged dataset also
shows that it occurs in carbonate-, sulphate- and chloride-dominated waters and so cannot be
used as a clear indicator of a particular brine type.

The third detailed study carried out was on four species of Craticula: C. elkab (Miiller) nov.
comb., C. halophila (Grun.) D.G. Mann, C. ambigua (Ehrenb.) D.G. Mann and C. cuspidata
(Kiitz.) D.G. Mann. C. elkab is recorded throughout East Africa and Niger, yet was absent from
the Northern Great Plains dataset. Material closely resembling C. elkab from saline lakes in
Central Mexico was also examined. The African and Mexican lakes are characterised by
carbonate / bicarbonate waters. This preference may explain its absence from the sulphate- and
chloride- dominated saline lakes of the NGP and North Africa, and from brackish estuarine and
coastal waters. Its presence in core material may be used to indicate water quality when
carbonate ions were significant.

Two morphologically distinguishable taxa have been recognised within C. cuspidata sensu lato,
matching the modern concepts of the species C. cuspidata and C. ambigua (Cox, in prep.). A
few NGP records of C. cuspidata should be recorded as C. ambigua. Of the C. halophila
records, many of the African valves also matched the concept of C. ambigua whilst many of the
NGP valves belonged to the genus Navicula sensu stricto.
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The fact that C. choctawhatcheeana, C. clypeus, C. halophila, C. ambigua and C. cuspidata are
cosmopolitan species found in inland saline lakes and brackish environments, together with
many other species, indicates that global, or inter-regional datasets are valid in palaecoclimate
studies and can improve reconstructions as they allow more accurate estimation of ecological
optima and tolerances. The study of material recorded as C. halophila and C. cuspidata,
however, demonstrates the underlying importance of TQC in merging regional datasets.

The saline diatom flora with its detailed species descriptions and taxonomic notes, together with
iconograph images, will promote TQC by providing a tool for accurate identification and
consistent taxonomy amongst the palaeolimnological community. Both the flora and the detailed
taxonomic work is of wide application to diatomists and ecologists worldwide.

il. Merging regional diatom/water chemistry databases

Taxonomic workshop discussions and initial statistical comparison of the NGP and African
material showed there to be a number of differences in species’ concepts and nomenclatural use
between these datasets and highlighted problem taxa that required further clarification and/or
detailed TQC before the datasets could be successfully merged. Inital work therefore focused on
merging the existing regional datasets from Niger, East Africa and North Africa, as these had
been generated in a single laboratory and used a consistent taxonomy and nomenclature. This
work led to the the development of a new African dataset of 282 samples and 389 taxa that has
been documented in Gasse et al. (1995).

Once taxonomic and nomeclatural inconsistencies between the African and NGP datasets had
been resolved these were merged into a single database containing a total of 363 samples and
455 taxa identifed to species level or lower. Figure 1 illustrates the increased chemical diversity
of the combined dataset, with lakes of predominately carbonate/bicarbonate (E. Africa), chloride
(N. Africa) and sulphate (NGP) waters now included. The increase in biological diversity is also
significant, with 66 new taxa added to the original merged African dataset, and the distribution
of many of the original 389 taxa are now better described in terms of the expanded
hydrochemical gradients.

iii. Development and application of inter-regional transfer functions

Statistical analysis of the both the combined African and the new African + NGP datasets show
that in addition to salinity (or conductivity) chemical variables reflecting water pH, and cation
and anion composition also account for significant and independent components of the total
variation in the diatom data. This indicates that transfer functions for these variables may be
developed that are independent of salinity, and greatly enlarges the domain for reconstruction of
past hydrochemistry from fossil diatoms preserved in lake sediments. For the African dataset
transfer functions for conductivity, pH, and ratios between alkali and alkaline earth metals, and
carbonate-bicarbonate and sulphate+chloride ions have been derived using the method of
weighted averaging and published in Gasse ef al. (1995). New transfer functions have also been
derived for the combined African and NGP dataset and have similar prediction errors to the
African TFs (Juggins et al. in prep.). This is important as it indicates that the increased chemical
and biological diversity, and hence applicability, of the new TFs has not compromised their
accuracy.
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Figure 1 Chemical composition of the combined African and NGP datasets
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Figure 2 Adrar Bous, northern Niger: Diatom stratigraphy and environmental reconstructions




In addition to developing the new weighted averaging (WA) transfer functions we have also
compared the performance and applicability of different numerical approaches to diatom-based
environmental reconstruction, in particular comparing the WA to the Best Analogues (BA)
approach used by palynologists (Chalié et al. in prep.). Results indicate that both methods
perform well when tested on the training sets using cross-validation methods, and give similar
results when applied to un-mixed or ecological coherent fossil assemblages. However, where the
fossil material consists of mixed assemblages of taxa with very different ecological requirements
the methods yield rather different reconstructions: WA gives a reconstruction that tends towards
the mean of the mixed assemblage, whereas BA tends towards one of the extemes or end-
members. Since mixed assemblages are not always easy to identify from inspection of taxon
lists, these results suggests a method for their identification, and an additional check on the
validity of the reconstructions.

To illustrate these points we have applied the new transfer functions to two fossil sequences
from Africa (Juggins et al. in prep.). The early Holocene sequence from one of these sites, Adrar
Bous, northern Niger is shown in Figure 2. Below 110cm and above 50cm Aulacoseira, Synedra
and Fragilaria taxa dominate. The distribution of these taxa in the modern datasets is illustrated
by the floristic match, which shows the percentage of the individuals in each of the fossil
assemblages that are present in the different modern datasets. Results of these comparisons show
that 90-95% of the Aulacoseira - Synedra - Fragilaria assemblages are composed of individuals
that present in either the modern Afican alone, or Africa and NGP datasets. In addition, the
assemblage match, which is defined as the squared chi-squared distance between the fossil and
modern samples, is also low for these levels, indicating the the modern and fossil samples are
also similar in the relative proportions of their constituent taxa.

Between 50 and 110cm taxa which are either rare (Chaetoceros muelleri, Epithemia spp.,
Navicula oblonga) or absent (Cyclotella chochtawhatcheana) in the modern African material,
but which are present in the NGP dataset, comprise ca. 20-50% of the assemblages. Analogues
for these levels are not present in the African dataset and although values for the assemblage
match for these levels are higher they are still below the cut-off, showing that good analogues for
these can now be found in the NGP samples.

Diatom-based hydrochemical reconstructions for this sequence are shown on the right of Figure
2, and agree with inferences made from other proxies. Below 110cm the reconstructions indicate
deposition in carbonate-rich freshwater, a conclusion supported by the lithology and oxygen
1sotope data (not shown) indicating a carbonate-rich water body supplied by surface runoff.
Above 110cm the diatom flora changes and indicates a rapid rise in conductivity to a maximum
of ca. 10 mS ecm™ coupled with a transition from carbonate dominated to chloride- rich waters.
These floristic changes are coincident with an increase in carbonate deposition and maximum
550 wvalues, indicating a minimum ratio of freshwater input versus evaporation. Diatom
reconstructions indicate that freshwater conditions are then progressively re-established towards
the top of the section, an inference supported by a marked decrease in 8'%0 values suggesting a
rise in aquifer supplying dilute water to the basin.

In summary, these results improve on previous attempts to derive diatom-based environmental
reconstructions in several ways. First, the conductivity and pH TFs includes a greater chemical
range and more taxa (455) than those previously published, and so are more widely applicable.
Second the new anion and cation TFs allow more detailed palaecohydrological and
palaeoenvironmental interpretations by reconstructing the pathways of brine evolution
accompanying climatically-mediated evaporation and dilution of inland waters. Finally, the
greater biological diversity of the combined dataset increases the possibility of finding good
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modern analogues of fossil assemblages, in terms of either floristic matches or assemblage
composition.

5. Conclusions

1. Inter-regional datasets are valid as many species appear truly cosmopolitan.

it. TQC is essential prior to merging regional diatom datasets.

1. Merging of datasets has allowed the reconstruction of past anion and cation proportions,
providing more detailed palaeohydrological and palaeoenvironmental interpretations.

iv. The new transfer functions have allowed palaecoenvironmental reconstructions of salinity and
other climatically-controlled hydrochemical variables to be made for time periods previously
poorly reconstructed.

v. Problem areas remain in species delimitation, particularly within the genus Nitzschia (section
Lanceolatae)

6. Future Research Arising from the Project

Related NERC-funded research is continuing at UCL via a small grant to Professor R.W.
Battarbee and Dr David Ryves (GR9/02033). This small grant builds on the combined results of
Dr Ryves’ NERC funded PhD (Ryves 1994) on diatom dissolution and on the taxonomic
component of the grant reported here.

Further work is planned as follows:

1. application to crater lakes in Ethiopia (in collaboration with Dr Francoise Gasse) and to lakes
in the Northern Great Plains, especially a re-examination of Medicine Lake, North Dakota (in
collaboration with Dr Sheri Fritz);

ii. further systematic studies using more novel taxonomic approaches e.g. ultrastructure features,
image analysis, experimental culture and molecular biology;

iii. examination of inter-regional datasets to assess the importance of biogeography and brine
type on species distributions and forms, using experimental culture techniques to test
hypotheses.
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Concern about global warming has highlighted the need to develop models to predict future climate.
To test the validity of these models, they are run to see if they accurately hindcast past climate
change. As historical climate records only exist for the last few hundred years, and then largely only
for Europe, methods are required to reconstruct past climates, particularly in hot, dry regions, where
even minimal warming is a serious threat to agriculture. In these regions, diatoms, a group of algae
that have silica cell walls, can be used to reconstruct past climates.

Saline lakes, found in dry regions, respond to changes in climate. As temperature increases and
rainfall decreases more water is lost from the lake through evaporation, concentrating the salts
present in the water, therefore, raising salinity. The biological community in the lake, including
diatoms, respond to the changes in salinity that occur as climate changes. Species more tolerant of
higher salinities increase in warm, dry years and those preferring lower salinities decrease. On dying,
diatoms sink to the bottom sediment of the lake. Their silica remains, accumulating year after year,
provide a record of past salinity and a measure of climate. To calculate past salinities, the relationship
of each diatom species present in the sediment to salinity must be known. This is obtained from a
data set of modern lake sites where salinity and diatom species abundances have been recorded. Each
species relationship to salinity can then be applied to the past diatom communities in the sediment.
To apply all this, diatom species must be identifiable from their silica remains and their tolerances to
salinity must be accurately known.

This study, therefore, had two main aims that were successfully achieved:

1) To produce a detailed guide to diatom species by providing a catalogue of photographic images of
their silica remains and associated species descriptions. This will be published as a book to aid other
workers in this field identify species accurately and consistently.

2) To merge diatom and chemistry data sets from Africa (East, North, and North-west (Niger)) and
North America. This is beneficial because if the same species are present in more than one region, a
single large data set should provide a fuller understanding of species relationships to salinity.

Additionally, detailed studies of important species, or those difficult to identify, was carried out. One
species examined in detail was a small circular-shaped diatom named Cyclotella caspia. The identity
of this was particularly important as it 1s present in sediment assemblages in Niger, Africa, yet it
appears to be absent from the modern flora of Africa. It occurs abundantly in saline lakes in North
America, but uncertainties about its correct identification prevented the salinity relationship
calculated from the American dataset from being used in climate reconstructions in Africa. Our study
confirmed that the African and American material were of the same species, permitting salinity
reconstruction at the African site and identifying past periods of warmer climate.
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To obtain more accurate reconstructions of past salinities and climate it is necessary to merge
regional datasets of saline lake diatoms and water chemistry; a prerequisite of which is to
standardize taxonomic practice. To illustrate this process, an investigation of the identity of a small
Cyclotella species, frequently observed in the diatorn community of saline lakes, is described. This
taxon, which has been referred to in earlier literature as Cyclotella caspia, is of interest because it is
present in fossil African assemblages, yet is absent from the modern flora of this region.
Uncertainties over its correct identification prevented material in a North American dataset from
being used as an analogue in salinity reconstructions. LM and SEM investigations reveal that there
are no significant differences between Recent North American and Holocene sub-fossil North
American and African material which suggests that the salinity optimum calculated from the North
American water chemistry data can be used for salinity reconstructions in Africa. The species
occurring in saline lakes is clearly different from C. caspia Grunow, but conforms with the
description of Cyclotella choctawhatcheeana Prasad.

INTRODUCTION

In arid and semi-arid regions, the chemistry of closed-basin saline lakes responds directly to

changes in the hydrological budget, through dilution or evaporative concentration of dissolved salts.
Using a transfer function calibrated by a contemporary dataset of diatoms and water chemistry,
diatom remains in the sediments can provide a record of past water chemistry, especially palaeo-
salinity, and a measure of water level and climate change. Calibration datasets and salinity transfer
functions have been developed, or are being developed, for East and North Africa (Gasse 1987), the
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diagramatically suggests measuring costa density along a tangent with the valve margin. As pointed
out by Kiss e al. (1988), the latter method is particularly inappropriate for small species of the
Thalassiosiraceac.

RESULTS
Recent North American material

The diameter of the valves ranges between 6.9 and 10.6 pm. The marginal zone is well-defined,
with 19-25 costae in 10 pm (Figs 1-3). The central area has a colliculate surface (sensu Hikansson
1982) with two to six puncta visible on some valves.

The SEM pictures show details of both the external and internal features of the valve. The
puncta of the central area, seen with the light microscope, are revealed as the external openings of the
central area fultoportulae and are situated on the elevated section of the central area (Fig. 4).
Internally the central area is smooth, except for the projections of the central area fultoportulae which
each have three satellite pores (Figs 5-6). Externally the marginal fultoportulae are visible as circular
openings on every second to fourth interstria (Fig. 4); internally two satellite pores flank each one
and are orientated radially (towards the valve face and the valve edge) (Fig. 5). There is one
rimoportula which, viewed internally, is radially orientated and aligned with the ring of marginal
fultoportulae. It is situated opposite the central area fultoportulae (Figs 5-6). Externally the
rimoportula is visible, on an interstria, as a small slit-like opening situated slightly above the
openings of the marginal fultoportulae (Fig. 7). No spines are visible on the valve surface, but
granulae are found on the marginal zone.

Sub-fossil North American material

The diameter of the valves ranges between 6.9 and 11.9 pm. The marginal zone has 16-24
costae in 10 pm (Figs 8-11). The marginal fultoportulae are situated on every second to fifth
interstria (Figs 12-16) and there are one to five fultoportulae on the elevation of the central area (Figs
8-11 & 13-15). Medicine Lake core material appeared to contain two distinct forms; form A (Fig. 8)
which has a smaller diameter (7.5~7.9 um), fewer central area fultoportulae (2) and a higher marginal
fultoportula:costa ratio (1:3-4) than form B (Fig. 9) (10.0-11.9 pm diameter, 2-5 central area
fultoportulae, 1:2-4 marginal fultoportula:costa ratio). In all other respects this material is identical
to the Recent material (Figs 12 & 16), although, because of dissolution, the number of satellite pores
surrounding the marginal fultoportulae could not be assessed for form A in Medicine Lake; neither
could the form and position of the rimoportulae on the Medicine Lake form A and Devil's Lake
specimens be established.

Sub-fossil African material (Adrar Bous)

The diameter of the valves range between 8.1 and 9.4 pm. The marginal zone has 16-20 costae
in 10 pm (Fig. 17). One to two central area fultoportulae are found on the elevation of the central
area (Fig. 18) and there are marginal fultoportulae on every second to third interstria (Figs 18-19).
Because of dissolution the number of satellite pores surrounding the marginal fultoportulae could not
be assessed, neither could the form and position of the rimoportula. In all other respects the sub-fossil
African material was identical to the Recent and sub-fossil North American material. Two valves
were seen which had a larger diameter and lower costa density (form B).



Table 1. Morphological and ecological features of material recorded as Cyclotella caspia from N. American and African saline lake basins.

Site Basin  Waldsea Decadmoose Devil’'s Medicine Lake Medicine Lake  Moon Adrar Adrar
Lake Lake Lake Lake (form A) (form B) Lake Bous Bous
(No. of valves viewed) 8) (25) 20 amn 9 25) (form B)
(25) (25) 2
Diameter in pm 6.9-8.1 8.8-10.0  7.5~10.6 6.9-10.0 7.5~7.9 10.0-11.9 6.9-94  8.1-94 12.5-13.1
(mean) (1.7) 9.2) 9.3) 8.9 (7.7) (10.8) 8.2) 8.7 (12.9)
Costae/10 um 22-24 19-23 22-25 19-24 16-20 16-20 18-21 16-20 13-14
(mcan) 23) 2D 24) 2D (18) (18) (19) (18) (14)
Marginal
fultoportula:costa ratio.  1:2-4 1:2-4 1:.3-4 1:3-5 1:3-4 1:2-4 1:2-3 1:2-3 1:2-3
No. of satellite pores 2 2 2 2 27 2 2 ? ?
Central fultoportulano. 24 2-3 2-6 1-5 2 2-5 1-4 1-2 :
No. of satcllite pores 3 ? 3 3 3 3 3 3 ?
No. of rimoportulae and 1 1 1 ? ? 1 1 ? ?
location radially  radially radially radially radially
orientated orientated  orientated orientated orientated
Sample type surface surface surface corc corc core core core core

sediment sediment sediment
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Figs 17-19. Specimens from sub-fossil African material, Adrar Bous, North Niger. Fig. 17. Light micrograph,
scale bars = 5 pm. Figs 18-19. Scanning electron micrographs, scale bars = 1 pm. Fig. 18. External view of
partly dissolved valve with one (visible) central fultoportula and marginal fultoportulae on every third
interstria. Fig. 19. Internal view of partly dissolved valve with one central fultoportula flanked by three satellite
pores and marginal fultoportulae every second to third costa.

from Basin Lake and Medicine lake (form A) did not overlap with those of Waldsea Lake and Adrar
Bous. The ranges of valve diameter for material from Deadmoose Lake and Devil’s Lake overlapped
with all samples (excluding Adrar Bous form B). With respect to costa density, valves from Basin
lake and Deadmoose Lake showed no overlap with valves from Medicine Lake, Moon Lake & Adrar
Bous. However, the ranges of costa density for material from Waldsea Lake and Devil’s lake
overlapped with all samples (excluding Adrar Bous form B). The central area fultoportula number
also varied between samples; the only clearly observable difference was that, except for a single
valve which had two, only one fultoportula was observed on valves in the sub-fossil African sample.
The variation in numbers of central area fultoportulae and marginal fultoportula:costa ratio may be
related to the size of the valve, as it is known that they are involved in the secretion of 3-chitin fibrils
(Herth 1978) and may be involved in colony formation; presumably a greater number being required
on larger cells. More are present in the larger form B from Medicine Lake than form A, giving
support to this hypothesis.

The three sites from which Recent material was obtained had very similar salinities, close to the
estimated salinity “optimum” of 21 g I'* (Fig. 20). This figure was calculated by weighted averaging
of relative abundance (%) from the North American sites where C. caspia was recorded (Table 2,
modified from Fritz er al. 1993). Ion dominance, or brine type, was also similar for these three sites
(Table 2). Salinity and brine type differences, therefore, do not appear to offer an explanation for the
variations in valve morphology seen within these sites. This does not discount the possibility that
they affect morphology, as has been shown for C. cryptica Reimann, Lewin & Guillard which has a
C. meneghiniana Kiitzing valve pattern at low salinities (<4.3 g 1) (Schultz 1971). The fact that the
variations in valve morphology cannot be explained in terms of salinity, brine type, or geography
suggests that the American and African material should be considered as the same species and that
the salinity “optimum”, calculated from the North American saline lake water chemistry data, can be
used in the salinity transfer function at Adrar Bous.

From our studies it is quite clear that the species occurring in saline lakes is quite different from
C caspia for which see Hékansson er al. (1993). Apart from Adrar Bous form B, our material
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Table 2. Water chemistry data for the North American saline lake sites where Cyclotella caspia has
been recorded. The abundance of this taxon at each site is also given. (Taken from Fritz et al. (1993).

Site State % fon Salinity
Abundance Dominance (g1™h

Basin Lake Saskatchewan 15.6 Mg(Na)SO, 21.2
Big Quill Lake Saskatchewan 7.6 Mg(Na)SO, 37.9
Deadmoose Lake Saskatchewan 13.0 Na(Mg)SO.(ChH 21.5
East Devil’s Lake N. Dakota 7.0 Na(Mg)SO, 9.9
Free People Lake N. Dakota 1.4 NaSO.(CO») 8.9
Lake George N. Dakota 379 NaSOq 21.2
Medicine Lake S. Dakota 9.4 MgSO, 38.6
Rabbit Lake Saskatchewan 2.6 Mg(Na)SO, 7.7
Rederry Lake Saskatchewan 7.1 Mg(Na)SO, 18.9
Sayer Lake Saskatchewan 3.6 MgSO, 18.8
Stink Lake, Stutsman Co. N. Dakota 13.2 Na(Mg)SO, 26.7
Waldsea Lake Saskatchewan 14.4 Mg(Na)SO4(ChH 20.5

extend over part of the striated zone in the African material. More valves would have 1o be viewed to
confirm its identity.

Inferences for environmental reconstructions

From Table 2 it appears that C. choctawhatcheeana is generally characteristic of sodium/
magnesium sulphate-dominated saline lakes, although it was abundant in two sites where chloride is
also an important anion. Its general scarcity in carbonate-dominated saline lakes most probably
reflects the lack of these sites within the NGP dataset. Other published sites of C. choctawhatcheeana
are all chloride-dominated brackish environments, such as the type locality (Choctawhatchee Bay),

- the Baltic Sea (Snoeijs 1994, Hikansson et al. 1993), Chesapeake Bay (Cooper, in press), and the
Schlei estuary (as C. hakanssoniae Wendker) (Wendker 1991). Its occurrence over this range of
- waters suggests that its presence cannot be used as a clear indicator of brine type.

In the NGP saline lake sites, C.choctawhatcheeana was most abundant at salinities around 21

g I'! (Fig. 1) (Fritz er al. 1993). In Choctawhatchee Bay it was present throughout the year, but was

L

most abundant in early summer, when salinities ranged from 15-20 g 1"}, being succeeded at higher
salinities by C. siriara (Kiitz.) Grunow (Prasad et al. 1990) and in the Baltic Sea it was most common

. at salinities ranging from 8-10 g I"! (Hakansson et al. 1993). It may be that the apparent lower

salinity “optima” in chloride-dominated sites is because competition, or other factors in the

-« environment, generate different optima in the different brine types, or it may reflect the fact that the

. surface sediment samples from saline lakes contain an assemblage which was growing earlier in the

year when the salinity may have been lower. It is also possible that the discrepancy is a result of the
salinity optimum in saline lakes being calculated from relative (%) abundance, rather than density.

. The latter could not be calculated as valve counts were made on the uppermost 3 cm of sediment at

each site, not the phytoplankton. Alternatively, the range of salinities at which C. choctawhatcheeana
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CASPIA workshop i

The workshop began with an outline of the history of the CASPIA project and
its present state. What follows is a summary of this, accompanied by a brief outline of
some of the points raised.

Diatom remains in the sediments of saline lakes can provide a direct record of
past salinity and an indirect measure of water level and climate change (Fritz et al.
-. 1991; Gasse 1987). Quantitative reconstructions of salinity require the development of
' a transfer function calibrated from a modern data set of diatoms and water chemistry.
The CASPIA project (Climate and Salinity Project) was set up in 1991 by a group
- involved in the collection of these modern data sets from various saline lake regions
~ around the world (Juggins et al. 1994). The aim of the project was to merge the
different regional data sets into a single data base of diatom and environmental data.
o Merging of regional data sets is desirable as it can provide a -fuller
- understanding of species optima and tolerances. It also improves salinity transfer
functions where modern analogues of fossil taxa do not occur within the same
geographical region. Consistent sampling methodology and taxonomy 1s a prerequisite
before merging the data sets, particularly if weighted-averaging based transfer
functions are to be applied, as these rely on precisely quantified, species-rich
£2 assemblages (ter Braak & Looman 1986).
H Taxonomic consistency is being achieved using methods of taxonomic quality
) control (TQC) developed during the SWAP (Munro et al. 1990) and PIRLA (Kingston
et al. 1992) projects on lake acidification. Initially this involved the comparison of

£ ! Address for correspondence -
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Table 1: Initial taxa to be investigated from African and North American data sets

Amphora:

acutiuscula Kiitz.

coffeaformis (Ag.) Kiitz.

ovalis var. pédiculus (Kiitz.) Van Heurck

perpusilla (Grun. in Van Heurck) Grun. in Van Heurck

Campylodiscus:

bicostatus Wm Smith
clypeus (Ehrenb.) Ehrenb.

Cyclotella:

choctawhatcheeana Prasad (misidentified as C. caspia Grun.)
meneghiniana Kiilz.
quillensis Bailey

Navicula:

bulnheimii Grun. in Van Hecurck
capitata Ehrenb.

cincta (Ehrenb.) Ralfs in Pritchard
cryptocephala Kiitz.

cuspidata (Kiitz.) Kiitz.

digitoradiata (Gregory) Ralfs in Pritchard
elkab Otto Miiller

halophila (Grun. in Van Heurck) Cleve
oblonga (Kiitz.) Kiitz

pseudohalophila Cholnoky

radiosa Kiitz.

veneta Kiitz.

Nitzschia:

constricta (Kiitz.) Ralfs in Pritchard

hungarica Grun.

punctata Wm Smith (Grun.)/compressa f. minor A. Cleve-Euler
elegantula Grun. in Van Heurck

fonticola Grun. in Cleve et Moller

inconspicua Grun. (frustulum var. subsalina Hustedt)

lacuum Lange-Bertalot

microcephala Grun. in Cleve et Moller

palea (Kiitz.) Wm Smith

subacicularis Hustedt

Surirella:

brightwelli Wm Smith
crumena Bréb in Kiitz.
_peisonis Pantocsek

w
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A 135,000-year record of vegetational and chmatic change from
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Absiract

Sexdimentological and palynological analyses of sediment cores from the intramontane Bandung basin { West-Java,
Indenesia) provide a first palaeoclimatic record for the Indonesian region covering continuously the last 135,000
years. Our data on palaeosol development indicate anomalously dry conditions for the final part of the penultimate
glaczal period, around 135.000 yr B.P.,, and very warm and humid interglacial conditions from 126.000 to S1.000 »r
B.P. During the transition 1o the last glacial period, around 81,000 yr B.P., freshwater swamp forest of the Bandung
plaim was replaced by an open swamp vegetation dominated by grasses and sedges, indicating a change to considerahly
driew conditions, possibly related to reduced moisture uptake by the NW monsoon as s consequence of lower sea
leveZs at the onset of glacial conditions. A strong reduction in Asplenium ferns from §1,000 1o 74,000 yr B.P. suggests
that drier conditions may also have occurred in the mountains of the Bandung area, while increased numbers indicate
that from 74,000 10 47.000 yr B.P. it was slightly wetter again. Inferred depression of montane vegetation zones and
redwced fern percentages suggests distinctly cooler and possibly drier climatic conditions prevailed in the Bandung
area from 47.000 10 approximately 20,000 yr B.P. For the Last Glacial Maximum 4-7°C Jower temperatures are
recerrded.

glacial period montane vegetation zones were
depressed, indicating lower temperatures. But clear
evidence for significantly drier conditions, as in
other tropical regions ie. northern Australia,
South America or Africa (Flenley, 1979; Kershaw,
1986, 1994; Van der Kaars, 1991; Kuhry et al,
1993; Vincens et al., 1993) has so far not been
found. In these regions sclerophyll and open dry
vegetation types expanded during the last glacial
period, indicating increased aridity. Only from
some of the marine records indications for drier
conditions during the last glacial period have been
reported (Van der Kaars, 1991; Barmawidjaja
et al.,, 1993). In these marine records fern spores
pereentages reduced strongly during the last glacial
period, suggesting overall drier conditons in the
Indonesian region.

1. Eatroduction’

Earlier Quaternary palynological research in the
Malay Archipelago included studies of highland,
coastal and marine sites, but with the exception of
a pollen record from the New Guinea believed to
cover the last 60,000 years (Hope and Tulip, 1994)
not one of these records reaches beyond 40,000 yr
B.™. (Anderson and Muller, 1975: Borneo; Hope,
197%: New Guinea; Haseldonckx, 1977: Malaysia;
Walker and Flenley, 1979: New Guinea; Maloney,
19&0:; Sumatra; Morley, 1981: Kalimantan, 1982:
Summatra; Hillen, 1984: Malaysia; Newsome
and Flenley, 1988: Sumatra; Gremmen, 1990
Sukmwesi; Van der Kaars, 1991: marine records;
Barmawidjaja et al, 1993 Halmahera; Stuijts,
19%13: Java). These studies suggest that in the last

0032-0182,95 S9.50 % 1995 Elsevier Science BV, Al rights reserved
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Abstrziet

A mew daaset of 282 modern diatom samples and associated environmental information has been created by
mergimg existing regional datasets from North and East Africa and Niger. The relationships between diatom species
distr¥butions and hvdrochemistry are examined using canonical correspondence analvsis (CCA)Y and partial CCA.L
Variwbles reflecting water conductivity, pH. and cation and anion composition account for significant and independent
compronents of the total variation in the diatom data, Predictive models (transfer functions) are developed using the
method of weighted averaging for conductivity (@ = 0.87), pH (#*= 0.77), and ratios between alkali and alkaline
carthy menals (= 0.81). and carbonate-bicarbonate and sulphate +chloride ions {r*= 0.82). Prediction errors are
estirmuated using the computer-intensive method of jackknifing. These transfer functions enlarge the potential domain
for rexconstruction of past hydrochemistry from fossil diatoms preserved in lake sediments.

and closed lakes may fluctuate in both water level
and water chemistry in response (o seasonal, inter-
annual or longer-term climatic fluctuations. Past
lake-level fluctuations may be recorded in former
high shorelines or other lithostratigraphic evidence
and provide a powerful tool for palaeoclimatic
reconstruction at large spatial and temporal scales
(e.g. Street-Perrott et al., 1989). The chemistry of
closed basins also responds to the hydrological
budget through the concentration or dilution of
dissolved salts. Where hydrochemistry is not driven
by local hydrological factors, the reconstruction
of past water chemistry f{rom proxy indicators
therefore provides an independent method for
estimating changes in the precipitation—evapora-
tion balance of the lake catchment area.

Inferring changes in water chemistry (rom a
palacolake record is a two-step process. First, the

1. Emtroduction

The development of General Circulation Models
(GCMs) to predict future changes in the global
environment has focussed the need for comparison
of raodel results with proxy data for key periods
of the past (COHMAP Members, 1988). Such
comeparisons require accurale, quantitative recon-
struction of hydrological and climatic variables.
Pollen records have been used successfully to infer
past precipitation and temperature for temperate
and tropical regions (e.g. Guiot et al, 1989;
Bonmnefille et al,, 1990). Independent methods can
be msed to complement pollen-based reconstruc-
tiarzs, and to provide cross-disciplinary control of
the interpretation of vegetation changes.

Ir anid and semi-arid regions there is a direct
link Dbetween climate and surface water hyvdrology,

T 1993 Elsevier Science BV, AN rights reserved
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response of environmental indicators to water
chemistry is madelied from their relationships in
a suite of modern reference samples. Second,
the modelled responses, or transfer functions, are
applied to the palaeolimnological record. A large
variety of palacochemistry indicators is found in
salt lake sediments. The list includes authigenic
mineral species (e.g. Teller and Last, 1990}, trace
element and stable isotope content of authigenic
minerals of biogenic or inorganic origin (Chivas
et al, 1986; Gasse et al., 1987: Talbot. 1990, among
others). and biological remains, primarily mol-
luses. ostracods (e.g. De Deckker, 19§2), and
diatoms. Among the latter category. diatoms
emerge as an unrivalled tool for quantitative recon-
struction, because (1) they are extremely sensitive
indicators of lake-water chemistry, (2) they com-
monly occur in high numbers in both modern
environments and sedimentary sections, allowing
quantitative numerical analysis, and (3) the great
majority of diatom taxa are cosmopolitan or have
a widespread geographical distribution. Modern
reference, or calibration datasets established for
different regions can thus be combined 1o reinforce
the relationships between diatoms and chemical
variables observed at a regional scale.

Over the past decade enormous progress has
been made in diatom palaeoecological interpreta-
tion by the development of transfer functions
which provide quantitative reconstructions of kev
hvdrochemical parameters. For example. statistical
analysis of 156 modern diatom samples from East
Africa showed that diatoms respond primarily to
total salinity or conductivity, and 1o the ionic
ratios which define the chemical facies of the
waters {Gasse et al., 1983). This dataset, which
consisted primarily of samples of the carbonate-
bicarbonate type. was used to develop transfer
functions for pH (Gasse and Tekaia, 1983) and
conductivity (Gasse, unpublished), and to provide
quantitative reconstructions of these variables for
a 26 kyr diatom record from Dijibouti {Gasse,
19861, and for several post-glacial sequences from
Last Africa (Barker, 1990) and the Sahel (Gusse
etal., 1990). Using similar methodology, investiga-
tions of saline lakes in the northern Great Plains

of North America, where most waterbodies are of

the sodium-magnesium sulphate type, also demon-

F Gusse et al. Palavogeography, Palacochimatelogy, Pulacoccology 117 (19933 31 54

strated that water chemistry is the major factor
explaining the composition of diatom communities
(Fritz et al, 1993). For this region a transfer
function was developed from 33 modern samples
and used 1o reconstruct late-glacial and Holocene
salinity fluctuations at two sites (Fritz et al,, 1991;
Juggins et al, submitted).

The consistency between diatom records and
other independent evidence for reconstructing puast
hydrology and climate are promising (Gasse et al.,
1987: Fritz. 1990). However, the different cate-
gories of brines in the individual regional dataseis
are not equally represented. making it difficult to
quantify diatom response to brine type. For exam-
ple. the East African modern dataset could not
predict well changes {rom carbonate- to chloride-
dominant brines when total salinity increased,
because of the relatively low numbers of reference
sampies of the chloride type.

This paper is based on a considerably enlarged
African dataset of 282 samples from 164 sites, It
includes 125 new modern samples from Niger and
the Maghreb, where most of the waterbodies are
of the chloride or chloride-sulphate type. Despite
the large geographical area investigated it is clear
from initial comparison of datasets that samples
with similar water chemistry also exhibit marked
similarities in the diatom flora. For example, taxa
such as Thalassiosira fourii and Navicula clkab,
which are regarded as characteristic of hyperalka-
line water in East Africa, were also found in natron
ponds in southern Niger. The transfer function for
pH based on the initial East African dataset was
also tested with success on madern samples from
Niger (Gasse, 1987). Similarly, species considered
characteristic of the rare chloride-type waters
investigated in East Africa, e.g. Amphora coffeac-

Sormis, Synedra harii, and Stauroneis wislouchii

are widespread in North Africa. The merging of
individual regional datasets therefore offers the
potential 1o increase the coverage of particular
chemical gradients and to allow diatom response
along these gradients to be modelled.

We present here new transfer functions estab-
lished using the method of weighted averaging
regression (ter Braak and Looman, 1986; Birks
et al, 1990). Conducuvity and pH transfer
functions refine previous investigations of these
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parameters. For the first time, transfer functions
are developed for alkalifalkaline earth metals,
“and (carbonate + bicarbonate)/(chloride + sulphate)
ratios. These new transfer functions enlarge the
potential domain for predictions of water chemis-
try evolution. They will allow the reconstruction
of changes in cation and anion dominance which
may accompany salt precipitation and brine evolu-
tion as waters follow particular geochemical path-
ways 1n response 1o evaporative concentration of
a primary soluton (Hardie and Eugster, 1970).

2. The calibration dataset

The African diatom dataset currently available
results from 25 vears of published and unpublished

work, conducted by F. Gasse and collaborators in
different regions of the continent. A wide variety
of modern waterbodies (lakes, swamps, peat-hogs,
springs, stagnant sections of wadis) lying under
diverse climatic and hydrological conditions have
been investigated. Where possible a range of
sample-types has been collected {rom each site,
including phytoplankton, epiphvion and benthos.
The geographic disiribution of samples is show in
Fig. I. The regional datasets are briefly described
below,

200 East African daraset ( 167 samples )
The sites investigated (98) are situated between

19°N and 14°S in latitude. 27°E and 43°F in
longitude. They range from afro-alpine bogs at

Number of samples
por arga 1600
I

km

Fig. 1. Location of sampling arcas for the combined modern diatom/chemistry dataset, showing numbers of samples from each ares
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altitudes of up 1o 4000 m to hypersaline lakes lying
below sea-level. The pH ranges from 5 to 10.9,
and the conductivity from about 40 to
50,000 uS cm™ . Detailed descriptions of the 167
diatom samples and chemical analyses were pub-
lished by Gasse et al. (1983). This paper also
provides a numerical classification of the diatom
assemblages, and shows that these are clearly
linked to the total water-salinity and major ion
composition. Despite the large climatic gradients
sampled there was no clear correlation between
temperature and diatom communities, A total of
379 raxa was identified in the dataset, the taxon-
omy and autecology of which are discussed and
illustrated by Gasse (1986b).

220 Northwest Africa dataser (125 samples)

The northwest African dataset consists of 66
samples from Tunisia, 3 samples from Algerin, and
26 samples from Morocco. The Tunisian samples
were collected from the Mediterranean northern
regions to the margins of the Sahara southwards.
In 1the Chott el Jerid area samples were collected
from small permanent waterbodies (gueltas) sup-
plied by ground water, temporary salt lakes (seb-
khas) or salt marshes. and small artificial ponds
developed around boreholes. Numerous samples
were collected from Wadi el Akarit, near Gabés.
a permanent river supplied by several springs.
which contains a chain of mini reservoir lakes or
swamps. Samples from hyvdrothermal springs have
also been collected throughout the country and.
together with freshwater samples from the Mejerda
channel in northern Tunisia, provide a large range
of hydrochemical conditions. Waters range from
fresh to metasaline. Most samples are of the
sodium-chloride, or calcium-magnesium ‘chloride-
sulphate type. The dataset contains a total of 437
taxa. Details of diatom and hydrochemical analy-
ses are given in Ben Khelifa (1989).

Sites from southern Algeria supplied by ground-
water show clear similarities with the waterbodies
of southern Tunisia in both water chemistry and
diatom flora (Gasse, unpublished) and comple-
ment information from the northern margin of
the Sahara.

The 26 samples from Morocco were collected

by F. Gasse in 1989 from [7 localities situated
between 30°30-34°30'N and 5°-7°30°E. Sites
are distributed in the western plains close to
Casablanca, the Middle Atlas mountains, and the
more arid southeast margins of the Atlas ranges.
Localities range in altitude from 300 to 2050 m.
In the Atlas. phytoplankion, bottom mud, littoral
epiphytic and epipelic flora were sampled from
several permanent (e.g. Aguelmane Sidi Al, A.
Azigza, Dayet Acua) and temporary (e.g. Davel
HTrah) karstic lakes. In southern Morocco
(Marrakech and Ouarzazate regions) samples were
collected  from  man-made  lakes and  wadis.
Conductivities range from 195 uScm™* for the
most  dilute waters from the Middle Atlas
{Aguelmane Taanzoull), to 3000 uSem™! for
st swamps supplicd by the overflow of the
southern wadis, which are subjected to evaporative
concentration. Chemical analyses have been con-
ducted at the Centre des Faibles Radioactivites,
Gif-sur-Yvette, under the supervision of L.
Labevrie (by atomic absorption and colorimetry).
Lakes from the Middle Ailas belong 1o the
calcium-~sodium ‘bicarbonate tyvpe, while oligo-
saline waters from southern Morocco are of the
sodium-chloride type. One of the most characteris-
tic features of this Moraccan dataset is the abun-
dance and the diversity of planktomc Cyelotella
species. including taxa close to C comensis, and
Cazigzensis described as a new species by Flower
et al, (1990) and found in several lakes from the
Middle Atlas.

2.3 Niger dataser ( 20 samples)

In southern Niger, modern samples were col-
lected from the Niger River, the Bara salt pond
near Niamey, and {rom interdunal depressions on
the Manga plateau, west of Lake Chad. Several of
the latter are occupied by small permanent or
seasonal waterbodies supplied by the regional aqui-
fer and vary from freshwater, circumneutral
swamps (e.g. Falki Karama, Guidimouni lake) to
hyperalkaline ponds (Guidimouni salt pond), or
playas. The main characteristics of the water chem-
istry and diatom communities of these samples are
presented in Gasse (1987). A few samples from
northern Niger (Air) have also been collected from
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groundwater-supplicd  pueltas  (Timia).  Most
water-bodies are of the sodium/carbonate~bicar-
bonate type. Chemical analyses were carried out
at the Laboratoire des Eaux de la Ville de Paris
by atomic absorption and colorimetry,

3. Ndaterials and methods
3.0 Diatont enalvsis and taxononiy

For cach sample. the percentage of cach taxon
was evaluated by counting 300 1o 1000 valves
distributed on four slides. All diatom analvses
have been conducted by . Gasse. except those
frorm Tumisia (Ben Khelifa, 1989) and 3 samples
framm Kenva (Ben Khelifa, unpublished ).

Dhatom axonoemy has considerably  evolved
during the last decades. Dintom data obtained
over several vears hive thus been harmonised,
prirmarily by lollowing the taxonomy and nomen-
clatare proposed by Krammer and Lange-Bertalot
(1986-1991).  Synonyms  proposed by these
authors were adopted, unless individual taxa
grouped by these authors appear to have ecological
igwificance in our material. For example. we
separated Navicula halophila (Grun.y Cl., most
coramonly found in sodium-chloride oligosaline
waters, from N, simplex. observed in much more
dilute environments. Navienula ellah O. Miller was
mamtained as an entity because it is an excellent
indicator of hyperalkaline waters, although it fits
within the Krammer and Lange-Bertalot's descrip-
tior: of N. Jalophila. and it is likely to be conspecific
with one of the specimens illustrated by these
authors (Kriammer and Lange-Bertalot, 1986, pl,
44, fig. t1) and calted N halophila.

320 Hydrochemical variahles

The hvdrochemical variables used in this study
were chosen to reflect the major gradients influenc-
ing diatom distribution identified in previous
studies. Specifically, we included conductivity, pH,
major cations (Na™, K*, Ca®*, Mg** ) expressed
as a proportion of total cations, major anions
(CO3™ +HCO;7, CI7, and SO} expressed as a
proportion of total aniens, cation ratio (the ratio

Table
Summary statistics (mimmum. muximum and mediang for the
variables used in the multivariate anulyses

Variahle Minimum  Maumum Medun
Conductivity tpSem™ ) 40 R Y24
pH 55 169 B
Na+ K " 11.2 99.5 671
Mg (40 0 69.3 PR3
Ca (%) 0 363 118
Cation rutio G.13% 19661 L]
Carbonate - hicarbonate ¢ 0 ELN 6i2
Suiphate (") i 06 T2
Chioride " w7 RN Iy
Aen ratio (o6t 3Ly 19

of alkuhl 1o alkaline earth metals ¢(Na” 4+ K "1
(Ca® 6 Mgy, and anion ratio (€ O 41
(C1 803 1) lonic proportions and ratios were
based onions expressed in meg 1 Conductivity
and plmeasurements e avarkable for all 287
samples. Anton and cation dan:
237 samples. Summary statistics for the hvdro-
chemical variables are given in Table |

are avatlable for

3.3 Data analvsis

After harmonisation the combined African data-
set of 282 samples contained a total of 665 taxa.
To reduce the number of rare taxa we have grouped
varieties 1o the nominate when they appesr to
have the same ceological distribution. or when the
level of identification was different in individual
datasets. This resulted in a dataset of 604 tava
For the multivariate analvses and development of
transfer functions we further reduced the datiset
by deleting species that were present in only one
sample. or had a maximum relative abundance of
less that 1% This resulted in a final dataset of
389 taxa.

The relationship between diatom distribution
and the hydrochemical environment was explored
by detrended correspondence analysis (DCA) and
canonical correspondence analvsis (CCAY (Ter
Braak. 1986) of the 237-sample dataset for which
full anion and cation data were available. For a
transfer function to be developed for a particular
environmental variable we require that the variable
should explain a significant part of the total varia-



f

36 F. Guasse et al Palacogeography, Palocaclimatology, Palacoccology 117 (19953 31-54

tion in the diatom data, independent of any addi-
tional variables. The independence and relative
strength of the major hydrochemical gradients was
estimated by using a series of partial CCAs to
partition the total variation in the diatom data
into components representing (1) the unique con-
tribution of individual chemical variables, (2) the
contribution of interactions between pairs of vari-
ables, and (3) unexplained variance (Borcard et al.,
1992). The statistical significance of CCA and
partial CCA ordination axes was determined using
a Monte Carlo permutation test. All ordinations
were performed using the program CANOCO version
3.10 (Ter Braak, 1988, 1990).

Weighted-averaging (WA) and tolerance-
downweighted WA transfer functions were devel-
oped using the program CALIBRATE (Juggins and
Ter Braak, 1992). The WA regression coefficients
for each species are abundance-weighted means
and abundance-weighted standard deviations and
give estimates of species’ ecological optima and
tolerances along the chemical gradient of interest.
Full details of the method and a palaeoecological
example are given in Birks et al. (1990). Transfer
functions were developed using both classical and
inverse deshrinking.

The performance of the various transfer func-
tions is reported in terms of the root mean square
of the error (RMSE) (observed-inferred). the
squared correlation (r°) between observed and
inferred values, and the maximum bias. For estima-
tiors of the latter the gradient was subdivided into
10 equal intervals, the bias per interval caleulated
and the (signed) maximum of the 10 values calcu-
lated (Ter Braak and Juggins, 1993). The first two
measures indicate the overall performance of the
model; the RMSE indicates prediction errors while
~ measures the strength of the relationship
between observed and inferred values and allows
comparison between transfer functions for
different chemical variables. The maximum bias is
a rmmeasure of the tendency to over- or under-
estisnate along particular parts of the gradient.
These three parameters are calculated as both
“apparent” measures in which whole dataset is
used to both generate the transfer function and
assess its predictive ability, and jackknifed or
“lezrve-one-out” measures. The former measures

allow comparison with other published transfer
functions, but the latter are more reliable indica-
tors of the true predictive ability of the transfer
functions as they are less biased by sample resubsti-
tution (Dixon, 1993).

A large heterogeneous dataset such as this will
inevitably contain some samples that show a poor
statistical relationship to one or more of the envi-
ronmental variables of interest. Such outliers can
decrease the predictive ability of the estimated
transfer function coefficients (Martens and Naes,
1989). They should therefore be identified and
removed from the dataset. After derivation of
initial transfer functions for each environmental
variable the data were screened and samples that
had a difference between the observed and jack-
knife-inferred environmental value of greater that
one-quarter of the total range of the wvariable
were deleted.

4. Results and discussion
4.1. Ordination analyses

CCA axes 1 (= 0.50) and 2 (4= 0.27) explain
6.8% of the total variance in the diatom data, The
low percentage variance explained is typical of
datasets with a large number of samples and
species and with many zero values (e.g. Dixit et al.
1993). However, ordination axes which account
for only a low percentage may be informative and
their significance is better judged using a permuta-
tion test (Ter Braak, 1988), the results of which
indicate that CCA axes 1 and 2 are both highly
significant (p= 0.01, 99 random permutations).
In addition, the eigenvalues for CCA are similar
to those for DCA (= 0.59, ;= 0.35), and the
similar configuration of taxa and samples in both
ordinations indicates that the gradients of conduc-
tivity, pH, and brine type included in the CCA
account {or the major patterns of floristic composi-
tion in the diatom data.

The CCA species- and sample-environment
biplots are shown in Fig. 2. In the biplot the length
of environmental arrows approximate their relative
importance in explaining the variance in the
diazom data, and their orientation shows their
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approximate correlations to ordination axes and
other environmental variables. Intra-set correla-
tions of environmental variables with axes 1 and
2 show that conductivity and variables represent-
ing anion type, are highly correlated with axis 1,
and that pH, conductivity, and variables represent-
ing cation tvpe are highly corrclated to axis 2.
Axis one therefore reflects the major gradient from
the predominantly East African carbonate-bicar-
bonate waters plotted on the left of the diagram
to the chloride/sulphate waters of North Africa
plotted on the right. Axis two reflects the cation
and to some extent conductivity gradients, from
(1) the more dilute East and North African
calcium~sodium-magnesium/carbonate-bicarbon-
ate waters plotted bottom left, to the East Africa
sodium-dominated hyperalkaline waters plotted

selected taxa indicative of particular brine-types are fabelted

top left. and (2) from the North African caloum-
magnesium:chloride-sulphate  waters  ploted
bottom right to the hypersaline North African
sodium chloride waters plotted top right.

On the species-environment biplot the position
of taxa projected perpendicularly onto environ-
mental arrows approximate their weighted average
optima along each environmental variable. In this
way taxa characteristic of particular brine tvpes
may be identified; e.g. Thalassiosira rudolfi and
Navicula elkab (hyperalkaline sodium carbonate),
Aulacoseira spp. and Cyclotella stelligera (dilute
calcium-sodium/bicarbonate), and Rhoplodia mus-
culus and Navicula ammophila {sodium chloride).

The ten environmental variables used in the
ordination analyses account for a total of 11.6%
of the variance in the diatom weighted-averages.
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(a) (b}
0.4

1.5 Conductivity (p=0.01)

Unaxplained 88.4 2.6 Anions (p = 0.02)

! 0.7

2.7 Cations {p=0.01)

0.1
Explained 11.6 1.1 pH {p=0.01}

Fig. 3. Resubs of purual CCAs purtitioning the 1otal sariance
in the diatom data into (a} explained and unexplained portions,
and (b) components representing the unigue contributions of
variables representing the conductivity, pH. cation and anion
gradients (open}, und correlations between gradients (shaded ).
Significance (p) values are based on 99 random Monte Carlo
permulanons.,

Fig. 3 summarises the results of the partial CCAs
in which this total explained variance is partitioned
imto components representing the four major
hydrochemical gradients, ie. conductivity, pH, and
cation and anion dominance. In the analysis these
eradients were represented by single variables (in
the case of conductivity and pH ), and groups of
variables {in the case of cation and anion domi-
nance). Fig. 3 shows (1) the uniqug contribution
of individual gradients, ie. the variance explained
after the effects of the three other gradients has
been partialled out, and (2) the variance explained
by interactions between pairs of gradients. The
results indicate that the total explained variance
of 11.6% is made up of unique contributions of
1.5. 2.6, 2.7 and 1.1% for variables representing
the conductivity, anions, cation and pH gradients,
respectively, The associated Monte Carlo permuta-
tion tests (99 random permutations) indicate that
these components are highly significant. Thus each
of these gradients accounts for an independent
and significant portion of the total variance in the
diarom data.

In addition, relatively little of the explained

variance is accounted for by inter-correlations
between the pH and cation variables (0.1%4), or
between these gradients and the conductivity and
anion gradients (c. 1.0%). The pH and cation
gradients therefore represent largely independent
directions of variation in the diatom data.
However, 2.5% of the total explained variance is
accounted for by correlations between conductivity
and anion variables, reflecting the trend towards
higher conductivities along the gradient from car-
bonate~bicarbonate to sulphate-chloride domi-
nated waters in this datasct. This is in part due to
the fack of samples from low-conductivity sulphate

and chioride waters, and to the doeminance of

chloride in high conductivity waters, the latter
reflecting this lon’s conservative behaviour during
brine evolution through evaporative concentration
and salt precipitation. Transfer function coelli-
cients (ie. species optima and tolerances) for con-
ductivity are therefore partially influenced by anton
tvpe. and vice-versa. These results indicate that
statistically significant and independent transfer
functions can be developed for variables reflecting
the four major hyvdrochemical gradients of interest,
but that transfer functions for conductivity and
anion type cannot be considered to be completely
independent.

4.2 Hvdrochemical transfer funciions

Dyata screening for conductivity, pH, cation ratio
and anion ratio transfer functions produced 8. 33,
13 and 2 samples respectively with a jackknife
residual of greater that one-quarter of the total
aradient length. These were deleted and weighted-
averaging transfer functions developed using the
remaining samples. The number of taxa and
samples used for each transfer function and their
inverse- and classical-deshrinking  regression
coefficients are given in Table 2. Summary statistics
describing the predictive ability of the transfer
functions are given in Table 3 and relationships
between measured and diatom-inferred hydro-
chemistry are shown in Fig. 4.

Squared correlations between observed and
inferred values show that conductivity is the
strongest variable, followed by anion ratio, cation
ratio and pH. Tolerance-downweighted WA
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Table 2

Sumrrary statstics after screening for the datasets used to develop transfer functions for conductivity. pH, cation ratio, and snion
ratia {numbers of samples and numbers of taxa), and deshrinking regression coethicients (hy. and by) for the resulting transfer

functions. See text for an explanation of these coeflicients

Variable Number of Number of Regression coefficients
samples taxa
Inverse Classical
b bl b hi
Conductivity 27 K9 1.367 bius
pii 248 388 168G .
Cation ratio 224 367 HERE] 6213
Anion: ratio 235 37 13 - (02
Table 3

Statisyics summarning the performance of ordimary weighted aversging (WAL and olerance-downwerghted WA ¢ Tol WAy tramsfer

functions for conductivity, plh cation ratio und anion raiio psing merse (1) and classieal (C 3 deshrinking See tent for enpla

of the performance statistics

Hion

Method Dechrinking Apparent Jackknife

Bpe -

RMSE . AMax, bias RMSE ~ Mo bias

Comdwerinin
WA ! 4.32 .87 040 0.39 081 (UM
Tol-WiA [ (26 092 .32 f4] 0 s [HRE
WA < .33 087 (.33 {140 G814 [E1
Tol-W'A C .27 (92 .28 (142 8 I
pi
wa ! (.48 037 [l 061 (el Y
Tol- WA i (347 .82 0.63 0.07 [N ey
WA . 633 037 58 063 R [
Tol-WA & 047 0.62 (47 [y {as U
Cutiost ratic
WA i (LS a8t 144 {143 LR o
Tol-WA I 029 087 0.3 (149 [ -
WA ¢ 038 {81 (37 1y [ERS
Tol- WA ¢ [URS! (187 [T s 6%
Anfors varse
WA I (45 0.82 [URY] [HRR (SR
Tol-WA I 0.36 (.88 (152 .33 (73
WA C 145 .52 0.37 (138 67z
Tal-WaA < 038 088

{143 [1N) 0.7

appears to perform better that ordinary WA when
apparent errors are considered, but gives larger
RMSEs and lower r? for all variables under cross-
validlation (jackknifing) (Table 3). Thus we recom-
mend ordinary WA as the most appropriate
method and report deshrinking regression coefli-
cients for this method only, Jackknife estimates of
the prediction error (RMSE) for ordinary WA are

¥

between 18 and 32% higher that the correspondimg
apparent errors, highlighting the importance of
using a method of cross-validation to estimate
likely error when the transfer functions are applied
to unknown samples.

The performance of the conductivity tramsfer
function established here (+*= 0.87}) is very similar
to that of WA salinity transfer functions developed
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Fig. 4. Relationships between measured and diatom-inferred conductivity (2}, pl (b), anion ratio (¢}, and cation ratio (d).

for the northern Great Plains (apparent r*= 0.83,
Fritz et al,, 1991) and British Columbia (apparent
r*= 0.89, Cumming and Smol, 1993). Similarly,
the performance of the pH transfer function for
the combined African dataset (r*= 0.77) is compa-
rable to that for a transfer function developed for
the East African dataset alone (apparent r°= 0.73,
Gasse and Tekaia, 1983), or for an alkalinity
ransfer function developed for Bolivian lakes
(apparent r* = 0.70; Roux et al., 1991). Combining

regional datasets thus extends the coverage of
brine types and allows the development of new
transfer functions for novel hydrochemical vari-
ables without compromising the ability of the
dataset to predict conductivity or pH. The effect
of increasing the diversity of hydrochemical-types
by combining datasets, which could act to reduce
predictive ability by introducing unmodelled or
“nuisance” variables into the WA regression (cf.
Ter Braak and Juggins, 1993), is apparently offset
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by tihe larger number of samples which presumably
reswlt in more accurate estimates of species’
parameters.

Weighted-average optima and tolerances are
listed in Table 4. For each transfer function the
nunaber of occurrences of each taxon (N), its
maximum relative abundance (Max), and Hill's
the number of effective occurrences (Hill,
; Ter Braak, 1990} are also listed. The latter
give's an indication of the number of samples
corrtributing to the ealculation of a taxon’s WA
optzma. Optima estimated for taxa with a low
nurnber of occurrences or & low N, should be
intezrpreted with caution.

These optima can now be used to infer the
hydirochemical variables from fossil diatom assem-

blages using the WA calibration formula:
n j om

inidial v= Y vawe [ 3 0w
b=y ! k=1

wharre 1y, 18 the abundance of taxon & in fossil
sarsiple 7, 1, is the WA optimum for taxon &
(k== 1...m didgtom 1axa), and initial x, is the initial
inferrred value of the hydrochemical variable for
fossal sample 1.

In weighted averaging regression and calibration
averrages are taken twice, and the range of the
estimated environmental variable (initial x) is
shrunken. Deshrinking regressions were therefore
perdormed using both classical (initial x on
observed v), and inverse regressions {observed x
on initial x). The latter has the advantage of
mazimising the root mean squared error in the
traimning set, but at the cost of introducing bias at
the. endpoints (Ter Braak and Juggins, 1993;
Mzartens and Naes, 1989). The choice of deshrink-
g method thus depends on the part of the gradi-
ent. of interest; if greatest accuracy is required at
high or low environmental values then classical
desthrinking is preferable. If the focus is on mid-
ramge environmental values then inverse deshrink-
ing: should be used.

he regression coeflicients listed in Table 2
showld be used to deshrink to the initial values
to give final estimates of the diatom-inferred
hvcirochemical variables using ecither classical

deshrinking:

Final x;=(initial x,—by) b,
or inverse deshrinking:
Final x;=by-+b *inital v,

Reconstructed values for conductivity and ionic
ratios will be in log,, units and should be back-
transformed if conductivities in Sem™! or ionic
ratios based on meq 17! are required.

5. Conclusions

Our results show strong and highly significant
relationships between modern diatom assemblages
and major hydrochemical variables. Transfer func-
tions quantifying these relationships can now be
used to reconstruct conductivity, pH. and alkali/
alkaline earth metals and (carbonate + bicarbon-
ate)/(chloride + sulphate) ratios from fossil dia-
tom assemblages. These transfer functions will be
applied to well-dated sedimeniary sequences from
Africa for which diatom records are already avail-
able in harmony with the taxonomic concepts used
in our modern dataset.

However, application of the transfer functions
should proceed with caution as several factors may
affect the accuracy of hvdrochemical reconstruc-
tions and their palaeoclimatic interpretation. First,
water bodies in arid and semi-arid zones commonly
experience large fluctuations in water chemistry
which influence diatom productivity and com-
munity composition during a single hvdrological
cycle, The taphocenoses may thus contain a mized
assemblage of diatoms derived from different
source communities which reflect a range of water
qualities. Second. taphonomic problems related 1
diatom dissolution are critical in saline waters,
Dissolution of diatoms can bias the assemblage by
selective dissolution of weakly silicified forms. This
process depends on both ionic composition and
concentration and is thus site specific (Barker
et al, 1994).

In addition, palaeochemistry may vary in
response to non-climatic factors. For example, Jake
chemistry may be influenced by the weathering of
salt crusts or seepage of saline brines through
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Table 4 (continued )

Tazon name Authority Conducivity pit € atiwn fato Ao sutic
N Moy Ny Opimum Tekcasce N Man Ny Optimum Telesme N Mt Ny Oplhaem Toleranee N Mux Ay Optimsn Jolerpnge
(Ehe ) Cleve 6012 47 243 n6h 6 12 47 762 0ES 5 12 39 ~ 019 026 5 12 34 017 [R4]
Cirun,
Campyhwiiscus chipess Lhr, % 65 2% A75 i W RS 1w kAN 6} % hSs 14 R @74 9 65 25 1.59 B4R
Campylodiscus chpeus W, Sm 4 a2 1$ 371 029 4 41 13 B L3 41 14 0.7 e 4 42 s ~ 183 56
var. hicesian
Chactogerns muclicri Lemmerman RIS U AKS w7 R 917 149 oo L 043 4 28 28 -6.27 HEE)
Chactocerus sp. § {{iarse 1UBG) 2 1 16 426 H62 PN I K Y 8 D.KE 2 10 16 13 176 DA AU R 027 o0
Cocconeis hurdanddiornis hrlich P A 40 w3 71 45 77 [t
Coccaneis rasiala Gieg, 5 183 3} 467 f o8 & 153 4 10 078
Crcconeis diminnta Taat. 4 13 3 247 wRY 323 2 9 48 3 1329 0.25 nes 423 wi6 043
Cewconis mirrascupicy Cholnoky T An8 a2 2 a1y 5 PR 2 18 1w iR LEE AR RN - ¥R 017
Coceoneis pediculus Fhr 162 .47 294 w7l W R2 A9 R4 047 8 62 44 G a6 9 62 44 476 .65
Coczonis placentula Lhs. 7491 1A 267 016 N YY) 162 £ 9931 62 991 133 012 657 &) 99l 13d D48 116
4+ var, ruglpia {Ehey Cleve
4 var lineasa {§br} Clove
Cowconais seutelium Phr S b 17 467 144 6 B 24 T 7R
4 vat wpliate Crun
© VAL Sanroneifareis Rah
i To parng Gy
Limranges thistscanis Mayey ¥ o2 184 Do A R T i7s 7 o812 1R 874 1148 8 131 12 i15% w4
Cyclostephanos dubins {¥Fcke) Ronnd 322 344 174 4 1 2% 778 (RS .
Cyclotchia uigsomis Yinwer, Hak. amg Gasse 7 Kkl 23 267 nie TR 23 Ko o6 7 RED21 PRI 017 7 tﬁ i .: £t .38
Cyclotelia romensis Grin, ol 3 S| G411 M1 42 R4 EERRS T R 6 g 42 aor fi4h
Cyclotells iris Hrun and Hénband S ots 3 401 [ I A TR 958 adr 4 1527 257 RECEE S A 41 0.1
Cychacln dnsingions Dhwaites ISR 1ok wiv M oXK) e £ G 18 9 79 a6 LR AR 8T TR ne 063
i vat plaseinphors Trike
4 var tdios Fruke
Cyclotelia hutsingiong Fricke 2 wE 11 266 012 BRI IR Sl 82 1 M8 L1 - 028 61
war purva
Cyclotclla smenrghiniona Kotz 71O 10 378 062 R TRI 9F 8R4 @94 48 537 62 467 087 51 537 15 A48 O R6
4 var. pumila Girun.
Cyclotells ocellara Pani. M By 6K 1R e MRy T4 K81 [T S T ¢ ool $97 20 BY 8% 34 102
C:\dxﬂ:ﬂn st 1840 RS 1 nds 14 02 H T 168 9 140 48 0in 4 40 47 s 038
psewdosicfiigera
Cyclotella alf. meduanae  Germain [Ben Khelifa 4 137 A 1.7¢ asd 4 13737 £ [IE IR B .66 507 4 137 37 0.51 R
1989
Cyclotella siellipera (‘kvc} and Grun 120317 54 241 032 48 377 18 TA2 991 15 32 49 =010 ats 15 32 49 0.60 0.2
+ var femuds Hast
Cvlindrolheca gracdis {High) Grun, 9 113 24 197 TR A TR O ki) a4 9 113 24 o1 0I8 9 1Ed 24 ~1.87 054
Cymateplauts spse U8, Wast 3oinoLs ! LI X B i w420 s o hav o 3o ls o e
Cymbella gffinis Koz 13552 50 24} 073 M 551 45 b {3 % 81 44 fiid gdn 2 881 48 ags BAY
Cymbella gffinis var. Gasse 7 8D 49 267 a7 6 RO 4} 663 sy 7 RO 48 6.50 638 7 8D 49 .21 633
afarensis
Cymbella amphicephals Nacgeli 9 13y 3 130 448 % 119 30 538 429 7 139 1 ~0.16 B8 7 139 29 003 042
+ var. hercynica Schimtdt
Cymbella cosarii {Rab.j Grun, 5 162 13 1R 063 4 162 12 £ 0.7 LERUE I R] RS 852 5 167 13 853 62
Cymbella afl. fontico Ttust 2 I8 12 200 fd6 2 LR 42 618 1 PRSI B 03 ERE) 12812 07 [}
C.\mhcl!l:« helvetica Kotz 6 Ap 23 164 .52 & 30 22 3 1R [ ] 424 042 [ONE OR] fHah 176
C;nnbc!Sa leptoceras {Ehr.) Grun, 326 21 253 13 Ioe 21 ~0.51 01r 3 26 2 88 n.82
Cymbella microcephals Grun 9 418 {RE 3 044 55 4L i6R £ 061 82 3Tp 154 004 041 51 A7p 145 -1 A4 093
4 €. hustedrié Krasske
Cymbella muclicri 0. Maiter 24 66 106 281 052 M 44 1) R5H 094 24 se 106 [URSS 09 25 A6 119 0,77 [OkE]
Cymbelle nasiculiformis  Aucrs. 5 21 33 277 0.6 ERES B 17 1.08 o2 16 ~u 1 018 321 I8 ~ 0,34 031
Cymbella perpusifla A Cleve 322 14 178 0.60 22 14 604 18
Cymbella prostrang {lerheiey) Clove 4 46 23 28RS 4 346 2u RS 047 4 46 21 am niR 4 46 23 - 70 0.28
Cymbella pusitia {irun, 52 o 148 b 043 82 s 149 TR OB bdh 133 0 069 4R 66 2 147 08y
Cymbelia numisks (Bréb.) Van Hewsek 123 b [N I K I R 742 07 3R (R .53
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Cymblla veniricos Ag au M0 s 2 037 44 Wy 9 78R o6 oMy SR a3 HAT M6 M1 58 o 8
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+ var, lincares Grun,
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+ var. ahlangelia Macgeli
Diploneis smishii {Bréb) Cleve 2023 44 3 09 R 23 A3 17 T46 3 23 a2 154 T8 6 23 43 0.20 0.76
Diplontis sbovolis Cleve 807 35 13 0.3 M7 A 791 048 6 W7 o218 162 0.4 6 0.7 25 —0.04 0.40
Entomoeonzis alta (Fhey Lhr, 9 35 4R 420 o 9 35 4R 790 8y R3S da 03 a1 B33 46 ~169 082
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Epithemia argur {The) Koz, 4 16 20 408 EES A T A ¥ 8% 1233 16 13 166 08y 4 1e 24 ~097 193
Epithemia sorex Kotz 1} 142 32 300 065 11 142 12 507 125 4 447 31 0.5 477 1F 142 32 0.4 035
+ var. grocilis Hust
Eptthemia tergiki (Ehe) Kiitz, 5o1e 31 2608 02 5 10 3 £} 928 4 10 24 0.23 436 4 10 24 028 431
Eunotia hidenuda W.Sm. 2 50 19 279 017
Funotia bifunaric Kz o490 43 220 034 Ro9n 8 645 .51 7960 10 Ry 088 8 wo ) 088 0.4
Eunolia flexwnza {Bréb ) Koz, 6 45 2% 234 065 5 41 19 a61 066 5 41 1Y 92 08 6 43 2 082 0.50
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+ var. eomstricia Cleve: Euler
4 var muajor (W, Sm.) Hust
+ var. tropica Hust
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Eunotia pectineiis (Diltw ) Hab 7ome 3 22 028 17 2n 0 3 35 45T 8 42 6 03 07F 9 12 el 446 0.57
+ var, undufuta (Ralfz) Rah
+ var. ventralis {Ehry Hust,
Eunotia pecrinafis var.  (Kow.) Rab, 24177 48 242 043 19 117 28 596 T 177 27 [RLY 03 17 117 3¢ .68 029
minor
+ VAL Mentricass Girun.
+ fo. impressa (b} Hust
Eunotis procrupia Fhr RN E R A R 178 17 w0 &0 57
+ var. bidens {Ehr ) Grun
Eunntia tractis Grun } Host ToeowT 178 X A H1R 158
ragilaria africuna Hust sS40 1m 281 636 5 48 3y 721 ner 5 40 19 Hod u¥ 5 49 319 4.57 0.72
Fragharia breviariata  Grus 57 T4 13 17 GRE 48 a4 54 T2 1o AL WA 67 LRt 06T 55 704 72 -014 0RY
+ var. elliprica Hust
Fragilaria rapucing Dissmaziéres MoM0 93 253 034 32 M0 KR 542 AR 2R M0 B3 00 s 0 40 RT 633 467
+ var, binselata Girun

4 war vaucherioe

{Knw  Lange Beralot

1T WSogussoanig ASojorpuapvaryug Wydvidoesdosopog o i 05508

o

FS-1E {56617

1 Advpoaaovpey (Bopoimuapieaniug WydviSoaSvaong /' n 13 95508y

Pyl {5661 )

b




47

izt gE - 8¢ YTy g5 0 £l &F ¥I L A sey @y el e Ly Ry or

GYT & unity
¥eo w0 2% SR B G ¥t 6l vio2 g 3
duspsgy s gns ave b
gy phathges sy
Lo R e UE 18 oo Tt RN sI¥ FIOLY e Qe iy vUboLY o Hs 28303 uns
fodls 80 $TTE ¢ tot U 9Tt W By ERE R ] 1y LT I Ageugoiy w13 e ey
iy 55 v o0y 6 a ity FYHU 6 Wwiu L% [T R Y] ey [T R3] vy sl a vy
wn Hi [ wa K TE o8y L B ExRS Ty s L j'aH PR 6P nr R ey stk s iUy
g s s b
9 sy LG B 607 [N 20 iyl [T T
iy T e 47 0% 1 itu e P A R ) ho'y [ 647 boouy L sl Luy ) pood ey
K P
-~ wn L= DI o B i L] [SE A T irt ELE ] [r A A | [23i] (14 by E Ayoujuty up smssgadf B
g ot (2] &fL wue LU fru ®T THE odue (v 9w Hh Tht 65 O woe Py Ty 9t B O [ [ S
2 SEQ 1% et ts %1 6 6l W L's ¥1 & 9riE va'L Py orr o o8f egy ¢ ¥y [ B pEgYogussng enosey
= 194 [-08313 susuna gus b
': 8r 6 UESE YA (3] e ggoLL [2el] Yty [ S B N 4ty [REEEEIRS S e { daay) TR (T RNy
™ o YL st st 8y 1 st 1T W opnaapalfiy eiesuey
-; or 6L [ S U T S 11 61y 6% Fyl Yl gat 3L [ TS 2 T [334 e vty owl draps(y ERNAIIP RS
= Yo (X2 AT [ Yoot € wag PRASIIYP BTN
E (18] ir'y TT tug v EERY £33y tul oy Gra U [ LI 144 T 1wl o¥ g L M UREE
g MY LI oSt 1o
\: 094 7o [ S A4 eLy wn b I S 4] D) AR 89 ¥T ¥ L0 97e LRI S and srpdsag gt ey
a To' LI v tyi TI St ut R TS Y 194 Lt FLovst ol YU TR Peo it iy -sdury Bfasonl e wgt iy
= S gws
2 990 - 98 6% 91 Lo 131 ¥ X St 268 Sty O 6% Ll {Lu 6077 IS TS unsy (aaNY  pppdooidis goeoney
2 [IEOETT
2 o0t rLg- Tl LT LS vy sl AL s in gl LU NI 9 g §TE Yel Ri0 &Y BRI ENGN Y Al G dnsoug
= IS 1o SOU WL T tum an Sl 8L 1P §R0 L DIV S 19T ¥ri o6l Lv D0N ey oendias vy
z N w0 sPoOTy o6 ol 9tn ST T ] oy ve o 0% 9 o ¥87 vur o¢ gl CERIUR assmafies e
3 9yt - PEOo90 € e w FLo9y v wmu (E LE B TS ) (354 U9y € WH s Busiaey
< vro we - [ A N 1 9 (R 1] [£38 T8 e ¥ iRu 243 L2 Fouty  smmfiou vy
o R0 ¥l [ B S pin [Yerd DO SO 2 sy SIS RS aRN
- i 980 - [ I O S $tn [ S ur s 9L PUY % bpn A L1 P & [LETRE ] RN
= (1181 5 0 Yt owoZ vy owu rn ol oy Iy oy Lyl OUHS sy 9t vy LRI ) Y PRieLE CIRY D3 RauN
g« 't [ a] 4o Lut 1 69 SLt Lot vt L6y [ A 1 S U gLy 7T Lat gUE] RS RN
g sy
::': a9 B~ osootut ot -t Wy PSSR I aru or i [T B g LY 5 rap 1l SSUYf Euni)) e mimdog ey
= 2 T e 99 ¢ g I3y [T . V'L [T ] 'y (R IE ity snsroupry B RN
< we LINY [ Bt ] LEgy Cront oy it tis STOoUiE v e 28] Lrow ok HBI pppdidag qnseny
3; [ (] vyo9r ot x4 8L (4 S UN13] FRRISY Y BN
- [S] 8T [ S A qLY vl [ B TN B0 qL Vo6 s PO 5y L Y My pppipdoitn Bno
o e oL [T B 41 Lind [ 9y 164 L6 60 R s ey vt 69 T Sqoupwy AT nIn e
g EIN ] StoIr T 19t [I8] oyt ey cwndiniafi wna
& (& LR sboaT ¥ Lo wu s 0 g 79 K2 BRI S A W7 Wy oerow wa fipete i
[ oy e [ I A 1) $ 1 [ O <] (s P & IO git Stovt 1 uimteing sy BN
ot wu P L tin Yrosy e Lw L [ [ 4 tr s 0 AV S ity
LI fpsaa gy
wtary sLvg dis g
iy spapdasngduen en
150 @ et e sra it [ RO R e tir [ R A A1 pret (A [ & srasay viofdo ey
s Thf [ piat jaey Ly o%1 o L sPi TEONE T w3y LT o%t 9 FErpy O pree asap ) pprrisissd vt gy
M oty iy
95 ST &t T % Py ro st i ¢ 80 oyl &1 1T © W't W &1 1T I g pigessun) vigio gy
. 34317 (saneMyg L) vunp aua 4
q6 4 680~ A Y vh o [ IR R S R T suL TLOogy St mY H{¥ EE IR 38313 g wrodonsery
B
i
yi'l 4L P S gyt wr gt v uRry (47 syl Blydeuoey
oy FLLHRTEINY AE AP
Asapt prmimdng A v
ovi gro~ §T Ul € S Lo [S S B L Tt ot uld 9y ¢ STour ¥ sty Gxdoy ) Danyss vz
g Bibilstns EA ¢
50 PE SL oo o 160 wo 891 1S fF et 133 PR TR C I A T 1oYW um TRl sivendes s
23203 (S3HEwyL) oY sea v
9Tt e~ [ T S ) 80 Teo01 v ¥t £ TE o6l b e (quy) samesdor vusduariy
* opulviag sprsnima af +
IO ) DrudpImu kA
‘unity BIPIPE Cyes +
3 . oospn
“ wn e R S I N UL [ER3 ERSEE N B ERE] esotdaiELRie
= st Wi 1S ¢ 5t e ISR 2y (alqdul ) mausw soydoteunstig
L ;:'~ Fi Wi [ A VI 1 [ AT AR i [AINCE R Y 4] $YD 95 06 umn Cony ) nepnued "wDUG\fd«xx()f}
H B 190 oty Ve LUt Bl upo 95U VAN A Wi vLoOYEL 9w ol e [ 20 (SRR dandonddjo RSy
= Ly 990 TEoTer T wn St [S BT S YA WY T E w Lroten v nH emuasel Bauoduiony
T 1uiegy il ges b
H ~
= st 3va
: $rt 945 - €9 661 St STu o €5 et ¥ vo G ty 661 80 (FD $6T 9L Rl i W) st ooy
g: a3 {0 E A SeA b
o = ey (e} ot sen b
g (1Y uh - [T A o8 W 1§ 6L vt LRt £y g9 bL $t [Aal 9T SLoeL L N e e susueydiiogy
; S &3 0 e ¥y iy ¥ ub o (253 (I I A gL L da tr Iy ey 184 PO UdE 4y 4 vl wsusgdinocy
: \3 s
.- B s ESISY IS B PY T 2K (SIS R e woo 00wl sul vt M BIELHs phg) GGy
% 6ty sy THory 51 dre (223 RS S A £ Lk 68 by ooxb L ot s tr o 9 EA R erespz sty
= Y NG 4y 4
3 PL0 £ LRSS L S B 2 i RS I ) 19y [ S L S (234 OS] Y sy Buuwqduiery
= Wity wapinpond s ¢
- § e tsn EXGE Y ogy o FLouib ¥ (ER L LAY B ki SLT LR U Y qey tanNy by
< wsp
A st -4 Vi © el R LNyt it R ]
M = 2at) 91 ST 97 v e ar o Nt owty [ L4y 3 BT v [ STouIor g Canaey) ey epgiospdunany
3 = nwvry wondyga s g
::; uer) BB s b
é 54 Pl £y - TT 9w ¥ wo [ g1 99 9 ' th VIOowe oL wn Ty - A 1 prrguz paagpos wuepdes g
@ X s sy
3 Sty 60 §§ 69 ¢ 1w 9718 $% 69 ¢ o (18] Iy 69 9 90 [t $5 &9 L (porgusy) pue undgl e oiesed euepdesg
- & we iy s oSt st [T Ly wup LSy wi 917 Tiotyow EE] wisad epsnydesg
1 = W 6o 6o 6B ¥ OO [ It 66 AT 19 e 6 &6 1T KB T PO &6 ST L APLEH wegsrpond sy eavpidas
3 sho 9y 9T 6w L KT I CyogE oy 9T XIS unity wonaiddry wpvyghi g
¥ €0 [ ¥1oeT T (30 ¥ioeT T W K] ToeT v il 3% [ e oo ey
- B wy gy vl 6T 17 wogeiog-staey 3y ) oruprrnnf evpdesg
é ] o~ 8T 0§ g0 STl RT U1y v ST 9en Wiy oy wee (o84 2T ui supey srdunos) ey g
unary U} aaskan 38§
by whay {0 sipensay aea 4
PN iy FEL L6y 05 Byve U [RE NS O] oy THE Ly Tyt 114 vrb Loy 6F wey £ gy yusnipaey wciiled y
ot
ou wy SEPOo¥E ¢ o S5 A 494 LERA o9t 9 Wy 6671 [ R | Rpp TG A ug e sviein g
sweip)  WREHIG 'y vy N Memsel Wil Ly oy 4 oamwep wwbndg Ty vy v mwinpl wnwklp Wy gy N
Wik GOy GHEL HE Y Hd AHAHIB Y Ay RUBLE DT

46

{paniiuia} §oapgey




-

49

F. Gasse et al.[Palacogeography, Palaeoclimatology, Palaeoecology 117 (1995} 31-54

F. Gasse et al., Palaeogeography, Palacoclimaiology, Palaeoccology 117 (1995) 31--54

48

) g - S oYe gt oy LD SEL YOI Sy sRy 64 90 E0l pr Mo e [T ey Doty iy
0 BT &7 oL ¢ o T [ A I51 Pyoann or o §io sor (e 8F Dndnd epsis el ERg spvepomed (% vy
$xa () &t ved IO ura il 6L vt D Tia WL LICAN ST A [ARH BT sl KAt a8 e mrpN
$vu [ UL O¥T 9t exn st Yo BT 5t wn uiy LI TS BTA T 234 E A O st NN
sy aoprn
84 [ Wty + Ay gy
o EiRH Pl 6Ty ga RY i RIS S LR b RIS S S D TR ) R AN CATEN S S a ] [ER TSR R U E ssgren sy
8 e yiu Y LY Uh a0 21 LYD LY L8 e S8 ¥l yed f6 Gyo 800 LD %oy ol Gunt ety osun spostialf By
s ST §701 ¢ wmu 3 STO0E € e thL [ A L3y §¢ wror RS u fwWg Y smaanfiitf e TN
oA} Lo ty eul L wo ST e wut v ate oe ER S I S ] O3S Ly oeul Aoupyy ROYEIR BTN
we [ PR L4 o P T I (1 us# R TR R 5t I DR vty sapemesnids ewaiN
o414 Hy gro9r 1 ot y1o9r 1 41 o8y 91wy Z twg tiry ¥1our © Wap s dyhds myosag
600 Fa [ T it [ R 6ty 96 Bl It 1 (3% wLory FETEIT Y gty vy
{ sgnddun
L e O8I 0l eo fe £ A L EERS €8 e oal e Wy £f Ty oo R IR oadig g eIy
(244 18- gt Tov o LA T A (243 L8 Tar 4y Lod LIaY gl Tuy ey unaty I RIS
8i'g 9L~ [ 4 94 j s §10TE 1 L e LI B B4 sy ot [ B4 BN Wy PG BRI
1 97a- L s 8t fre ity XN I i Poows T o0 LRy EEE S MRy THEY ) P BTN
FO B 8¥U - I NS | [ral] pORI e SETOorss Tt [l we T rsy 9 gy [ SO i isugp Hsr P BYNTIN
234 or- FLouy gt i S e Ut st By a8 &b Wyl T Lu [PEY §y g9l oar vty Y TN
90 W LO T gt [it] U 91 Tey St N2t f9e LU S A S A 1) 9t ur Ty oW sfEy Ay} oS RONINN
Jani] S6 [ A St KA L Y A 9ty [ Y 960 P ol §el s R BIYWIN
184] e LS A S+ X)) EIs) F R It A Uty WY WIN FT s9n e §Fwid our qey SR BN
50 98 [N A 61 AN AT wy o (U3 LA RSN
oifedeing py pue | BERBEE I8A ¢
o7y SrT- [ A S W vLoET T s [T74 8T 1z b e 5y $T 1T v viredessg gy pur gy Buasstangy ByNTIN
flo LA 6t 1T T () $0- a6t 1T 8L 4 0L -3 T A 4 o wy L3 T I ui E O[3 e uny Rriiadinl Bratise]
PPy j9)] veloou o e 98y 6 ot $7 ot K1) A1 S T 0] [xi%4 Fab 0Nt (3 wigg LT AT
99 iy ¥ED fYE Bl iwe or LN YW s it §Y°L TLT 9 BL sib $97 69T U90 6a uniey pryrgdan eI
ey
U0 [l &1 0T € wo &1 61 8« Py 9y &1 og f (R0 De't &f 0Tt ¢ Se] i goep g BUIPLOY 3 BN
o ira E A S Y s {l LR Y Y L Y6 L E I SN Y LI [N -3 I A BAjp iy ey
160 M Ir 8t 9 Gl d oy g 2y &1 9 'y 248 1 LA R Y thy 697 iy 61 9 34517} PR PIYNIUN
£ [1%5] il T ¢ [N} 244 i1 87 1 [ Eits s 1 T 1 wy [h e [ S B R RN '8 PIWRBIY RIS N
i484 e LU A 4 12y Wy $ho6st ¥ sty [T $b6ST ¥ opensg-aduey BRSO VTN
950 90 vy 0T 9 ke e vyo0T ¢ b 104 9r W Bl W 2 9y 4Ll et WS N SLBPRILIT BN
3131y (1) emputyanydin es
PR NERLEN sdiosfuuy geA 4+
e $60 €T 0t £ gom [y &1 TH T (9u L ¥Y L v spG 34 9y 0e 9 EERIREY gl wnipiang
(124 6L iy 8% % s Fi iR 6L %9 % [ uy'L s ¥y % [¥a) 9T Ly ¥Y L B} 1 LSRN
janf ues (Ut MUY s 4
a3y Hny ) LSO IR ¢
so'l o= 6ul 0% ¥ oy %) sut ¢y 24 WL L6 g¢ T &0 LinY PRI EEER i8] DiEPIA BANAEN
(134 850 ¥r 81 ¢ rTG Lt L2 N teu e 8 81 9 U syl §9 UT 6 EE L] SHOAEE BOIAEN
e ¥Se 9¢ §¢ 1 ey [E8] EASE S A S0 Uy §U §v ¢ e (AR tg v ¢ pieguary PUDIIDIELRT AN
£y &80 [ B 2 %) I3 Prory I wa gy LS4 B we 6377 CRTN S I etz -adur) SPIA CpRAaRN
o Le A LA T 4 9T 6l FGI T ] 806 €T uel § tH Yy p €7 uey § Lot ey G prapundiar mmanaeR
b e P N Ly (X% Ty ony Wi B s f EROEN
s0°1 g~ s ol 8 gy ol s o8ty e 23 9 &1 6 EIRY 9 61 & iy LU MEAAUN
i (334 [ S Y gyt 9N T1 T oA wy S [ A U 1 ke LN T Tt i) EREI I AN
ARy ] Iy < & Y (Y iy 6 & it ol s el 8 AN 9Lt YEoovel U B DRI EIAEN
i Y 7T v are ro't TS v 3830 g nHAN
9Ty gra e st ¢ A3 vy 17 %0 e Iy a I Y magy Th PR
gl sy g
9y 50 Yio6T 8w I8 PLosT of gg MY EX S N D3] 24 vy sy i fsngy EpatarN
60 9 O o A At Lo 4T opr b o [ PO 1] i [N g BIHIIPGIY RN
. WA msaidind g
1144 FV‘D 96 Usl £ 90 (223 96 el (T 80 e €8 Py o6z ol €7 o1 yyr ol amduryy R L AL
oo 190 LA R Y 30 STt DA S S A 4 o 194 yLodst oy 881 e . S RS I By Bl BRAEN
sty Iry [ 4 4 o Ty st © aut HHIGdEE gshaeN
#1 T8 S kY o8 1y 6T0 SvoFY % e Y CAZEE £ 2NN . 4] LY vy oovr ot 23303 I ppitds gy
[ L8~ 6T 011y §91 234 &¢ ot 9 28] 138 yiooHt oy vy Siv 6T uit % FyEry FERAPOUE BRRtARN
yssery B ses
o 65°0 (4 B S T 4 SPo 234 4 4 S 4 ey T [ B T EARLERT TSUSHIAN TNIAEN
3] e [ B R e iy Uil 466 Ltri [V i 1184 g ¥i ¥ ALY xapdugs epnta
(3] s IS S S YO ) ¥ [ 4 30 RO T A T4 9L 1 4 BN O YO 4] PT LS LI S iy Manpraiads ey
(50 o Ty $6 LI 9w 6L LIS A A AR uy &70 rt 86O 68T gy 670 1T Rl SIPHRUIS BIADARN
8 Bty St LT T [0 EI §T LT ¢ 244 3y [ B & A wy 8T¢ [ A PLTEg DAY BANAE N
Sru Hi] UToTE g vt TG L3 N 81 Lry X o Y g¥t (24 [C S A S oS M SAHCHIINIE YA N
w0 Ly [ SRR A UL o vy TE sl 9Le e &y 49 91 [ PIT L L B Y obpialy BN RN
(R0 (B44 $E 18T € sto 8 PEOTHT S o L] ye THD € (454 L1 LS & N waiE OREAUIY RNIARN
0 I8 69 o6l pt 80 £ 40 L 2R B A ] oy &9 osl ¥ uvo iry &9 et Tl sy POHIOY BUSISEN
0w ¥y ot €1 12 tve ity el ouowo ofly WL PSRN A ke IR N dity PSP LN
694 wo- ¥y 68 1y o'g wu- PYL TP 60§60 a1y INAIE S SRS Y NSNS Y gy ppEydasesadyd vy
prosnn gen
] [Ta TogroF e e rTo91 W Op ()Y ] BHESTEORDS HROIAEN
wl 6l ISR R TS 23] Ly E10 ST $90 ot Lzhorzowoan =33 (VRN uoy B RSt
850 6L~ [T X o1 45 LT L ee so¥ €5 L9 6T LS e 95 Lwr ney popustid epitaeN
gy nasdiya of &
ity iojulor sea +
650 (35 SuE by KT y9e it a [ I A vy THOCa I 6L0 e L ney wydssd epnotaing
apangsprnd
Wy 1< FEOOVET U o t 1 [ SO | B ) 6 TSOONT 1 1wn §0Y [N ST RETN et
9y u 1l vy ar el wb i LR T T sut FYoNr o oBL ¥t W Yioowy ot Y i il wpsaen
(€3]] a3 T8t ot oy 4 R | PO B Y By sypraprsand Kty
050 pLG - EA NS S I 4 Fiu HYai [ . 4 EiRD) $9°T LS O BN Bl syuasad vsse
i sru s rtoa uLe U [ & B Y 8915 rid [T S § wn i LRI S oS (g3 psoppud “k‘f“‘“;‘l
[ lau~ 8T ULT e ko [ N [I'43 CROE N A Yo R Y HXIP BIRMAEN
6t K Ly re ¥ e [£x AR I A 18 BF 8L L 8w 7 [T S tavuciiy S IS Ry
nyy et A 1
B sados ges s
wapy L) sy sea
Sy (se) spass sk
L] 9070 Ty wel 80 g90 o iy oael ¥ g L Y 06l B ERO 96 EE I TSR nyy o AN
B re il LT TN W I T TROGL S ERARN
e s ] prno 1y 4
A e 17 vC b0 6Ly [T e A S <4 5% 1Tosrr v WO mepuous vdseN
ola L Py T e 1% vEoTy T gy sgssijons w2t eN
slo v ST Te ¥ em o ST b6 8 W & 1T o1e v 6o sy [ Y T smesflspo ety
iy -3y Yo aes &
9 U LA R 3 (a2} Yy~ RSN R 4 'y il [ N A 9y T L S iy TjHANUHG WROARN
50 g [ 4 BN e sy i i VT 6t Tt 5L 86wy I ing 34 LR BN N iy R R UR AL
spo W 17 oy ¥ Y s [3 2 B I it WL OBy 8 (] 9w &1 gy U vivtingyy SHPI TSI BINAYN
96 AR [ B S Lry Gl (R L 'y FE U ) (S 8] oy LT oy L a9y (2y) PifudIn] ERINAEN
L 1134 viouwr oL g (L34 vboel 1 343y HU AN VRN
g1 LR FEOSY 6 e g L S S (] 9L LRI 4 N 20 &% 9L T gy ROy vuAEN
[T} Wi HLLT ¢ W iy 6T LT X U sipyatsond wpdauy
o 6~ L el s gre fra [ Y R O i LR YT A N Lo 2 S B SO AN
Eri] ng D v N R N RIS RN
amivioy wnwndg fyo osmy & seuspy u;n{und() fy amy o ssuspep mmude Ty amy o umsup weahdy Yyooany v
OHES HHUY O e} fid Sessnipan ) Jusoyiny sy vure

{promaosy ooy




4

. 3.

F. Gasse et al. {Palacogeography, Palaeochimaralogy, Palacoecology 117 ( 1995) 31-

F. Gasse et ul./Palacogeography. Palacoclimaiology, Paluroecology 117 { 1995) 31-54

9 G Ik LA Y B w TForel L asa §Y sEode 9w [ ugsLwIr sRging EIpauly
Ly $5H i vis it et SLl H Yie al fA ) gy fr e Tt W@y L1 BApE N s aes ptde wipoudy
D S
sun 8 trootar o owmg L thoan oz wvw e [ S 4 Py 1 sy e w tapau iy
LAl £ EE B TR Y st} e Pl y'RL NP gt L (LR BENS FANE Y Ut ¥o RAVEERS T & N AT RSy
L Sr 9y vl ¥ Eia) st R A [ IS4 RN I 4 sL0 iy gy v EES R/l RN
(S R Lt &b 4 i) it Li o664 e b L L1 en 9 L [ P owe EHETN (Y SRl ey
Ly ¥it LS S Y it K (O I S Y ey #iw vhooLv 6L Ny LI S T Bsny PRI I
13 501t B N N (3] RS BT [ I 1] ped vt w R DT s 2400
j et [ 2l [ vt Cat [P U WL O Y L PN (Sl ETere ¥ tyooul uiy Ay v RNy
L) sy i sEogicow Ly o sbORiD ¢ ot EER DR F S [ e R ASHUN G Pl wasg
Ltu HLy ot [ S | sig o'y Pl B AN HIt '8 ot Preof et (13 i frv o ISR O R eiastnyg
B ] 9T Y 9w Y] 97 b9 oy 9T tE % sYe [+ 97 Loy i swnafiy eyposng
gen T 9t 87§ ZHy vrndan vyoling
Eetaty
&0 't [ B T L trn [ A Eie] Ty (I S i k43 e Y8 €3 PUR AR X3 CUmiY) e snxpoueydayg
ygrend - sea yyrstiny
0 9 LR YA A s FLEEE S B L EE IS Y B 567 LR T uny sosipouydsly
RIS spaar o IypvIiuny
§1 8 1] FOoesL U iw s6o FUO6SE O 8T iR tTedt o0 9o L XA Pt donuRy v (s saztponeydary
STy
Lo v LR B FA Y Ly L RR SR Pl % P N4 Y kY 0% 7 [ B S weay sumtpuseipdong
oy (SR LG BN By hegts LR LLn 9% L I B i (LY [ Wi perp seslpeusydag
unay (N DR 1A 4
459 1< Th W BS ygn i PR A TR LI iy FE IR PO 9T [ I AT WHSD)  panE suMIPUBEGRG
Ui I [ BT (S ity st LYl 6 o Yy [ A B 2 $T0 ¥y st 6 HMOUISIGY PuT 1310 B e SRGINeY
topoyg-aduir g
o5y 6] s y6 4l 144 g SRR T T ] SHL ER R Y S B2 U P IR e AR Pnt srusiy
s spesond
550 690 $voo0y 8 g5 P TsoStor W e S8 L g €T N T IS EUE3NINY) sistunRg
sy oy ) yasas) iea +
unig Capgl syeeY csea 4
(2] 234 [ A D I S B B V64 LR e E1 viosroal el sdasue spuvInely
Wa pust g
o Sy [3 B S [osH (234 [ ) wy we EADEE A g 91 0T 8 U sppduasn sBuvILly
2t 89 ibowt 1 o't A4 FA S 4 pimab SRROINTG
4G iy of 4y T WY §Lt b9l ¢ st R Hilsggh AN
oi't Wi JECA B S ] 6L [E SRR T AN S T [E%] (R 4 B P T S9'v &Y vl L BN O ) smjrosta epofdoyyy
BUoN O Hy sy 1es b
uniy prossond 1es +
ey Myop tawa
ul'y g Ve tis I8 6l9 st SLLLy iy vbu i) rUl LIS Ls urn £y Guto Ly Ay oy 6 Lt Pyt vipojudoy sy
opduiag
U i oy DYOSIUNIG CIRS |
$E0 oty vEOOFIL 0 wh St R B O piy PLovEE AT s 0% rLoorn (1 sy O Uy eyysd 2pojedoyy
BN O St Y b
AN O susofnapwtng 4
iy S8 PE o9 It (301 st I I i LI a5y o8I 3§ UL Y .1re LU SO BN O aaposn Bpopedoy i
b iy siE % [ S ) R LY v oW URHY LN Y s vasdsonoy
s L S+ 1ae 1o PloTE 4 Wy oy eudisony|
L) - vE oty or yu gl tioLy IR L [ ab o Wt Ly oLy L (NS e R s wts )
851 23 1 0T € 3t 9ty R 1 [A94 4ioyy ¥ LR RUECINS] St BRI
SHo BIY 0y s Ut ey FLU LTosY 6 ar Y Ey o wl b j38d] 61 Ly gw U il pupdust v
[ ) e Iy 8 Lo 0w ir 8r 6 [ BLL EET I A B 1) e L3 SR St S | R RITHY proRdn sy Busuyg
ur't o 3 S S 9y 1184 st oty ¥ [N 61y By ALy ny L4 Uy o el s unY  Baugdiagpieels BURIUGSYLE
[39) 651 gt uT 1 tru Ly - b (A% §19 AU T 4 (IR0 6%°1 LR S gy Mattbsge el
X erpnpanyg "oy
[ fui [ IS HY} vE oWt Wil ¢ TEobE ¥ PR Ui OE s SR
i3} 8w P17y 6 e o [T B T 1L sp UF Ot oty it 1T 1 wey Lany i v
3534y (3250} wdoapy of
i H PeoLTo§ ot s (RS wg A s e
8L Wy g1 84T T W L 91 8T T 3D LA mpann vaepGuLg
SL0 FUo9Y o 0 Ay LI S v cbowt T uw [08] oy s E e eRnuLg
ISty (AT ¥2 WO} IS I 4
gy sy sva 4
o 60 9T OYL vt e &1 wSooer 6 o5 5T wr o gyt 6l il Bygi Brvjsyg
Wt o drowr T IZH S1ouu v Wy Ay i D) CLRL
o [iTE $1osy 28313 Cunn} g S
vospey (RS ZINTRIT I
3¢ EaRtee iy wr L F0 wo Lr oot L [} S6Y $T9% 6 i £ &1 9y RRE] Hypaard PURRUMLY
gt [N E 8T Y % [ s48 XA Y 640 89 9 %09 o 34 LR S 4 983 (3] msprgadds euvnuuyg
(S5 Y'Y [N A e e &Y 0T L wt 8L v a7 ot e $T § ol ool gry etomydioae wepigg
L Hry [ R4 &Y L{A 3 B X wei Ppopae it BURIGUL|
610 st [ S Lo FUG- €T Iy g 64 [INA sT vy iiaH Y sT Ur o9 prgiagg Mt exaydadyy
By Wy $E e € iy (3904 [ 851 IS 2 storr (a4 0wy DX O Wy DAL SN
ARIBNRg pue onepg snuaofipdiag des
e 4y DS A Y§ i SNl EEAE S SN W §Ub vy Ut A 9 hain LR gt N BHILY RRESHIN
vy Y4y &% 91 6 wu i 4% 9% % 601 LR §e vy il et Wy L B 3 B swopepag-xiue | ey mipusfn CRSINN
Hny [y Ayt SIS IR 4
o3 9T8~ &¢ it 1 9L L [ S S g iy LLowt j2a Y ¥ Lo sl yaseiuey Bty CIRWTIEN
690 HY] LS ¥y st sen W Yy o pY 0w WL [ A R T 1w Trovy sl (B wapds vy
53U i £y wir o8l 9L 1T ERTERS A BN af b ER S E ] 8t KLY [Z5 B L A SIPPRITIRPIT RIISZIN
9 Spi- [ S 1] Hru oy PLoOSAT bl ' 14 LA S TR e HiR J A S Ayaupey adsols RN
LR o - LY LED KD Wen N yROOLEE LT 6H0 EoN (AT N ) [T HaoLrt on Agougony A MY
i3l (fad) KT I ) (AR e LR L 7 HL ERUER SIS . sLT DRSS S e gt eld wnppg
2] (LY R Ll FREI NN
(i) L iRg Ty v Ll L3 it P L A 2 W PO ) A 1 (a4 iy iy ool ws o LTy B RN N
we [Ag] LR S AR vLE EANEEL S B4 BT (] (LTS A sS4t [ RESelagl] £k ERENS N
T E RS VAR O Ly wel Yy o bl “t 8 P T A D I A ¢ (A E uniey g s
ek rio wE o oryy 1 ot i Wi YA Hp VAN wiooyur © {ond #pE sl oy ped fir wpwaiN
(234 BE $r &1y LT ase it By 61g ST 9w A B Gy ¥T wmE ELRY vy gty 8L uniey Ly A oopuad wresiN
(384 i PE eeess ¥ 814G u6'H (R ETPr A 1| A LToIr s e e Tl wener L WL o fapnosd WY
kY tLw - rorit U e e IR X4 I A 183 [ S 1 Ty Y VAR S afprdnng gy ey pinupad VI
il L veo 6Ty i) oy v 648 F Wty snesohammand prpsa
ey LU LIS S [2%}] Ay v v e 18] LRI T [ 86T Ul Wi sapndiond eI
oy LI EEA T L ) i 6L vl 6T tHn 9L v¥oorrl o urn BT R R unity smasmopnd wnpoany
s
Er IR A R [ ) Yot [ TR LY we S fhe 8T W LIS [ ARSI iy (g} 2o mopd RSAN
(3] e $Iowsy 8 Uy Y VIT 8 9 26t e G C60 VL oy S6t RIC §Lr 00t ws M e g N
980 BLu- €5 0 6l sk e 8% 6L wl Wit $9L 1% UL AT g EoR yioer @ ws M BRI HYIIN
oy [CLE N IR Y A% S ] IR N A A N wit UV we THOoNE ey s wAN
6 & 666 €51 1Y o we Y SEE PSS 6L PO u¥L AR N ) Y LRI KO AY wmty e wyviaN
frgndun sswy]
7o 4 TEove T sve 97 [ A A 1 o1 TEove T e 8y Trorut 7 ALY AR ULy 2usH YN
FLG #10 YULOLH U et o IS IR R 689 PRE RN B A S B i §r1 ust % wy ) St NI
T wn (R VAN I T) 91 RIS TR T tie (S ST RN T wy yTooUse i i su2pp SHISIN
(3 [ SOesy i W s §E 655 0L 9L Y BT 6y Ll 080 Wit FEHe T BRI O BT SIEN
661 6Lu- 0T pos 8 g [TX S T A N Y [ IS I T 9T [ S wikpsagg-adey ] sty SR
[y W L6 vRr oy TLGO rLy B v gy R0 WL Trt FPHP 9% 9B Lt IS TR PUOIXUEI Y BTSN
oLg e~ [S S 7 1 1) wy EATIEE R VANE 1IN SR gL [AS R AN T I AN Yy E I 3 S P uaLy ropdaLg BYIVEIN
FREDPE WG Ty ugy & punya) weendg TN w8 paisjg wmnunkl Ty vy N xusaey winmdey Iy oamy 8
sl gy ETRGETRY ik Apeaiyinpu 3 Apogy SR texe

{ pomasod) yopge g



%

A e -
52 F. Gasse et al./Palaeageography, Palaeoclimatology., Palacoecology 117 (1995) 31-54
i TospE & nEoona
Z ZEess § cccdsowe
£
=
g| zzarr %
H SEad &
= Pt
T
&
- ey -~ Moo
= N . [ R
E » = - v g
R 3 i g -
=1 = & AR
£ = = @ weNgeTE
-
¢ = e mme e
g b g SRgLaZ
H = ¢ Eoea -
&
cy
=
£ e L= g s3=ggE
3 (=1 Lo o o I e
g ;
=
~ e ~ o wea
= oo o e en ~ it B e v
P - - wmm o ws
g TIod g W yeggeog
e ] v memman
g gz z z%g g
H € s da= s
g
=
£ FEITEER B oYzRo2ER
H Pea eI PO RN
z
O B v mwem e
< - ol P S R -
=
2 v A m e s m
3 s ez 3 AR e
= g 2 OETEERC
=l ernoes ¢ aemp=xoe
gl 5RENES 5 HAE
= oo TGS o k= © oo
=
E 3 &8mgS E EBEERZIREZ
g o e e e P R
[
I B . e
< - T e v o rJrl::,r'xwr\—
R e e G
I v N P
e o PN i
2l e sxwg ¢ memmomo
N
w
=
3
=
o
M ]
R &
ol w
< o
3 & £
= B =
z H i O5E
S w £ 3
= E f 3
Z i %%
E e
P z [
2 = “3 3
S g
£ 133
=~ = - & &

F. Gasse et al. {Palacogeography, Palacochimatology. Palaeoecology 117 (1995} 31-54 53

perrneable lake sediments. The effect of non-
climatic factors can only be detected using other
indez:pendent methods, such as the stable isotope
content of associated minerals (Gasse et al., 1990).

Finally, a major constraint on the application
of a1l biologically-based transfer functions is the
lacl of suitable modern analogues for fossil assem-
blages. For  example, Cyclotella  choc-
tawliaicheeana, a species dominant in several
Holwcene lakes of the Sahara has not been
recorded in our investigations of the modern
African flora. However, this species is common in
the salt lakes of the northern Great Plains of
North America (Fritz et al,, 1993). Merging of
regional datasets may thus provide suitable ana-
logmes, even though they may be geographically
distant.

We have shown in this paper that the merging
of regional datasets can be used to generate new
tramsfer functions without decreasing their predi-
citve ability. One of the aims of the Climate and
Salimity Project (CASPIA; Juggins et al,, in press)
is 1o merge the African and northern Great Plains
dazasets 1o further strengthen these diatom/hydro-
chexnistry relationships by providing better ana-
logmes of fossil African assemblages.
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A 135,000-year record of vegetational and climatic change from
the Bandung area, West-Java, Indonesia

W.A. van der Kaars, M.A.C. Dam
Instinwie of Eartls Sciences, Vrije Universiteir, De Boelelaan 1085108t H1 Amsrerdam. The Netherlonls

Received 26 May 1994 revised and accepted 31 October 1994

Absuract

Sedimentological and palynological analyses of sediment cores (rom the intramontane Bandung basin ( Wesi-Java,
Indemnesia) provide a first palacoclimatic record for the Indonesian region covering continuously the last 135000
years. Our data on palaeosol development indicate anomalously dry conditions for the final part of the penultimate
glackal period, around 133,000 yr B.P., and very warm and humid interglacial conditions from 126.000 1o 81.000 yr
B.P. During the transition to the last glacial period, around 81,000 yr B.P, freshwater swamp forest of the Bandung
plaim was replaced by an open swamp vegetation dominated by grasses and sedges, indicating a change 10 considerably
driew conditions, possibly related to reduced moisture uptake by the NW monsoon as a consequence of lower sea
leveds at the onset of glacial conditions. A strong reduction in Asplenivnr ferns from 81,000 to 74,000 yr B.P. suggests
that drier conditions may also have occurred in the mountains of the Bandung area. while increased numbers indicate
that from 74,000 to 47.000 yr B.P. it was slightly wetter again, Inferred depression of montane vegetation zones and
redwced fern percentages suggests distinctly cooler and possibly drier chimantie conditions prevaiked in the Bandung
area from 47,000 10 approximately 20,000 yr B.P. For the Last Glacial Maximum 4-7°C lower temperatures are
recovrded.

glacial period montane vegetation zones were
depressed, indicating lower temperatures. But clear
evidence for significantly drier conditions, as in
other tropical regions ie. northern Australia.
South America or Africa (Flenley, 1979; Kershaw,
1986, 1994: Van der Kaars, 1991; Kuhry et al.,
1993; Vincens et al., 1993) has so far not been
found. In these regions sclerophyll and open dry
vegetation types expanded during the last glacial
period, indicating increased aridity. Only from
some of the marine records indications for drier
conditions during the last glacial period have been
reported (Van der Kaars, 1991; Barmawidjaja
et al.,, 1993). In these marine records fern spores
percentages reduced strongly during the last glacial
period, suggesting overall drier conditons in the
Indonesian region.

1. Emtroduction

Earlier Quaternary palynological research in the
MalYay Archipelago included studies of highland,
coastal and marine sites, but with the exception of
a pollen record from the New Guinea believed to
cover the last 60,000 years (Hope and Tulip, 1994)
not. one of these records reaches beyond 40,000 yr
B.P”. (Anderson and Muller, 1975: Borneo; Hope,
197%: New Guinea; Haseldonckx, 1977: Malaysia;
Walker and Flenley, 1979: New Guinea; Maloney,
1980: Sumatra; Morley, 1981: Kalimantan, 1982:
Suwnatra; Hillen, 1984: Malaysia; Newsome
and! Flenley, 1988: Sumatra; Gremmen, 1990:
Sulmwesi; Van der Kaars, 1991 marine records;
Barmawidjaja et al, 1993: Halmahera; Stuijts,
19€13: Java). These studies suggest that in the last

3H-0182,95'59.50 © 1995 Elsevier Science B.V. All rights rescrved
SSEY 0031-0182(94100121-9
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Abstract

This paper is concerned with Campylodiscus clypeus in recognition of Urve Miller's
interest in this taxon and her contribution to the study of shoreline displacement, a stage
of Baltic sea level change characterised by C. clypeus. This species has also frequently
been recorded from inland saline lakes, where the dominant anions are often carbonate
and sulphate, rather than chloride. Diatom remains in the sediments of saline lakes can
provide estimates of past salinity that can be used to infer past water level and climate.
In an attempt to obtain more accurate reconstructions of past salinities we are merging
saline lake diatom and water chemistry datasets from the Northern Great Plains (N.
America) and Africa; ensuring taxonomic consistency is a vital prerequisite. We
examined material from two localities cited by Ehrenberg and compared populations
from the Baltic and from inland saline lakes, from Recent and Pleistocene and Holocene
Sub-fossil material. We present new data on the frustule morphology of this taxon and
show that the populations cannot be clearly separated, either morphologically or

ecologically by salinity optima or ion type, and therefore, should be regarded as the

same taxon.



both Recent and Pleistocene and Holocene Sub-fossil material.  We present new
information on frustule morphology and show that the populations cannot be clearly
separated, morphologically or ecologically by salinity optima or brine type, and should

be regarded as the same taxon.

“~

Taxonomic background

Ehrenberg (1838a) first described the taxon, as Cocconeis? clypeus, from fossil aeposits
at Franzensbad (FrantiSkovy Lizne), Czech Republic (50° 07" N, 12° 227 E). That same
year he recorded it in abundance from fossil deposits nearby, at Eger, and transferred it
to his new genus Campylodiscus (Ehrenberg, 1838b). There have, however, been few
taxonomic treatments of members of this genus since Deby’s monograph (1891). Miller
(1969) published several SEM images of C. clypeus from Baltic Holocene deposits and

Paddock and Sims (1977) surveved the raphe structure of several advanced groups of

diatoms, including Campylodiscus.
Material and Methods

Recent material taken from surface sediments in North American (Shinbone Lake,
School Lake, Horseshoe Lake, and Lake Isabel) and African (Lake Kindai, Tanzania)
saline lakes were examined together with Holocene sub-fossil material from deposits in
West Africa (Adrar Bous, N. Niger). These were compared with fossil material from
Franzensbad and Kiitzing material from Eger, held in the diatom herbarium at the
Natural History Museum, London. Both appear to have assemblages identical to those
Ehrenberg illustrated in Mikrogeologie (1854). The Eger material is rich in specimens
of C. clypeus and was therefore chosen for SEM studies. Recent material from lagoons
in Sweden (Forsmark) and Finland (Lammaslampi) and Pleistocene interglacial fossil
material from Norinkyld, Finland (Gronlund, 1991) were also examined. Details of the
North American sites are given in Fritz er «f. (1993), and in Gasse (1986) and Dubar

(1988) for the African sites.

e



canal (Fig. 5, arrowed). The areolae are particularly visible in partially dissolved valves
(Fig. 6) and are found in the central area (Fig. 7) and between the costae of the marginal
rays (Figs 5 & 8). However, there is a band, approximately 2 pm wide, around the
margin of the valve face that is devoid of areolae (Fig. 8). Rows of poroid areolae can
also be seen on the valve mantle (Fig. 9). The raphe endings, situated on the keel at
either end of the axial axis, are shightly expanded when viewed externally (Fig. 9). The
valve face and mantle are corrugated: they are slightly raised along the outer rows of

puncta but form slight depressions along the lines of the costate fibulae (Figs 3 & 8).

Baltic lagoon material (Fies 10-12)

Valves are 103-198 um in diameter (mean: 135 um) with 12-17 costae/100 pm (Table
1). The general areola distribution (Figs 10-11) is similar to that in the Eger material,

although, due to dissolution, details of the areolae and fibulae could not be resolved

(Fig. 12).

Saline lake material (Figs 13-30)

Valves are 77-223 um in diameter (mean: 116 pm) with 12-21 costae/100 um (Figs 13-
17). Internally 1, occasionally 2, non-costate fibulae were observed per fenestra (Figs
18-19). As in the material from Eger, the raphe endings are slightly expanded‘:\;vhen
viewed externally (Fig. 20). The areola distribution of the saline lake material (Figs 21-
26) is similar to that found in the type material, although internal views (Figs 23-26)
reveal that there is considerable variation in the shape and distribution of the central
rows of areolae within and between samples. Valves from Holocene deposits at Adrar
Bous (Figs 25-26) diverge most from the type valves as the areolae are more irregularly
scattered and the central area more rounded, particularly in the larger valves from the

—Makes 28

The internal view of a valvocopula and first copula were obtained for a valve

former site.

from School Lake. The open copula has 2 rows of lineate pores. At the ligule, the row
proximal to the valve bends towards the valve and 2 puncta are found between the 2
rows at this point (Figs 27-28). Another valve from this sample showed that, in external
view, | of the rows of pores is usually hidden (Fig. 29). Six open girdle elements were

also found with a valve from Adrar Bous (Fig. 30), 4 copulae and what appear to be



used in palaeosalinity studies elsewhere, particularly in regions where C. clypeus is
presently absent, or rare, such as East Africa. Its occurrence in carbonate-, sulphate- and
chloride-dominated waters suggests that it cannot be used as a clear indicator of a

particular brine type.
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Table 1. Measurements of valve diameter and costa density.

Site No. of Diameter (pm) Costae/100 pm
valves Mean  Range Mecan  Range
Eger 5 114 92-132 15 14-17
Horseshoe 25 145 114-186 16 14-18
Isabel 50 101 77-143 19 17-21
School 25 109, 92-134 16 15-17
Shinbone b 116 104-141 17 16-19
Kindai ! 99 - 14 -
Adrar Bous 15 149 100-223 15 12-17
Lammaslampi 10 142 127-158 13 12-14
Forsmarch 15 170 136-198 14 13-16
Norinkyld 6 114 103-123 16 15-17
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Figure Legends

Figs 1-9. Specimens from fossil deposits at Eger and Franzensbad, Bohemia.

Figs 1-2. Light micrographs, scale bar = 25 pm. Figs. 3-10. Scanning electron
micrographs of Eger material, scale bars = 25 pm (Figs 3-6) & I um (Figs 7-9). Fig. 1.
Franzensbad. Fig. 2. Eger, Sickle-shaped hyaline area. Fig. 3. External view of valve.
Fig. 4. Internal view of valve and 4-cornered oval hyaline area. Fig. 5. Internal view of
costate and non-costate (grrowed) fibulae subtending the raphe canal. Fig. 6. External
view of partially dissolved valve showing areolae distribution on the valve face. Fig. 7.
External view of areolae in the central area of the valve face. Fig. 8. External view of
the margin of valve face, devoid of areolae. Fig. 9. External view of raphe endings.

Figs 10-12. Specimens from the Baltic. Figs 10-11. Light micrographs. Fig. 12.
Scanning electron micrograph. Scale bar = 25 pm. Fig. 10. Lammaslampi, Finland.

Fig. 11. Forsmark, Sweden. Fig. 12. Norinkyld, Finland. Internal view of partially
dissolved valve.

Figs 13-22. Specimens from saline lakes. Figs 13-17. Light micrographs, scale bar = 25
um. Figs. 18-22. Scanning electron micrographs, scale bars = 2 um (Figs 18, 20, & 22)
& 10 um (Figs 19 & 21). Fig. 13, Horseshoe Lake. Fig. 14, Shinbone Lake. Figsl5 &
22, Lake Isabel. Figsl6, 20-21, Adrar Bous. Fig. 17, Lake Kindai. Figs 18-19, School
Lake. Figs 18-19. Internal views of costate and non-costate fibulae subtending the raphe
canal. Fig. 20. External view of raphe endings. Fig. 21. External view of partially
dissolved valve fragment showing areolae distribution on the valve face. Fig. 22.
External view of the margin of valve face, devoid of areolae.

Figs 23-26, Internal view of valves from saline lakes. Scale bar = 25 ym. Figs 23-24
School Lake. Figs 25-26, Adrar Bous.

Figs 27-30, Girdle elements with valves from saline lakes. Scale bar = 2 um. Figs 27-29
School Lake. Fig. 30, Adrar Bous. Figs 27-28, Internal view of valvocopula and first
copula. Figs 29-30. External view of girdle elements.

Fig. 31. Relationship between relative abundance (%) of C. c/ypeus and salinity (g I')
for the combined NGP and African dataset, showing raw data and fitted Gaussian
response curve. Only samples containing C. c/ypeus are shown in the main plot. The full
range of samples within the dataset (n=303) are indicated by ticks on the upper x-axis.
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Introduction

In arid and semi-arid regions the sediments of closed-basin saline lakes contain a unique archive of
changing lake hydrochemistry (refs). Given the direct link between lake basin hydrology and lake water
hydrochemistry, these hydrochemical fluctuations can be used to reconstruct changes in past
hydrology, and ultimately, if we'can control for non-climatic controls on local hydrology, changes in past
climate (see examples in Gasse, 1894). Such palasohydrological records are currently of great
interest because they provide alternative and independent information that complements other
paleoclimatic evidence (refs) and, often provide paleoclimatic data for particular periods or
geographical zones for which other paleoclimatic indicators are lacking (refs).

Diatems are one of the most useful palaesoenvironmental indicators preserved in the sediment of
saline lakes(refs). In particular, the recent development of numerical transfer functions can now
provide quantitative reconstructions of key hydrochemical parameters (refs). These transfer functions
attempt to quantify the relationship between diatom taxa or diatom assemblages and particular
environmental (hydrochemical) variables and are calibrated using a reference database of modem
diatom assemblages and associated environmental information (refs). Several regional modern diatom
datasets have now been developed, and a used to derive diatom transfer functions and

palaeoenvironmental reconstructions for pH, salinity, conductivity and ionic facies (e.g. ).
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Statement here on:

Require of TF - that it models taxa and produces accuarte and precise reconstructions.

Need large datasets - CASPIA project + acc Tfs combine datasets produce more accurate TFé

Also need to evaluate different numerical methods -

We need accurate Several numerical techniques have been used to derive diatom transfer functions
but recently the method of weighted averaging has become the most popular(e.g. ), primarily because
both theoretical and empirical investigations have shown it to be well-suited to the species-rich, non-
linear data that one finds in diatom-based palaeolimnology (refs). However elsewhere (pollen, marine

micropalaeoniology, the method of best analogues is widely used.....

In this paper we use a recently developed combined modern dataset to evaluate the performance of
two methods BA & WA, both in terms of reducing RMSE for training set, and compare chemical

reconstruction from two lakes with other palasonvironmental data....

In this paper, we attempt to perform reconstruction with different statistical methods and compare
their preferential application domains for inferring past lacustrine hydro-chemical conditions. In order to
accurately discuss this methodological comparison, we have carried out the reconstruction using the
two methods: the weighted averaging (WA) method and the best analogues (BA) method (fig. 1), on

exactly the same diatomn datasets, both for the modern reference and for the fossil data.



In order to discuss situations for which either method is the most suitable for the reconstruction of past
lacustrine conditions, we have applied the two methods for inferring pH and conductivity values from
diatom data, for two statigraphical profiles. Both sequences record the Upper Pleistocene, the
Pleistocene-Holocene transition and the Holocene period. They both contain sediments for which the
diatom assemblages are well preserved and other periods characterized by poorly-preserved floristic
assemblages. If the diatom records exhibit commun features, they also present specific patterns, and
thus provide complementary contribution for our case study.

Lake Abhé is a closed tectonic basin in the Afar (11°N, 42°E, 240 m asl) (fig. 5). It presently
represents covers an area of 350 km2, and is characterized by hyperalkaline waters, rich in sodium
carbonate (in: Gasse, 1977).

We report here on the upper part of a 45 m-sediment core taken close to the margin of the lake
(Gasse, 1975, 1977) and for which “C dates provide the chronological framework. The whole 45m-
sequence may represent the last 70 kyr B.P. The core shows a paleosoil dated at 16-17 kyr B.P. at its
base, with two interbedded diatom-bearing levels. There is a sedimentary gap during the Holocene
period. The Middle Holocene is recorded by lacustrine sediment dated from 7.2 to 5.8 kyr B.P. The top
of the Holocene has not been recovered in this core.

The fossil diatom record presented here (Fig. 6) (Gasse, 1975) includes quantitative counts for 51
samples, and for 99 taxa that were all represented in the modern dataset. ‘

Bougdouma is currently an almost dry interdunal depression, in the Manga plateau, lying in the
Nigerian Sahelian zone (13°19'N, 11°40'E, 337 m a.s.l.) (Fig. 5). Present-day waters are of the
sodium-carbonate chemical type.

The sediment sequence documents the palechydrological history of the last thirteen thousands
years. A pluri-disciplinary climatic and hydrological interpretation of biological and isotope recérds
(Gasse et al,, 1990; Téhet ef al, 1990) evidenced that the Late Glacial corresponds to arid conditions,
interrupted by sudden groundwater influxes before 12,000 yrs B.P., at c. 12,000 and from c. 10,800 to
10,600 yrs B.P. The stable isoptope (5'°0) variations then reaches its maximum value at 10,300 yrs
B.P. However, diatom data indicate that diluted conditions persisted after that time, interpreted as
seepage of heavy solutions throught the permeable lake bottom (Gasse, 1994). A brief episode of very
saline-alkaline water is evidenced in the diatom record, reflecting the partial solution of a Nat
carbonate crust previously deposited between c¢. 10,300 and 10,000 yr B.P. Before 10,300 B.P. the
conductivity, therefore, cannot be considered as a climatic indicator. lts variations are mainly due to
local factors, that obliterates the climatic changes signal. The period post-9,200 yr B.P. indicates
diluted waters and the establishment of a freshwater lake. The Late Holocene records great
fluctuations in the conductivity conditions and emphasizes rather saline waters, except around 4,000
yrs B.P. where a sudden brief humid episode occurs (Gasse & Fontes, 1892).

The fossil diatom record (Fig. 9) includes quantitative counts for 113 taxa from 51 samples; 103

taxa are present in the modern dataset.

Methods



The BA method (Overpeck, 1985) is based on a comparison between the modern and fossil diatom
assemblages, each of them being considered as a single unit. This is a numerical interpretation of the
similarity between the fossil diatom assemblage, and each assemblage in the modern dataset. The
similarity, or more precisely, the dissimilarity between the the fossil and modern assemblages is
estimated by a weighted log-trdnsformed Euclidean distance (WLED) (Guiot, 1990a, b).

The first step in calculating the WLED consists of a time-series analysis of the fossil record to
estimate the so-called "PaleoBioclimatic Operator” (PBO) (Guiot, 1990a). This is defined as a set of
coefficients, one for each taxa, that quantifies the ability of each taxon to reflect the major
environmental changes recorded in the fossil sequence; the higher the value of the PBO the more
faithfully the taxon represents the main trends of the fossil record.

The second step integrates the PBO as weights in the calculation of the Euclidean distance
between the fossil assemblage y, and each modern assemblage v, using log-transformed relative

abundances:

m 2
D= Y (n 10y« + 1)~ In(10 yor + 1))
k=1

The logarithmic transformation emphasizes the importance of rarer taxa, whose small variations may
be more significative that the same variations of dominant taxa. The weighting procedure emphasizes
the contribution, of the taxa that are the more important in the fossil sequence. It thereby minimizes the
effect of the random part of the signal, that may be included in any biological proxy data through its
natural variability.

Considering only the closest assemblage among the reference data and taking its environmental
value as an estimate of the past environment would imply the unrealistic assumption that two diatom
assemblages could be completely similar. Guiot (1990a) therefore introduced the necessary concept of
'partial” analogues; each modern closer assemblage partially explains the floristic representation of the
fossil diatom assemblage, and several modern analogues can then account for the total changes
achieved in the fossil data. The final environmental estimate is therefore computed as the weighted
mean of the chemical variable values measured for the 10 closest analogues sites (ie. minimum D2),

using 1/D” as the weighting coefficient.
Data screening

Following the procedure described in Gasse et al. (1995), samples interpreted as statistical outliers
were removed from the dataset as recommended in Martens and Naes (1989). These outliers are
defined as the samples for which the estimate (diatom-inferred) differs from the value measured of

more than one-quarter of the total range of the variable considered.



The results of the best analogues method reconstruction are plotted (Fig. 4) as a diatom-inferred
estimate versus observed value diagram for the 4 hydrochemical parameters considered. Similar
diagrams for the WA method are given in Gasse et al. (1995). The visual agreement between the
diatom-inferred and measured chemistry is attested by the values of the squared correlation (Table 3):
0.81 for conductivity, 0.63 for pH, 0.60 for anion ratio and 0.59 for cation ratio. The squared correlation
estimated-cbserved parametervalue is lower in the BA reconstruction than it is, for the WA method for
pH, conductivity, and anion ratio; it is slightly higher for the cation ratio.

The RMSE is slightly higher in the BA reconstruction than it is in the WA method, but the
difference of value is negligeable for the cation ratio pattern.

The maximum bias also emphasizes slightly higher values in the BA reconstruction than in the
WA, except for conductivity, for which the two maximum biases exhibit equal values. For the BA
results, the maximum bias is systematically achieved for the extreme values of the total gradient lenght
for the four parameters considered. This suggests that the estimated values in the intermediate values
of the gradient are much lower biased than the maximum discussed here.

We therefore consider that the BA is also accurate enough for inferring the 4 hydrochemical
parameters taken into account. For the following fossil reconstructions, we therefore applied and
compared both the WA and the BA methods. V

Fossil sites paleohydrochemical reconstruction

Fig. 7 represents the PaleoBioclimatic component of the sequence. The reconstruction of pH and
conductivity carried out by the WA and the BA methods provides independent results that emphasizes
general trend, similar whatever the method used. (fig. 8). ‘

By using the BA method, few fossil diatom samples, especially located in the paleosoil level (fig.
8), could not be transfered into conductivity and pH quantitative estimates. For these fossil samples,
the 10 modern analogue diatom assemblages were quite different from the fossil diatom one and even,
eight among the 10 closer analogues were removed because they exhibited a too low similarity with
the fossil assemblage. Indeed, a procedure of modern closer analogues removal is run as soon as the

statistical distance between the fossil diatom assemblage and the modem analogue is higher that a

‘value simulated, as representing the distance between two randomly drawn assemblages of the

modern data. For these fossil samples, the only two modern closer analogues that were not removed
originate from alkaline environments, what should be fairly realistic, if considering the estimates
obtained for these samples by the WA method. However, we consider that two modern analogues are
not enough to accurately explain the fossil feature and thereby to ensure the estimates. Moreover, the
two valuable closer analogues exhibit a high distance value with the fossil assemblage. In such a case
of a "no-analogues” situation, the BA method fails in performing any estimate. The WA method may be
sucessfull in the reconstruction of the hydrochemical parameters, since it has the ability to extrapolate
the calibrations between diatom and hydrochemistry, as defined on the modern dataset.

Except for these samples for which the conductivity and pH are given by the WA method only , the
comparison of results achieved by the two methods provides a fairly valid cross-control of both

estimate results. The lower part considered of the sequence (25-19 m depth interval) corresponds to a



the freshwater assemblage . Such a discrimination enabled to quantify two conductivity values, that we
assumed to represent the dry and the wet periods respectively, hence the seasonal or interannual
contrast of the conductivity. The interpretation in climatic terms should also be facilitated by using the
conductivity contrast, instead of a theoritical mean conductivity, that should not reflect any realistic
feature. The partitioning of the two sub-assemblages were performed, by using the affinities of each
taxa versus the conductivity conditions, as it is recorded in the whole modern data set, and that is
summarized by the optimum value, calibrated in the WA method. This is a fairly rough approach, since
results consists in two distinct values, even though the conductivity may have varied continuously
during the year, or between several years of record. This tentative run (fig. 12) reconciles the
inconsistencies well-marked between the two methods when estimating the mean conductivity, for both

the lower and the higher conductivity values.
Comparison of methods

Need a section on this, which should summarise the performance of each, analyse the reconstructions,
comment on the usefulness of each method and integrate the results of papers by ter Braak (1995), Le
(1992) & Huton {19786).

Conclusion

The results obtained for the two transfer function methods are quite close for the modern dataset
reconstruction of four environmental parameters. ‘

For the application to the two fossil records, that are characterized by quite different pres‘ént-day
contexts, the results obtained by the WA and by the BA methods show, show rather good agreement.
Some discrepancies appear, that question results achieved by one or by both methods.

For main discrepancies, explanation have been proposed, based on the characteristics and
behaviour of each reconstruction procedure, facing a specific hydrological context and feature, or a
particular pattern in the diatom data representation. Mis-interpretation revealed by comparison of the
two independent methods would not have been detected by using one method only. No other clue that
the intercomparison had pointed out erratic estimates. Moreover, solutions are tested to solve the
inconsistencies between methods. They can be explained and solved, according to the consideration
of the hydrological and climatic contexts of each site under investigation.

Our work demonstrates that, in addition to the fact that the climatic significance of the
hydrochemical parameters have to be carefully checked according to the context for any site studied
(Gasse, 1994), we have also to be aware that the study of the general context must help in the choise
of the parameters that we are able to reconstruct. The Bougdouma record evidences that the

conductivity contrast may be prefered in some sites for choosen periods.
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Captions of figures and tables

Fig. 1 - Schematic comparison of principles of the two transfer function methods:

a: weighted averaging method; b: best analogues method.
Fig. 2 - Location map of sampling sites for the modern diatom/water chemistry dataset (after Gasse &
al., 1995)
Fig. 3 - Selection of the modern data: criteria of removal and number of diatom taxa used in the
reconstruction procedure.
Fig. 4 - Results of the reconstruction on modern data: diatom-inferred estimates against observed
values. for (a) conductivity, (b) pH, (¢) the cation ratio (Na™ + K*)/(Ca2++M92+) and (d) the anion ratio
(CO32"+HCOZ)/(CI+80427).
Fig. 5 - Location of the two fossil diatomn record sampling sites: Lake Abhé (Afar, Ethiopia) and
Bougdouma (Sahel).
Fig. 6 - Diatom record of the Lake Abhé sequence: dominant taxa percentages variations.
Fig. 7 - First PaleoBioclimatic Component of the fossil sequence from Lake Abhé.
Fig. 8 - Diatom-inferred conductivity and pH in the fcssil sequence of Lake Abhé.
Fig. 9 - Diatom record of the Bougdouma sequence: dominant taxa percentages variations.
Fig. 10 - First PalaeoBioclimatic Component in the Bougdouma sequence.
Fig. 11 - Diatom-inferred conductivity and pH in the fossil sequence of Bougdouma.

Fig. 12 - Diatom-inferred conductivity range in the fossil sequence of Bougdouma.

Table 1 - Overall characteristics of the modern diatom data "subsets”

Table 2 - Summary statistics for the four hydrochemical variables, as recorded in the modern reference
database.

Table 3 - Comparison of 3 statistical parameters to test the capability of each method in estimating the

environmental parameters from diatom data.
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The identity and typification of some naviculoid diatoms reported from saline lakes.

Fileen J. Cox.

Department of Botany, The Natural History Museum, Cromwell Road, London, SW7 5BD.

(This work forms part of a larger study of saline lake diatoms supported by NERC research
grant GR3/8854.)

Introduction

Although the morphology of individuals belonging to a single diatom species varies within
particular limits, which the species description should cover, for nomenclatural purposes a
specific epithet is linked to a particular specimen or population, cited by the original author or
chosen to represent his concept of the species (Greuter et al., 1994). However, in many cases
the understanding of what constitutes a particular species has shifted as different workers have
examined samples from a range of localities and allocated specimens to described taxa on the
basis of written descriptions and published illustrations. Since some of the early descriptions,
e.g. those of Kiitzing (1833, 1844, 1849), Ehrenberg (1838, 1843), Van Heurck (1880-1885)
are extremely brief and the accompanying illustrations small, it is understandable that their
specific epithets have sometimes been misapplied. Furthermore, it requires patience and care to
link 1llustrations to specimens within mixed populations, unless the taxon in question is
particularly distinctive. However, because early workers often distributed slides or samples
containing specimens of their species, it is possible to obtain more detailed light microscopical
information and photographic documentation of these specimens. Where material from the
original locality is extant, it is also possible to supplement light microscopical studies with
electron microscopy to present a comprehensive morphological account of the species for
comparison with modern collections. The preparation of such accounts should preclude any

future misidentification or nomenclatural confusion.

During the course of a project to harmonise diatom data sets from East African and North
American saline lakes detailed morphological comparisons were made on the most abundant
taxa from each area prior to the production of an iconograph (Carvalho et al., in press). Where

possible, comparisons were also made with the type specimens of each species. This paper
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presents the results of observations of a number of naviculoid taxa whose types are held in The

Natural History Museum, London and discusses their taxonomic position.

Materials and methods

Herbarium material and mounted slides held in The Natural History Museum, London, were
examined with light and electron microscopy. Material was variously prepared for electron
microscopy. Where cleaned samples had been dried onto mica slips, small sections of the mica
were mounted on stubs (glued with araldite) before sputter coating with gold-palladium. When
samples had been dried onto paper without prior preparation, a small sub-sample was removed
with tweezers, gently cleaned in hydrogen peroxide and washed before mounting on a slide (in
Naphrax) and on a stub. Any such slides and stubs have been deposited in the diatom
collections at The Natural History Museum, London. Table 1 summarises the specimens

examined, including the original name, indicating those which are now designated as types.

Material of Navicula oblonga collected from Anglesey, N. Wales was also prepared for

comparative scanning electron microscopy following standard procedures (Cox 1995b).

Light micrographs were taken using a Zeiss Universal photomicroscope with Kodak T Max
film, scanning electron micrographs on a high resolution Hitachi S-800 scanning electron

microscope using Iiford HP4 or 100 Delta pro film.

Species descriptions and typifications

Craticula cuspidata (Kiitzing) D.G. Mann

Two morphologically distinguishable taxa have been recognised within C. cuspidata sensu
lato: a larger, rhombic-lanceolate diatom with tapered apices, and a smaller, elliptic-lanceolate
diatom with rostrate apices. Their taxonomic treatment has varied; some authors recognised
them as separate species (W.Smith, 1853, Van Heurck, 1880-85, Mann & Stickle, 1991), some
as varieties of a single species (Cleve 1894, Hustedt, 1961), while others grouped them
together without any subspecific desigﬁation (Patrick & Reimer, 1966, Krammer & Lange-
Bertalot, 1986). Before dealing with the taxonomic aspects, I will describe the two groups of

specimens simply as non-rostrate and rostrate.



helictoglossae (Figs 17, 22). The girdle bands are narrow split rings, with a single row of pores

along their length.

Kiitzing (1833) described and illustrated (Taf. 16, Fig.26) a taxon, Frustulia cuspidata, “among
N. oblonga and other diatoms from Halle, Weisenfels etc.”, although he subsequently
transferred it to Navicula Bory(Kutzing, 1844), where it remained until Round et al. (1990)
reinstated the genus Craficula Grunow. In his later publication, Kiitzing (1844) included
“Bacillaria fulva Nitzsch, (ex parte) Beitrage p. 87. Tat. III. Fig. 19 (1817.)” within the
synonymy of N. cuspidata. However, it 1s clear that although Nitzsch (1817) illustrated
something resembling C. cuspidata, several different diatoms were included within Bacillaria
fulva and therefore, although it is the earlier name, it cannot be used for the taxon we
understand as C. cuspidata. Kiitzing (1844) indicated that he had seen material of N. cuspidata
from de Brébisson although he does not give a locality for this or the species as a whole. It is

simply recorded as occurring “In stehenden Gewdssern durch ganz Europa.”

Cleve (1894) subsumed N. ambigua into N. cuspidaia as a variety, although Kitzing (1844)
had treated N.ambigua Ehrenberg as a discrete species and Smith (1853) and Van Heurck
(1880-1885) had also kept them separate. Mann & Stickle (1991) similarly treated them as
separate species based on N. cuspidata Kitzing and N. ambigua Ehrenberg, as interpreted by
Smith (1853) and Van Heurck (1880-1885). However it is unclear from his illustrations;
whether Kiitzing’s concept of N. cuspidata excluded smaller, rostrate-ended specimens now
called C. ambigua. Although the illustrations in his earlier work (Kiitzing 1833) show broadly
lanceolate cells which taper to acute apices and have a marginal concavity near the apex, in
1844, Kutzing illustrated four somewhat rhombic-lanceolate, tapered valves and two
specimens with more markedly rostrate apices (Plate 3, Figs XXIVa and XXXII). Assuming
that his drawings are magnified 420 times, all fall within the size range for C. cuspidata,
whereas the drawing of N. ambigua (Plate 28, Fig. 66) 1s smaller, in the generally accepted size
range for C. ambigua. Patrick & Reimer (1966) noted that BM slides labelled N. cuspidata
Kiitz. in the Kiitzing collection contained rostrate-ended, C. ambigua-like specimens (Fig. )
rather than the larger, tapered cells which correspond to the modern concept of C. cuspidata.
According to Eulenstein’s catalogue of the Kiitzing collection held in the Natural History
Museum (see Cox 1995a), N. cuspidata occurred in several packets of material, but none of
the numbers is underlined to designate that Kiitzing used the material when describing the

taxon. However, in the NHM copy of the Antwerp Catalogue (see Cox, 1995a), N. cuspidata



the central raphe endings are more obviously hooked and less expanded than in the other

species.

Grunow (Van Heurck 1885) described this as a variety of Navicula cuspidata, based on its
smaller size, finer and more radiate striation and brackish rather than freshwater habitat. He
gave the type locality as Blankenberghe and stated that it was present on Van Heurck Types du
Synopsis No.12 Amphora hybrida Grun., although the locality is simply given as “Belgique”.
Cleve (1894) raised the taxon to specific level, as Navicula halophila, while with the
reinstatement of Craticula as a genus (Round et al., 1990) it underwent another nomenclatural
change to C. halophila. As multiple copies of the slides were distributed specimens on Van

Heurck Types du Synopsis No.12 are isotypes.

Navicula digitoradiata (Gregory) Ralfs in Pritchard

Valves linear-lanceolate with obtuse apices, 33-46um long, 8-9 pm wide (Fig. 7)(Duddingston
Loch material). Striae alternately longer and shorter opposite the central raphe endings, radiate
throughout much of the valve, 10-11 in 10um, becoming convergent near the apices. The
central area is laterally expanded, somewhat diamond-shaped. The central raphe endings are
slightly expanded and lie in a broader portion of the raphe sternum; the polar fissures are
hooked towards one side of the valve. The valve face is somewhat convex; the cells |

rectangular with rounded corners in girdle view; girdle bands plain.

Specimens of this taxon were found on BM 4633, Duddingston Loch, part of the Greville
collection. Although Gregory slides are present in the Natural History Museum, they are
poorly labelled and documented. However, because Greville frequently illustrated Gregory’s

taxa from material sent by Gregory, slides in the Greville collection are usually duplicates of

the original gatherings.
Type material was not available for scanning electron microscopy.

This species was first described as Pinnularia digitoradiata by Gregory in 1856 from
gatherings in Duddingston Loch, accompanied by an illustration drawn by Greville (Gregory,
1856, Plate 1, Fig. 32). Gregory’s description recorded that the central five or six striae are
alternately longer and shorter, but he commented that this feature is “a little too strongly

marked in fig. 32”. According to him the valves are narrowly linear elliptic or elliptic



Navicula species. The internal opening of the raphe slit is to one side, becoming central along
the raphe rib only near the central endings and the relatively small, polar helictoglossae (Figs
28. 29). The central raphe endings terminate in a slight expansion of the raphe rib in the
thickened central area. Distal to the slit opening the sternum is thickened, creating a groove on
the distal side of the raphe rib_and extending laterally to the axial end of the striae. This
longitudinal thickening expands into a small mound at the poles beside the helictoglossae (Figs
28,29) and into a larger rounded thickening at the centre of the valve. The plain girdle bands

are broad (Fig. 27), with an undulate margin abutting the valve.

First described as Frustulia oblonga (Kiitzing, 1833), Kiitzing (1844) subsequently transferred
it to Navicula with an illustration (Taf. 4, Fig. XXI) and reference to his Alg. Dec. No.84 and
a specimen from de Brébisson. On one of the herbarium sheets in the NHM diatom collection
is a Kiitzing packet No. 404, labelled “Syn. Frust. ocellata Bréb. 1152 Eule”. In the Eulenstein
catalogue to Kﬁtzing’s collection both these packet numbers are doubly underlined, indicating
that Kiitzing used them to describe the taxon (cf. Cox, 1995a). A slide (BM 18728, made from
packet 404) was designated the type of N. oblonga by Ruth Patrick although she did not cite
this in the account of . oblonga in Patrick & Reimer (1966).

Kiitzing (1833) stated that it often occurs in various areas of Germany , but was particularly
numerous in a ditch near Tennstadt with Melosira orichalcea (i.e. Melosira italica), Diatoma

elongatum, Frustulia anceps (i.e. Stauroneis anceps) and Exilaria crystallina (i.e. Synedra

ulnay.

Navicula radiosa Kiitzing

Valves lanceolate with acutely rounded apices 45-67um long, 10-11pm wide (Kitzing
material; published range 40-120um long, 10-19pm wide)(Fig. 9), very narrowly rectangular in
girdle view. Striae clearly radiate at the centre of the valve and for at least half the distance
towards the poles, 10 or 11 in 10um, but then gradually becoming convergent at the apices.
The central area is expanded laterally opposite the central two or three striae which are
correspondingly shorter. The central raphe endings are slightly expanded and lie in a thickened

area which is broader than the main raphe sternum. At the poles the raphe slits are hooked to

one side of the valve.

This taxon was present on BM 18714, made from Kitzing packet 406.



comprises many split rings (Figs 35, 37, 38) which externally appear as smooth narrow bands.
However, each band is at least twice the apparent width, folded along its length, with a row of

large pores along the internal portion (cf. P. complanatoides in Brogan & Rosowski, 1988).

Internally the valve presents a regular fretwork of pores (Figs 36, 39, 40), the raphe lying in a
slightly thickened rib, with the slits opening to one side (Figs 39, 40). At the centre the raphe
fissures are slightly expanded (Fig. 39), terminated at the poles by barely developed
helictoglossae (Fig. 40). Opposite the central raphe rib thickening and distal to the raphe
opening one stria is terminated by a rounded pore (Fig. 39), corresponding to the isolated pore

under the external groove (Fig. 37).

This species was first described as Navicula bulnheimii Grunow in Van Heurck (1880) with an
illustration (Van Heurck, 1885, Plate X1V, fig. 6a) bearing the legend “6. N. bulnheimii Grun.
* forme, melé avec le Nitzschia frustulum, U Homoeocladia bulnheimiana Rabh.” The valve is
narrowly lanceolate with acutely rounded apices, traversed by fine parallel striae, apparently of
similar conspicuousness throughout the valve (Fig. 10) although the description states that the
two central striae are stronger than the others. There is a slight indication that these are more
widely spaced on the drawing. The girdle view is more or less rectangular (Fig. 11). Grunow
also recognised a variety, bel/gica, from VH Type No. 113 (Figs 12,13). This was distinguished
as having slightly more obtuse valvar apices and a deeper girdle view with finer longitudinal
markings, but it is not illustrated in Van Heurck (1880). The locality for the type variety is
given as “Marin? - Non encore signalé”, N. bulneimii var. belgica as “Marin - Ostende”, the

locality of the Van Heurck slide, which should be considered isotype material of this variety.

Homoeocladia bulnheimiana Rabh. is listed for Rabenhorst’s Algen Europas No. 1301, of
which material was located in the Natural History Museum. Krammer & Lange-Bertalot
(1986) illustrated a tranmission electron micrograph from duplicate material and suggested, on
the basis of the appearance of its pores, that it belongs in Navicula sensu stricto. However,
examination with SEM has shown that it is morphologically similar to Proschkinia complanata
(cf. Cox, 1988, Figs 57-61) and Proschkinia complanatoides (cf. Brogan & Rosowski, 1988),
ratifing Karayeva’s combination of these taxa in a separate genus (Karayeva, 1978). Earlier, I
(Cox, 1988) had considered this taxon in relation to Parlibellus E.J. Cox, because it had been
placed in Libellus Cleve (Cleve, 1894), the conceptual basis of the new genus. However, after

examining VH Types du Synopsis 113 (BM 26424) I concluded that N. bulnheimii did not
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collected at the type localities, although specimens of other Navicula spp. with strongly
radiating striae are present, Furthermore, while the type localities are essentially freshwater

sites, in more recent literature N. digiforadiata is usually considered a marine diatom.

Taxonomic problems also remain to be resolved within Craticula. The difficulty that some
authors (Cleve, 1894, Hustedt, 1961, Patrick & Reimer, 1966, Krammer & Lange-Bertalot,
1986) have experienced in dealing with its range of morphology indicate that C. cuspidata
should be examined more carefully. Comments on the variability of apices suggest that some
large specimens may have rostrate apices, although they could not be placed in C. ambigua.
Similarly the specimens that Mann & Stickle (1991) identified as C. halophila in their SEM

studies differ in outline from the type specimens of this taxon and attention needs to be paid to

this species t0o0.

Scanning electron microscopical examination of Rabenhorst material of N. bulnheimii Grun.
has confirmed its inclusion by Karayeva (1978) in a new genus, Proschkinia, with P.

complanata and P. complanatoides. The validity of the order she erected is less certain.
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Figs 20, 25. External views of valve apices. The longitudinal ridges are lost at the apices and
the external pore openings are clearly visible. The raphe fissures curve over the apices ending
close to the valve margin;

Figs 21, 26. Internal views of valve apices. The helictoglossae are more or less straight;

Fig. 22. External and internal-view of entire valves.

Figures 27-32. Scanning electron micrographs of Navicula oblonga from material collected by
the author in Anglesey, N. Wales.

Fig. 27. External view of centre of valve showing the expanded central raphe endings and the
lineate external pore openings.

Figs 28, 29. External views of the poles of the valve illustrated in Fig. 24. Note that the raphe
fissures are deflected to the same side and then recurve slightly over the apices.

Fig. 30. External view of the end of a frustule in girdle view. Note that there are no pores in
the girdle bands and the raphe fissure ends very close to the valve margin. There is a single row
of lineate pores around the valve apex, arranged with their long axes perpendicular to the valve
margin.

Figs 31, 32. Internal views of the ends of the valve showing the small helictoglossa, the
thickening beside the raphe, distal to the slit opening which expands into a polar thickening.
The elliptical internal pore openings are below the level of the virgae and the change in

orientation of the striae near the poles is clearly visible.

Figures 33-37. Scanning electron micrographs of N. radiosa from Kutzing packet 406.

Fig. 33. Internal view of an entire valve.

Fig. 34 External view of the central raphe endings. Note the hooked endings and the lineate
external pore openings orientated perpendicular to the direction of the striae.

Fig. 35. . Internal view of valve apex showing the helictoglossa and the end of the additional
rib.

Fig. 36. External view of valve apex, showing the hooked raphe fissure.

Fig. 37. Detail of the valve centre. Note the central raphe fissures open in a slight expansion of
the raphe rib, flanked on one side by the broad development of the additional rib. The elliptical

internal pore openings lie in depressions between the virgae



TABLE 1. Details of slides examined in The Natural History Museum, London.

Number Designated species

Van Heurck Types du Svnopsis
No.12

Amphora hybrida Grun.

No.113 Navicula mutica Kitz.
No.120 Navicula cuspidara Kuitz.
No.121 Navicula ambigua Ehr.
Coll. Greville ;
BM 4272 | Navicula ovalis
2 Nav.
3 Nav. elliptica
BM 4633 Pinnularia
BM 4636 Navicula amphisbaena
Pinnularia viridula
- radiosa
~oblonga
Coll. Wm. Smith
BM 23448  Navicula cuspidata
BM 23449  Navicula cuspidata
BM 23489  Navicula ambigua

Coll. Kutzing

BM 18714 Navicula radiosa Kiitz
BM 18728 Navicula oblonga Kiitz
BM 18767 Navicula cuspidata Kiitz
BM 18882  Navicula tenella Kiitz.

Coll. Gregorv
BM 29158

BM 29159a
BM 291598

Locality / collector /
date

Belgique

Belgique

Angleterre

Angleterre

Lochleven (DI.1.A)
Gregory

Duddingston loch
55

Duddingston Loch

Lewes Sept 1850
Lewes Sept 1850

Dec. 1833
Breckdorf

406

404

De Brébisson Falaise

422

In ostreariis Calvadosii
1476

A6

A7

Other information

C. halophila
N. halophila, isotype

P. bulnheimii var. belgica
N. bulnheimii var. belgica,
1sotype

N. digitoradiata,
lectotype

C. cuspidata
N. cuspidata, neotype

C. ambigua
N. ambigua, neotype

N. radiosa Kg
det. R.P.

N. oblonga Kg
det. R.P.

Gregory M.S. Page 89
Greg.M.S. Page 89
Gregory M.S. Page 89
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Craticula ambigua (Ehrenberg) Mann in Round et al. 1990

Navicula ambigua

Navicula cuspidata var. ambigua (Ehrenberg) Cleve

Plate 2, Figs 1-4

Valves broadly-lanceolate with sub-rostrate apices.

Striae are + parallel throughout the valve, slightly convergent at the poles, puncta
just visible. The raphe is straight and lies in a thickened axial rib; central area not
expanded or assymetrical, length greater than width (greater than 1.5 pm long).
40-60 um long, 10-15 um wide, 16-20 striae in 10 pm

Distributiion and Ecology: Present in both the NGP and E. Africa datasets but not
distinguished from C. cuspidata. See C. cuspidara for combined distributional
and ecological data.

Craticula cuspidata (Kiitzing) D.G. Mann1990

Navicula cuspidata Kiitzing 1844

Plate 1, Figs 5-8.

Valves lanceolate gradually tapering to rounded, sometimes rostrate, apices.
Striae are parallel throughout the valve, sometimes slightly convergent at the
poles. Puncta just visible, aligned longitudinally with the frets separating them
often thickened so longitudinal striae are visible. The raphe is straight and lics in
a thickened axial rib; central area not expanded or assymetrical, length greater
than width (greater than 2 pm long). Internal craticular valves sometimes
produced in response to osmotic stress (Schmid, 1979).

70-165 um long, 15-30 pym wide, 15-20 striae in 10 um

C. cuspidata is longer than C. ambigua and has a higher length to breadth ratio
(5:1 compared with between 3:1 to 4:1). It can also be distinguished from C.
ambigua by its more grédually tapering shape giving the appearance of less
distinct rostrate apices.

C. halophila s shorter and narrower than hoth C.
has more strongly convergent striae at the poles.

cuspidata and C. ambigna and

Distributiion and Bcology: Present in both the NGP and African datasets. Not
distinguished from C. ambigua, so distributional and ecological data summarises

combined records.
C. cuspidata is recorded frequently in freshwaters as well as low salinily

environments.

No. of Max'm Optimum
sites o Cond. pH Na™+K*/ CO4 +HCO5/
(mSem’™) Ca"*+Mg"™ SO +CI
41 3 1.86 8.6 1.6 1.2

3 b aav Vst THRY RAY \§L Qs

Craticula elkab (O. Miiller 1899) nov. comb.

Navicula elkalb Miiller 1899

Plate 3, Figs 1-13.

Valves broadly-lanceolate to lanceolate with rostrate to sub-rostrate apices,
sometimes narrowly rostrate or narrowly sub-capitate.

. Striae are fine and =+ parallel throughout the valve, punctae not clearly visible.

The raphe lies in a narrow thickened axial rib, central area not assymetrical, small
and rounded, slightly longer than wide (less than 1 um long).
13-32 um long, 3.5-6.5 um wide, 23-26 striae in 10 um

C. elkab can be distinguished from C. halophila as it is shorter and narrower and
has a shorter central area, less than T um long. A closely related taxon has been
recorded (as Navicula elkab) from saline lakes in Central Mexico (Watts &
Bradbury, 1982; Metcalfe, 1990). No clear distinction can be made with this and
C.elkab; valves generally exhibit a more gradual sloping shape towards the poles
compared to C. elkab and striac density is also generally lower than C. elkab.

Distribution & Ecology: C. elkab was recorded widely (44 sites) throughout East
Africa and Niger, yet was absent from the Northern Great Plains dataset.
Carbonate ions are a feature of both the African and Mexican sites. This
preference may expain its absence from the sulphate-dominated saline lakes of
the Northern Great Plains and from brackish estuarine and coastal waters.

No. of Max'm Optimum

sites % Cond. pH Na*+K*/ | COy+HCO;y/
(mS cm™) Ca**+Mgt* SO +Cl

46 58 13.8 9.4 101.0 1.2

Craticula halophila (Grunow in Van Heurck) Mann 1990

Navicula halophila (Grunow in Van Heurck) Cleve

Navicula halophila var. subcapitata Ostrup

Navicula halophila forma robusta Hustedt

Plate I, Figs 2-4.

Valves rhombic to lincar-lanceolate with rounded to subrostrate apices.

Striac are + parallel at the centre, slightly to strongly convergent at the poles.
Longitudinal lines fine not always visible. Raphe straight, lying in a narrow
thickened axial rib. Central area 1-2 pm long, sometimes slightly assymetrical.
30-60 pm tong, 6-9 um wide, 17-21 striac in 10 um

C. halophila can be distinguished from C. elkab, C. ambigua and C. cuspidata by
its more strongly convergent striae at the poles. The lengths of C. halophila stated
by Hustedt and KLB (1986) are exceptional and are thought to be due to
auxospore formation (Archibald & Schoemann, 1977).
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Archibald & Schoemann (1977) give a detailed account of why N. lialophila var.
subcapirata Ostrup and N. halophila forma robusta Hustedt should be regarded

as synonyms

Distribution & Ecology: C. halophila 1s a cosmopolitan species, found in saline
lakes in Africa, North America and Europe. It does not appear to be restricted by
ion type. In addition to saline lakes, it is recorded in brackish estuarine and

coastal waters.

No. of Max'm Optimum

sites % Cond. pH Na™+K*/ CO3"+HCO;5'/
(mS cm™) Ca**+Mg™* SO +Cl

82 12 4.05 8.6 3.9 0.4

Craticula vixvisibilis (Hustedt) nov. comb.

Navicula halophila forma tenuirostris Hustedt

Plate 1, Fig. 1.

Valves lanceolate with distinctly capitate apices.

Striae are + parallel, slightly radiate at centre, indistinct (>35 in 10 um) at the

poles
Raphe straight, lying in a narrow thickened axial rib. Central area 1-2 um long,

length greater than width, sometimes slightly expanded.
20-45 pm long, 6-8 um wide, 22-30 striac in 10 um at the centre of the valve,

C. vivvisibilis is clearly distinguished [rom C. elkab and C. halophila by its
distinct capitate apices and fine striae density at the poles.

Distribution & FEcology: It is a cosmopolitan species, found in saline lakes in
Africa and North America.

No. of Max'm - Optimum
sites % Cond. pH Na*+K*/ CO3™+HCOy'/
(mS cm™ Ca™+Mg** SO +CI
4 9 1.4 8.4 0.3 0.4
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‘oia (Ehrenb.) D.G. Mann in Round et al.
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Craticula elkab (O. Miiller) nov. comb.

L. Biete Mengest, Ethiopia (BW106)
4, 10-11: Bara Salt Swamp, Niger (Nig dII2e)

Abbaitou, Djibouti (V24)
L. Shala, Ethiopia (JT13)
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