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Abstract

A bloom of the unicellular green alga Dunaliella parva (up to 15 000 cells m1~!) developed in the upper 5 m of the
water column of the Dead Sea in May—June 1992. This was the first mass development of Dunaliella observed in the
lake since 1980, when another bloom was reported (up to 8800 cells ml~!). For a bloom of Dunaliella to develop
in the Dead Sea, two conditions must be fulfilled: the salinity of the upper water layers must become sufficiently
low as a result of dilution with rain floods, and phosphate must be available. During the period 1983-1991 the lake
was holomictic, hardly any dilution with rainwater occurred, and no Dunaliella cells were observed. Heavy rain
floods in the winter of 1991-1992 caused a new stratification, in which the upper 5 m of the water column became
diluted to about 70% of their former salinity. Measurements of the isotopic composition of inorganic carbon in
the upper water layer during the bloom (6'>C = 5.1%,,) indicate a strong fractionation when compared with the
estimated —3.4%o prior to the bloom. The particulate organic carbon formed was highly enriched in light carbon
isotopes (§ '* C = —13.5%c). The algal bloom rapidly declined during the months June—July, probably as a result
of the formation of resting stages, which sank to the bottom. A smaller secondary bloom (up to 1850 cells ml~!)
developed between 6 and 10 m depth at the end of the summer. Salinity values at this deep chlorophyll maximum
were much beyond those conductive for the growth of Dunaliella, and the factors responsible for the development
of this bloom are still unclear.

Introduction of 1982, and a holomictic period from 1983 till 1991

(Anati & Shasha, 1989; Anati & Stiller, 1991; Anati,

The Dead Sea is an extremely hypersaline terminal
desert lake, with an average concentration of about
340 g 17! total dissolved salts. The ionic composi-
tion is dominated by divalent cations (Mg?*, about
1.86 M, Ca?t, about 0.44 M) rather than monova-
lent cations (Nat, about 1.60 M, K*, about 0.20 M)
(Oren, 1988, 1992a). Chloride is the main anion. The
lack of balance between water input (runoff from the
catchment area during winter, the river Jordan) and
evaporation causes strong fluctuations in water level
and changes in the physical structure of the water col-
umn. A long period of ‘permanent’ stratification that
ended with an overturn event in 1979 was followed
by a new period of stratification that lasted till the end

unpublished results).

The Dead Sea as an ecosystem is extremely simpli-
fied, comprising only one primary producer, the uni-
cellular green alga Dunaliella parva, and a few types of
red halophilic archaeobacteria are the main consumers
(Oren, 1988, 1992b). Predators such as protozoa are
absent or play at best a very minor role. Higher forms
of life are absent altogether. Dunaliella has been found
in the Dead Sea since the pioneering studies of Volcani
(1944). Hardly any quantitative data exist on the biota
of the Dead Sea prior to 1980, with the exception of
a few measurements performed during 1963-1964; in
1964 Dunaliella counts as high as 4x 10* cells m]1™!
of surface water were observed (Kaplan & Friedmann,
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1970). From 1980 onwards the quantitative aspects of
life in the Dead Sea have been studied systematical-
ly (Oren, 1988). In the summer of 1980 a bloom of
Dunaliella was observed in the upper 5-15 m of the
water column, reaching a peak density of 8800 cells
ml~! (Oren & Shilo, 1982). This bloom developed fol-
lowing an extremely rainy winter, in which rain floods
caused a significant dilution of the upper water lay-
ers. Laboratory simulation experiments showed that in
order for Dunaliella to multiply in Dead Sea water two
conditions must be fulfilled. Firstly, the salinity must
be reduced. Undiluted Dead Sea water with a specific
gravity of about 1.235 g cm ™3 does not support growth
of Dunaliella. Significant growth rates can be obtained
at a specific gravity of 1.21 g cm™> or below. Second-
ly, phosphate must be present, as lack of phosphate
limits the amount of algal biomass that can be formed
(Oren & Shilo, 1985). Rain floods are expected to sup-
ply large amounts of phosphate; quantitative estimates,
though, are lacking.

The temporary stratification of the lake, initiated in
1979-1980, was abolished in the end of 1982, and was
followed by nine years of holomixis (Anati & Shasha,
1989). The high salinity, and the concomitant increase
in the relative proportion of divalent cations (Oren,
1992a) were not conducive for a renewed development
of Dunaliella. We did not observe any Dunaliella cells
in the lake during this period.

The winter 1991-1992 was again an extremely
rainy one, and large amounts of rainwater once more
caused a dilution of the upper water layers of the Dead
Sea, even more extensive than in 1979-1980 (Beyth
et al., 1993). The specific gravity decreased to values
as low as 1.17-1.18, and as a result, a new event of
Dunaliella development could be expected to occur.
In this study we describe the dynamics of the rise and
decline of a bloom of Dunaliella parva in the Dead
Sea in 1992, and some of its biogeochemical effects.

Materials and methods

Water samples were collected at four stations in the
Dead Sea (Fig. 1). Most deep samples were taken about
8 km east of Ein Gedi (Station A) in the deepest part of
the lake (maximum depth about 325 m). On two occa-
sions samples were taken at other stations (Station C
on June 15, 1992, station D on May 4, 1992). Sam-
ples were collected from different depths by means of
Niskin bottles or pumped though a hose. The relative
accuracy in depth determinations was estimated to be

between 2% (Niskin bottle samples) and 15% (pumped
samples), depending on sea conditions. Additional sur-
face samples were collected at the shore near Ein Gedi
(Station B). Dunaliella counts in surface water sam-
ples collected on the same day at this station and at
the center of the lake did not differ significantly. Sam-
ples were kept in 1 1 opaque polyethylene bottles, and
biological parameters were determined within 4 h of
sampling.

Salinity was determined through density at a fixed
temperature, either by hydrometry with an accuracy of
+ 0.2 ¢ u, or by pycnometry with an accuracy of +
0.02 o u. The sigma unit (¢ u) denotes density in the
MKS system (kg m~3) excess to the standard reference
density of 1000 kg m—3. Salinity (density at 25 °C) is
denoted as o,5. Temperature was determined either
by means of Yellow Springs Instrument thermistors of
accuracy + 0.04 °C (whenever the vertical detailed
structure was important), or by means of reversing
thermometers of accuracy of + 0.02 °C attached to the
Niskin bottles.

For the enumeration of Dunaliella cells, 50-ml
portions of samples were supplemented with 0.1 mi
of 0.1 N iodine to stain intracellular starch. Portions
(2-50 ml) were then filtered through Millipore filters
(25 mm diameter, 3 gm mean pore size). Filters were
placed on microscope slides, covered with cover slips,
and cells were counted under a 40x objective. Cell
numbers were calculated from the average number
of cells per field, and the field diameter, calibrated
with the aid of the grid of a Petroff-Hauser counting
chamber. Photomicrographs were taken using a Zeiss
photomicroscope, using phase optics. Bacteria were
enumerated microscopically, using a Petroff-Hauser
counting chamber, when necessary after prior concen-
tration by centrifugation (Oren, 1983).

Chlorophyll was determined by filtering portions
(10400 ml) through glass fiber filters (Whatman
GF/C), extracting the filters overnight in 3-5 ml
methanol/acetone (1:1, by volume), and measuring
the absorption of the extract at 665 nm. Chlorophyll
concentrations were calculated, assuming a specific
absorption of 13.61 mg ~! cm~!. Absorption spectra
of extracts were recorded in a Hewlett-Packard mod-
el 8452A diode array spectrophotometer. In selected
samples pigments were separated by means of high-
performance liquid chromatography, using a Merck-
Hitachi HPLC setup, including pump L6200A and
UV-visible detector L-4200. Pigments were injected
through a 20 ul sample loop into a Lichrospher RP
18 column (Merck), and were eluted at a rate of 1 ml
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Fig. 1. Location map of the sampling stations. Most deep
samples were taken at station A (at the decpest part of the
Dead Sea, maximum depth about 310 m). One set of samples
(4 May, 1992) was collected at station C, one set (15 June,
1992) at station D, and a number of additional surface sam-
ples were collected at the shore (station B).
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min~! by a gradient of acetone and water (from 70—
30% to 15-85% in 10 min, from 85 to 100% acetone
in the next 5 min, followed by 6 min 100% acetone).
The elution of pigments was monitored at 450 nm, and
the eluted peaks were characterized using a Chrom-
A-Scope and Chrom-A-Set 500 (Bar-Spec, Rehovot,
Israel) spectrum analyzer (Oren et al., 1992). CO,
photoassimilation was determined in the laboratory by
incubating water samples in completely filled 110-mi
glass bottles with 100 ul of a solution of 74 MBq m1~!
NaH'#CO; (Amersham, 2 GBq mmol™!) in 50 mM
Tris.HCI buffer, pH 9.0. After incubation at 25 °C in
the light (white fluorescent tubes, incident irradiance
14 W m~2) and in the dark for periods between 4
and 20 h, 75 ml portions were filtered through glass
fiber filters (Whatman GF/C). Filters were washed
with 20 ml cold 10% trichloroacetic acid, dried, 5 ml
Instagel (Packard) scintillation cocktail was added, and
radioactivity retained on the filters was counted in a
Beckman model LS 1801 scintillation counter. Counts
were corrected for quenching by using the channel
ratio method. CO, photoassimilation rates were calcu-
lated, assuming a total inorganic carbon concentration
of 1210 uM in the upper 5 m of the Dead Sea water
column (see below).

The total dissolved inorganic carbon was measured
by a method similar to that of Graber and Aharon
(1991). Extraction yield was better than 99.9%, while
the precision of measurements of total CO, was bet-
ter than 0.2%. Carbon isotope ratios (6'> C) were
measured with a precision better than 0.1%, using a
Micromass model 602 mass spectrometer. The isotopic
composition of particulate organic carbon (collected
by centrifugation) was determined after removal of
any inorganic carbon by acidification with HCI (Sofer,
1980).

Results

As a result of winter rain floods (November 1991—
March 1992) the water column of the Dead Sea became
stratified, with a sharp pycnocline at a depth between 4
and 6 m (Fig. 2). The water above the pycnocline was
greatly lowered in salinity (025 around 180 in June,
compared with above 230 in the lower water mass).
The degree of dilution was much greater than in 1980,
when o5 in June was about 215 in the upper 10 m
(Oren & Shilo, 1982). During the summer months
a thermocline developed between 5 and 9 m depth,
and maximum temperatures in the surface water layer
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Fig. 2.
March-December 1992.

reached a value of 31.8 °C (compared with 33.6 °C
— early morning — and 36.0 °C - afternoon — in the
summer of 1980).

A dense bloom of Dunaliella parva was observed
in the spring of 1992. The bloom developed extreme-
ly rapidly: while in March no Dunaliella cells were
observed at all, peak densities of up to 15000 cells
ml~! were found in the middle of May (Fig. 3). The
bloom was restricted to the upper 4-5 m above the pyc-

Seasonal and vertical distribution of salinity (expressed as o,s, upper panel), and temperature (lower panel),

nocline, and no cells were observed below a depth of
8 m during this period. The high cell counts were par-
allelled by a high chlorophyll content of the water: up
t0 29 p g 1! (Fig. 3, lower panel). The bloom declined
rapidly at the end of June-beginning of July, and dur-
ing the remainder of the year cell numbers in surface
water remained low (30—370 cells mi—!). Comparison
with the bloom in 1980 shows that the 1992 bloom
both appeared much earlier in the season than in 1980
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Fig. 3. Seasonal and vertical distribution of Dunaliella cells (upper panel) and chlorophyll (lower panel) in the Dead Sea,

March-December 1992.

(when the dilution of the upper water layers was less
extensive), and reached higher peak densities (Fig. 4,
upper panel). The same is true for bacterial densities
(Fig. 4, lower panel); more comprehensive data on the
bacterial community that developed in the Dead Sea in
1992 concomitantly with the algae will be published
elsewhere.

An extract of Dead Sea biomass collected at the
height of the bloom (May 20) in methanol/acetone
showed an absorption spectrum characteristic of
Dunaliella, with peaks due to chlorophyll and
carotenoid pigments (Fig. 5, upper panel). The minor

peak at 530 nm is due to archaeobacterial pigments
(a-bacterioruberin and derivatives). These bacterial
carotenoids contribute also a minor part of the broad
absorption maximum between 400 and 500 nm (seee.g.
Oren et al., 1992). Separation of pigments by HPLC
(Fig. 5, lower panel) shows a dominance of pigments
derived from Dunaliella: chlorophyll a, chlorophyll b,
[3-carotene, and another carotenoid which was identi-
fied as zeaxanthin or lutein on the basis of its retention
time and absorption spectrum. Additional peaks can be
attributed to a-bacterioruberin and related compounds,
derived from the bacteria (Oren et al., 1992).



178

Bacteria ml
o
=

M'AMJ JASONTD

Monuth
Fig. 4. Average numbers of Dunaliella cells (upper panel)
and bacteria (lower panel) in the upper 4-5 m of the Dead
Sea water column in 1992 (e), as compared with 1980 (o).
Data for 1980 were derived from Oren (1983, 1988), and
Oren & Shilo (1982).

At the end of July a small secondary Dunaliella
maximum started to develop at a depth of 7-9 m, and
the maximum cell density observed in this secondary
bloom was about 1850 cells m1~" at the end of Septem-
ber (Fig. 3). It may be noted here that few sampling
cruises were performed during the second half of the
year, and that therefore the exact time of the occurrence
of the peak of this second bloom cannot be determined.

In an attempt to estimate primary productivity in the
Dead Sea we incubated water samples with NaH!4CO;
in the light and in the dark. For logistic reasons in situ
incubations were not feasible, and samples were incu-
bated in the laboratory at 25 °C, with illumination
by white fluorescent tubes (incident irradiance 14 W
m~?, i.e. about 2% of full sunlight). Thus, the values
obtained represent a potential CO; assimilation activity
under standardized light conditions. CO, photoassimi-
lation measurements were performed from the middle
of May (at the height of the bloom) onwards. For the
calculations we used a measured value of 1025 ymol
kg~! total inorganic carbon in the upper water lay-
ers (= 1210 pmol 17! at g5 = 180) (Table 1). Peak
values of CO, photoassimilation of 980 nmol 1=} h~!
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Fig. 5. Absorption spectrum of an extract of Dead Sea

biomass (upper panel). Cells from 600 ml water collect-
ed from the surface of the lake on 20 May, 1992 were
collected by means of filtration, and extracted in 2.5 ml
methanol/acetone (1:1, by volume). Separation of pigments
by HPLC (lower panel) shows a dominance of pigments
derived from Dunaliella: chlorophyll a (f), chlorophyll & (e),
zeaxanthin or lutein (d), and -carotene (g), with addition-
al components that can be identified as a-bacterioruberin
(a) and related compounds (b, c), derived from halophilic
archaeobacteria (Oren et al., 1992).

were observed during that period (Fig. 6), and val-
ues decreased with the decline of the bloom. The sec-
ondary deep Dunaliella maximum in the late summer
was accompanied by a maximum in potential CO, pho-
toassimilation (up to 40 nmol 1=! h™1).

To supplement the biological observations, a study
of the carbonate system and carbon isotope composi-
tion was made (Table 1). In May, the bulk of the water
body contained about 860 pmol kg~ total inorganic
carbon with a 6'> C of about 1.6%o. (using the PDB
standard as reference). Total inorganic carbon values
above the pycnocline were higher as a result of dilution
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Fig. 6. Seasonal and vertical distribution of CO; photoassimilation potential (nmol 17! h™!), May-December 1993. Photoas-
similation rates were estimated in the laboratory at 25 °C at an incident irradiance of 14 W m~2, Values were corrected for dark
CO; assimilation.

Table 1. Total inorganic carbon and §'3C in the Dead Sea and
in R. Jordan water (Allenby bridge).

with fresh water with a higher inorganic carbon con-
tent: the upper layer contained about 1,025 gmol kg~!
total inorganic carbon with §'* C ranging from about
5%o in May to 2.5%o after July (Table 1). The isotopic

variations can be explained as the result of an interplay
between influx of inorganic carbon with the Jordan
river and rain floods, atmospheric exchange, and bio-
logical effects. We may assume that the measurements

Date Depth Total e Replicates
(m) inorganic (%o Vs
carbon PDB)
(umol kg™")
18/3/92 300 846 1.65 3
20/5/92 0 5.06 2
100 1.61 2
310 1.64 1
2717192 0 2.51 2
200 1.58 2
22/9/92 2 1030 2.39 1
4 1025 2.48 1
85 862 1.40 2
14 862 1.40 2
100 861 1.35 2
200 859 1.38 2
300 859 1.43 2
14/1/93 R.Jordan 3537 -72 2

of the deep water represent a state of the Dead Sea
close to equilibrium with the atmosphere of the decade
before the winter of 1991/92. Table 2 shows a crude
mass balance of carbon and its isotopes in the upper
layer, showing a deficit of carbon in the upper layer.
The amount of missing carbon corresponds rather well
with the accumulation of organic carbon fixed as algal
and bacterial biomass (a measured particulate protein
content of 2.7 mg kg~! in May approximately corre-
sponds with 135 x4 mol carbon kg~!, a number that
should be doubled in view of the estimate that half
the organic carbon may be found in the protein frac-
tion). The particulate fraction was highly enriched in
13(613 C = —13.5%o0). The high '*> C enrichment in inor-
ganic carbon in May was probably the result of a fast
removal of inorganic carbon by photosynthesis (with

an isotopic fractionation effect of about 25%0) (Peng
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Fig. 7. Photomicrograph of structures probably representing cysts or zygotes of Dunaliella, observed in surface water during

the decline of the Dunaliella bloom (8 June, 1992).

etal., 1983). Following the decrease in algal activity in
May, and the decline in algal biomass, §'> C values of
the inorganic carbon decreased (Table 1), and probably
approached equilibrium with the atmosphere.

During the period of rapid decline of the bloom
(June), we observed in the upper water layer high
numbers of structures that can probably be identified as
cysts or zygotes of Dunaliella (Fig. 7). Though zygotes

have to our knowledge never been identified in the
species D. parva, morphologically similar structures
were described as zygotes in other Dunaliella species
(Hamel, 1931; Lerche, 1937). Often these structures
were found in clusters, embedded in amorphous mate-
rial, which can be expected to sink to the bottom at
relatively high rates. It may be noted here that chloro-
phyll was detected in large amounts in the bottom sedi-
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Fig. 8. Vertical distribution of Dunaliella cells (s) and bacteria (o) on 22 September, 1992 (left panel) and 27 December,
1992 (right panel). To provide information on the physical structure of the water column, data on temperature (x) and salinity

(expressed as o2s) (+) are also shown.

ments of the Dead Sea (Nissenbaum et al., 1972). From
July—August onwards these structures were only rarely
seen.

As stated above, after the decline of the major sur-
face bloom of Dunaliella a minor bloom developed at
a depth of 7-9 m during the second half of the year.
This bloom was found at the lower end of the pycn-
ocline (Fig. 8, left panel), at very high salinities (o725
above 220, exceeding by much the maximum values
in which Dunaliella is known to develop in Dead Sea
water (Oren, 1988; Oren & Shilo, 1985). During the
same period the majority of the bacterial community
was still found in the upper water layer above the pyc-
nocline, and did not show a similar deep maximum.
It is worth noting, that during this period there were

indications of a three-layer structure, in which two
pycnoclines were present. The depth range of the sec-
ondary algal bloom coincided with the intermediary
layer. Dunaliella cells present at depths of 7-9 m in
September 1992 looked healthy, were motile, and con-
tained large amounts of starch, as shown by microscop-
ic examination after staining with iodine. The remain-
der of the secondary bloom was still visibile at the
end of the year (December 27, Fig. 8, right panel),
though peak numbers were much lower. The physical
structure of the water column during this cruise was
already influenced by the first rain floods of the new
winter, and a new pycnocline was formed at a depth of
about 2 m. Above this pycnocline Dunaliella numbers
were lower by as much as 32% as compared with the
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Table 2. Mass balance of inorganic carbon, organic carbon, and carbon isotopes,
in the upper 7 m of the Dead Sea, calculated per m? of lake surface. Calculations
were based on the formation of an upper layer of 7 m as the result of mixing of
5 m of Dead Sea brine with 2 m of fresh water (in accordance with a 2-m rise in
water level and a o35 value of 168 at the end of the winter).

Component Weight  Total inorganic carbon  6'*C

(kg) (umolkg™") (mol) (%, vsPDB)
Inorganic carbon
5 m® Dead Sea brine 6175 860 5.311 1.6
2 m® Jordan water 2000 3537 7074  -172
7 m® (calculated) 8175 1515 12385  —34
7 m® (measured) 8175 1025 8.379 5.1
Difference 0 49 4.006 8.5
Particulate organic 270" —13.540.3°
carbon

¢ Estimated on the basis of particulate protein, for details on the calculation
see text.
b Average value for 5 biomass samples collected during the period 6 June—

22 September, 1992.

water layer immediately below, though the difference
in salinity indicates a dilution of 4% only (compare
also a decrease of 15% in bacterial numbers at 0-2 m
depth, as compared with 4-5 m).

Discussion

The present study documents the reappearance of
Dunaliella parva in the Dead Sea, after a period of
about ten years in which no primary producers were
found in the lake. After the Dunaliella bloom of 1980
(Oren & Shilo, 1982) no similar blooms developed
in the years 1981-1991. The reason of this can be
understood from the results of simulation experiments
in the laboratory and in outdoor tanks (Oren & Shilo,
1985). It was found that two conditions are required
for the development of Dunaliella in the Dead Sea
water: phosphate has to be available, and the salinity
of the brine should drop to o35 values below 210-
220 (compared with a value of about 235 in undiluted
Dead Sea water) (Beyth et al., 1993). Salinity values in
the Dead Sea are supraoptimal for the development of
Dunaliella. A similar phenomenon has been described
for Dunaliella in the Great Salt Lake, Utah (Brock,
1975). During 1981-1991 the salinity of the upper

water layers of the Dead Sea never reached o5 values
below 220 g cm~3, and Dunaliella did not grow.

Unprecedently heavy rain floods during the win-
ter of 1991-1992 caused a rise in the water level of
the Dead Sea by almost 2 m (Oren, 1993). The lake
became stratified again, with a pycnocline at a depth
of 4-5 m, isolating an upper layer of water with a spe-
cific gravity of 1.17-1.18 g cm™> during the months
April-June. As expected, Dunaliella developed again
in the Dead Sea, with peak population densities even
higher than those in 1980 (Fig. 4). As in previous
years, it was demonstrated that addition of phosphate,
in combination with a lowered salinity, are the factors
determining the rate and extent of the multiplication of
Dunaliella (not shown). Simultaneously with the algal
bloom, a mass development of bacteria was observed;
data on the nature and activities of this heterotrophic
community will be published elsewhere.

Reliable estimates of primary productivity in the
Dead Sea are still lacking. This is both due to logistic
reasons, but also to more fundamental questions with
respect to the methodology to be used. The common-
ly used methods to measure primary production are
based on incorporation of '*CO,, followed by filtra-
tion and determination of the amount of label retained
in the particulate fraction. These methods may lead to



a significant underestimation of the primary produc-
tion. Dunaliella cells are very fragile, and burst upon
filtration and drying of the filters (Goldman & Den-
nett, 1985), thereby releasing the intracellular glycerol
which may represent a substantial fraction of the new-
ly produced organic carbon. The few attempts that
have been reported in the literature to measure pri-
mary production in other hypersaline lakes dominat-
ed by Dunaliella, such as the Great Salt Lake, Utah
(Stephens & Gillespie, 1976) do not take this prob-
lem into account. We attempted in part of the exper-
iments (at the end of the year only) to overcome this
problem by collecting particulate matter from 20-mi
portions of water after incubation with NaH'*CO3 by
centrifugation, followed by removing of most of the
supernatant, acidification to remove non-incorporated
14C0,, and counting the remaining radioactivity. This
method (results not shown) gave results in the same
order of magnitude as those obtained with the filtration
method (Fig. 6).

Our estimates of primary productivity are based on
laboratory simulations, rather than on in sits incuba-
tions. Experiments were performed at 25 °C. For a
number of samples similar experiments were also per-
formed at 35 °C; CO, photoassimilation rates at 35 °C
were 80+30% of those at 25 °C. The light conditions
chosen for the experiments were a constant illumi-
nation, at an irradiance comparable with that during
mid-day at a depth of about 4 m, as based on light pen-
etration curves measured in the Dead Sea in 1980 (Oren
& Shilo, 1982), when algal and bacterial community
densities were comparable (Oren, 1983; Oren & Shilo,
1982). Due to technical reasons similar light measure-
ments were not performed in 1992. Thus, effects due
to differences in temperature and irradiance (including
possible photoinhibition effects in the upper meters)
were not taken into account.

For the calculation of CO; photoassimilation rates
we used measured values of 1025 zmol kg~ total inor-
ganic carbon in the upper water layers (= 1210 pmol
17! at gy5 = 180), and 860 umol kg™! in the deep-
er layers. The last value is close to that reported by
Stiller et al. (1985) (750 umol kg~! at a depth of 0.5 m
at a non-specified site in the Dead Sea in July 1984).
Total inorganic carbon values above the pycnocline are
higher as a result of dilution with fresh water with a
higher inorganic carbon content (Table 2). The value
of 2.5 mM inorganic carbon in the Dead Sea calculat-
ed by Sass & Ben-Yaakov (1977) on the basis of total
alkalinity titrations, and used by Oren (1981) for the
calculation of primary productivity values, is much too
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high, probably due to the high borate concentration in
Dead Sea water (E. Sass, personal communication). A
similar phenomenon was reported in a study on prima-
ry productivity in the Great Salt Lake, Utah (Stephens
& Gillespie, 1976).

Our estimate of primary productivity in the Dead
Sea (Fig. 6) during 1992 shows a maximum of
980 nmol C 1= h=! (11.8 mg C1=! h~!, or 142 mg
C 171 d~!, based on 12 h light per day), and an inte-
grated value of 0.66 g C m~2 d~!. These values may
be compared with primary productivity data on other
water bodies: characteristic values (ingCm~—2d ') are
for oligotrophic lakes 0.05-0.3, eutrophic lakes 0.6-8,
open ocean around 1, and coastal zones 0.5 to 3 (Mor-
ris, 1982). In the Great Salt Lake, Utah during blooms
of Dunaliella values of about 2.13 g C m~2 d~! were
reported (Stephens & Gillespie, 1976). Comparison
with data for Lake Kinneret (Berman, 1978) during a
bloom of the dinoflagellate alga Peridinium values of
25-4mgCm2d~ !, andupto0.9gCm3d~! were
reported (during the remainder of the year values were
between 0.8-1.2 g C m~2 d~!). Assimilation numbers
in lake Kinneret varied between 0.4 and 5 mg C mg
chlorophyll~! h™!, the lower values being measured at
the height of the bloom. For the Dead Sea we calculat-
ed values of around 0.41 mg C mg chlorophyll=! h~!
(May, during the Dunaliella bloom), and 0.05-0.13mg
C mg chlorophyll~! h~! for the secondary Dunaliella
maximum in September.

The 1992 Dunaliella bloom developed much earlier
in the season than the 1980 bloom, reached higher peak
values, but also declined much faster: at the end of June
1992 less than 40 cells ml~! were left in the upper
water mass. The causes of the decline are yet unclear,
and among the possibilities we can name autolysis,
sedimentation to the bottom of the lake, and predation
by protozoa. The last option is unlikely, as protozoa
have rarely, if at all, been seen in Dead Sea water
samples (Oren, 1988), and were not observed in 1992.
The finding of cyst-like structures during the decline
period suggests that Dunaliella may survive as resting
stages on the bottom of the lake, and this may also
explain the extremely rapid appearance of the alga as
soon as conditions for growth became favorable, in
spite of the fact that no living Dunaliella cells were
observed in the lake during the previous ten years.
The importance of resting stages of Dunaliella has
been suggested in other hypersaline ecosystems as well
(Borowitzka, 1981). In addition, Dunaliella has been
observed in saline springs on the shore of the lake, and
these also may serve as an inoculum.
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Of special interest is the additional decline in
Dunaliella numbers in the upper 2 m after the first
rain floods at the end of the year (Fig. 8, right pan-
el). As stated above, there is a greater decrease than
expected on the basis of dilution alone. One possible
explanation is the occurrence of damage to the cells
as a result of dilution. It has been reported that dilu-
tion of Dunaliella suspensions in Dead Sea water with
more than 20% fresh water caused a sharp decrease in
the number of cells remaining in suspension, and an
increase in the amounts of cells sinking (Dor & Doron,
1989). Whether the extent (4%) and the rate of the
dilution in our case was sufficient to elicit a similar
effect remains to be ascertained.

An unusual phenomenon, never reported before in
the Dead Sea, was observed at the end of the summer
of 1992: after the decline of the Dunaliella population
in the surface layer above the pycnocline, a renewed
development of Dunaliella occurred, but this time at
a depth of 6-10 m, at the lower end of the pycno-
cline. The nature of this deep maximum is far from
understood: at these depths the irradiance is very low,
due to the turbidity caused by the dense bacterial com-
munity present in the upper layers; measurements in
1980 showed a tenfold decrease in irradiance for every
two meters depth (Oren & Shilo, 1982). Moreover,
simulation studies have shown that at the salinities
present growth of Dunaliella is negligible (Oren &
Shilo, 1985). One hypothesis is that the development
of the algae in the deeper layers may be related to
the availability of nutrients — possibly phosphate. The
possibility can also not be excluded that the motile
Dunaliella cells maintain a diel migration, and may at
times be found closer to the surface, where the salinity
is lower and more light is available for photosynthesis.
However, for logistic reasons sampling was performed
only around noon.

The extent of biological activity in the Dead Sea
in its present state depends primarily on ‘catastroph-
ic’ unusual events of abundant rainfall in its catch-
ment area. Though it may be expected that a simplified
ecosystem like the Dead Sea, with only one prima-
ry producer, and a few heterotrophic bacteria, should
be relatively easy to understand, comparison of the
two bloom events of 1980 and of 1992 shows that our
understanding of the factors underlying the develop-
ment of the algal and bacterial communities is stiil
limited, in spite of the wealth of field and laboratory
data collected in the more than fifty years since indige-
nous life was first discovered in the Dead Sea.
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