








Microscopic examination of red saltern crystallizer brines 
shows the presence of massive numbers of a variety of 
microorganisms. Figure 2 shows a typical picture of such a 
microbial community, consisting of prokaryotic cells, often 
present in numbers as high as 2 x 107–108 ml-1 and 
sometimes even higher, as well as red-orange cells of the 
flagellate unicellular green alga Dunaliella salina, typically 
present in numbers of a few hundreds to a few thousands 
ml-1. The prokaryotic community is dominated by red 
Archaea of the family Halobacteriaceae (Oren 2006), and 
in many cases the most abundant type was reported to 
consist of flat, square or rectangular cells. Many such cells 
can be recognized in the left panel of Figure 2.  
 

 
 

Figure 2–Microorganisms from the crystallizer brine shown in  
Figure 1: Flat square halophilic Archaea resembling 
Haloquadratum walsbyi and other types of prokaryotes (left 
panel), and Dunaliella salina cells (right panels). Phase contrast. 
The bars represent 5 �m. The cells shown in the left panel had 
been concentrated by centrifugation, and therefore no gas vesicles 
are visible within haloarchaeal cells. Two small halite crystals are 
seen in the left panel. 

 
The world of halophilic microorganisms is very diverse 
(Oren 2002a, 2002b, 2002c, 2007), and different types of 
red, orange or purple pigments are found in many salt-
loving organisms. Many, often contradictory statements can 
be found in the literature about the reasons why salt-
saturated brines are red (see Oren et al. 1992). Some 
authors have attributed the color to the massive presence of 
�-carotene inside the Dunaliella cells. Others have argued 
that carotenoid pigments of the halophilic Archaea may be 
the main cause of the red coloration. Yet another idea, 
brought forward from time to time, is that retinal-containing 
proteins such as bacteriorhodopsin produced by some 
halophilic Archaea may be responsible for the color of 
saltern crystallizer ponds and other salt lakes. In most cases 
no experimental evidence has been provided to support the 
statements made, and the nature of the organisms present 
and their pigments was not further documented. As a result, 
considerable confusion still exists about the true nature of 

the optical effects caused by the presence of pigmented 
microorganisms in the brine. 
 
In this paper I will try to present an overview of our current 
understanding of the pigments that may contribute to the 
color of hypersaline brines and the microorganisms that 
harbor those pigments, and then assess to what extent these 
pigments indeed contribute to the intense color of saltern 
ponds such as the one shown in Figure 1. The conclusions 
are widely applicable. However, it should be realized that it 
is quite probable that the coloration of brines at different 
geographical locations and with different chemical and 
physical properties may be due to different types of 
pigments and different types of microorganisms. 
 
Dunaliella salina and its �-Carotene Content 

 

Dunaliella salina, first described from salterns near 

Montpellier in the south of France in 1838 and named in 

1905 (Oren 2005), is found worldwide in saltern 

evaporation and crystallizer ponds as well as in many 

natural salt lakes. Dunaliella is a unicellular eukaryotic alga 

that taxonomically belongs to the Chlorophyceae. Cells 

grown in the laboratory under low light and high nutrient 

concentrations are typically green because of their content 

of chlorophyll a and b. However, when exposed to stressful 

conditions of high light intensities and nutrient limitation, 

cells become colored orange-red due to the accumulation of 

large amounts of �-carotene. �-carotene has a characteristic 

absorption spectrum with a broad peak between 400 and 

500 nm and an absorbance maximum at 451 nm (Figure 3). 

The �-carotene is located in small globules within the 

interthylakoid space of the cell's single chloroplast (Ben-

Amotz et al. 1982, 1988). In some Dunaliella strains the 

pigment may be accumulated in quantities up to 8-10% of 

the cells’ dry weight and possibly even more. The oily 

globules contain a mixture of the all-trans and the 9-cis 

isomers of �-carotene, together with minor amounts of 

other mono-cis and di-cis stereoisomers (Ben-Amotz et al. 

1982). The higher the light intensities to which the cells 

have been exposed, the higher the ratio between the amount 

of the 9-cis to the all-trans form. 
 
The �-carotene content of Dunaliella is mainly determined 
by the total irradiance the alga receives during a cell 
division cycle. High light intensities, nutrient limitation 
stress or supraoptimal salt concentrations lead to a decrease 
in the amount of chlorophyll per cell and an increase in its 
�-carotene content (Ben-Amotz & Avron 1983; Lers et al. 
1990). Ultraviolet radiation also has a strong inducing 
effect on �-carotene biosynthesis. 
 

248

NREI Volume XV 2009



 
 

Figure 3–The principal orange, red and purple pigments encountered in the biomass of saltern crystallizer ponds, and their absorption 
spectra: the C50 carotenoid �-bacterioruberin of halophilic Archaea (family Halobacteriaceae), salinixanthin, the acylated C40-carotenoid 
glucoside of Salinibacter ruber, �-carotene accumulated by the unicellular green alga Dunaliella salina, and bacteriorhodopsin of 
Halobacterium and some other members of the Halobacteriaceae. 

 

Dunaliella  cells  that  have  accumulated  large  amounts  
of �-carotene tolerate much higher light intensities than 
green cells that had not synthesized major amounts of the 
pigment. The action spectrum of the photoprotection 
parallels the absorption spectrum of the carotenoid 
pigments (Ben-Amotz et al. 1989). The mechanism of the 
protective effect, however, is still not completely clear. It 
may be based on the destruction of singlet oxygen radicals 
produced during photosynthesis under high radiation. 
However, the �-carotene is located in globules within the 
interthylakoid space rather than in the thylakoids 
themselves, and the question should therefore be asked 
whether the distance between the carotene globules and the 
thylakoid-bound chlorophyll still allows effective 
quenching of chlorophyll-generated radicals. It is more 
probable that the carotene globules may protect the cells 
against high light damage by acting as a screen that absorbs 
excess radiation. 
 
The Carotenoid Pigments of Halophilic Archaea 

 
Most species of the halophilic Archaea (family 
Halobacteriaceae) are colored pink-red due to a high 
content of carotenoid pigments in their cell membrane. 
Only a few species in the group such as Natrialba asiatica 
do not show such a pink color. In some other species the 
extent of pigmentation depends on the salinity at which the 
cells had been grown: Haloferax mediterranei is only 

weakly pigmented at high salinity, but produces massive 
amounts of carotenoid pigments when incubated at 
suboptimal salinities. However, those species that appear to 
be most abundant in saltern crystallizer ponds and other salt 
lakes are all brightly colored, including the square 
archaeaon Haloquadratum walsbyi that is commonly found 
in salterns worldwide (Bolhuis et al. 2004; Burns et al. 
2004). 
 
Extracts of halophilic archaeal cells in organic solvents are 
pink and show absorbance maxima at 498 and 530 nm with 
a shoulder at 470 nm (Figure 3). This characteristic 
absorption spectrum is mainly due to the presence of C50 
straight-chain derivatives of �-bacterioruberin (Kelly et al. 
1970). Different derivatives of �-bacterioruberin are present 
as well, such as monoanhydrobacterioruberin and 
bisanhydrobacterioruberin (Kelly et al. 1970; Kushwaha et 
al. 1975). Several other derivatives have been found in 
minor amounts (Rønnekleiv et al. 1995). For a more 
complete account of the carotenoid pigments encountered 
in the group and their chemical structures see Oren 2002a 
and Oren 2006.  
 
Studies in the early 1960s using Halobacterium salinarum 

as a model organism have clearly shown the advantages 
that pigmentation provides to cells. Non-pigmented mutants 
can easily be isolated, and such mutant strains grow in the 
dark as well as the red-pink wild type, but when incubated 

249

ISSLR 10th International Conference & FRIENDS of Great Salt Lake 2008 Forum



at light intensities equivalent to full sunlight, the white 
mutants are rapidly outcompeted by the pigmented parent 
strain. The carotenoid pigments thus protect the cells 
against damage by excessive light (Dundas & Larsen 1962). 
The carotenoid pigments of Hbt. salinarum were also 
claimed to protect the cells against UV radiation and aid in 
photoreactivation (Wu et al. 1983). A protective role of 
bacterioruberin by providing resistance to agents that 
damage DNA such as ionizing radiation or hydrogen 
peroxide was also shown in Hbt. salinarum, a colorless 
mutant being more sensitive to such agents than the 
pigmented strain. The frequency of DNA strand-breaks 
induced by ionizing radiation (60Co �-rays) was 
significantly reduced by the presence of bacterioruberin 
pigments (Shahmohammadi et al. 1998). 
 
The Retinal Pigments of Halophilic Archaea 

 
The retinal pigments present in members of the 
Halobacteriaceae have received much interest since the 
structure and function of bacteriorhodopsin were elucidated 
in the early 1970s (Oesterhelt & Stoeckenius 1971). 
Halobacterium salinarum has four such retinal-containing 
proteins: the outward proton pump bacteriorhodopsin 
(maximum absorbance at 568 nm) (Figure 3), the inward 
chloride pump halorhodopsin (578 nm), and two sensory 
rhodopsins involved in light sensing for phototaxis: a sensor 
for green light (sensory rhodopsin I) to which the cells are 
attracted, and a sensor for blue light (sensory rhodopsin II) 
that acts as a repellant. Not all members of the 
Halobacteriaceae possess genes encoding all these retinal 
proteins. Many species lack bacteriorhodopsin; 
Haloquadratum walsbyi has two bacteriorhodopsins and 
one halorhodopsin, but lacks sensory rhodopsins, which 
would not be useful in these organisms that lack active 
motility (Bolhuis et al. 2006). Bacteriorhodopsin and 
halorhodopsin contain seven transmembrane helices with 
the retinal being covalently attached through the formation 
of a Schiff base between the aldehyde function of the 
chromophore and the �-amino group of a lysine residue in 
the seventh helix. In Hbt. salinarum, bacteriorhodopsin is 
organized in special patches in the cytoplasmic membrane 
(the ‘purple membrane’), while in certain other species the 
retinal pigments appear to be more evenly distributed over 
the cell membrane. More in-depth information on the 
biology, biochemistry, and biophysics of the haloarchaeal 
retinal proteins can be found in specialized reviews 
(Oesterhelt 1988; Lanyi 1990; 1993, Oesterhelt 1995; Lanyi 
1998; Lanyi & Luecke 2001; Oren 2002a). 
 
When bacteriorhodopsin is excited by light of a suitable 
wavelength, a complex photocycle is initiated that lasts 
about 10 milliseconds. During the process, the retinal group 
undergoes isomerization from the all-trans to the 13-cis 
isomer. In addition, the Schiff base between the retinal and 
lysine-216 is deprotonated and protonated again. As the 

proton is released at the outer side of the membrane but 
replenished from the internal side, the completion of the 
photocycle results in transport of a proton from the cell to 
the surrounding medium and the generation of a proton 
gradient across the cell membrane. This proton gradient can 
then drive the synthesis of ATP and other energy-requiring 
processes. Light can thus relieve energy starvation at low 
nutrient and low oxygen concentrations (Brock & Petersen 
1976), and even anaerobic photoheterotrophic growth is 
possible with light serving as the energy souce (Hartmann 
et al. 1980).  
 
Under suitable conditions Halobacterium salinarum 
produces large quantities of bacteriorhodopsin. The color of 
the culture then changes from red-pink or red-orange (due 
to the presence of bacterioruberin carotenoids) to purple. 
Genome sequencing (Ng et al. 2000) and molecular 
biological studies have contributed much to our 
understanding of the biosynthesis of bacteriorhodopsin and 
its regulation. Hbt. salinarum has a cluster of three genes: 
bop–the gene encoding the bacterio-opsin (the protein 
backbone of bacteriorhodopsin), brp–a bacterio-opsin-
related protein, and bat–the bacterio-opsin activator. 
Expression of the bop gene cluster is induced by low 
oxygen tension and by light (Shand & Betlach 1991), and 
much information has accumulated on the factors that 
influence the biosynthesis of the protein and of the retinal 
moiety, all coordinated in a regulon that reacts to changes 
in light intensity and oxygen concentration (Baliga et al. 
2001; DasSarma et al. 2001). 
 
In view of the obvious advantages that the possession of 
bacteriorhodopsin may bestow on halophilic Archaea, it is 
surprising that attempts to quantify its presence and 
importance in natural communities of halophilic Archaea 
have been so rare. The color of haloarchaeal blooms in 
salterns and natural salt lake is generally red-pink rather 
than purple. Occurrence of bacteriorhodopsin was reported 
in a community of Halobacteriaceae that developed in the 
Dead Sea in 1980–1982, and concentrations of the pigment 
were then estimated to be in the range of 0.6-0.7 nmol l-1 at 
the time the prokaryote community contained 4-5 x 106 
cells ml-1 (Oren & Shilo 1981). Indications were also 
obtained that this bacteriorhodopsin may have contributed 
to light-dependent fixation of CO2 fixation in a mechanism 
that still has not been fully elucidated (Oren 1983). Javor 
(1983) found 2.2 nmol l-1 bacteriorhodopsin in the archaeal 
community in the crystallizer ponds of the salterns of 
Exportadora de Sal, Guerrero Negro, Baja California, 
Mexico. Flash spectroscopy provided evidence for the 
presence of both bacteriorhodopsin and halorhodopsin 
activity in a community of halophilic Archaea in a shallow 
coastal hypersaline salt flat on the Sinai peninsula, Egypt 
(Stoeckenius et al. 1985).  
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Figure 4–Absorption spectra of brine samples and pigment extracts prepared from them. Brine was sampled from the crystallizer pond of 
the Israel Salt Company, Eilat, shown in  Figure 1. (A) Absorption spectrum of the brine, measured against water to which a small 
amount of milk was added to adjust for the turbidity of the sample. (B) Absorption spectrum of biomass concentrated from the brine by 
centrifugation. A portion of 360 ml of brine was centrifuged (30 min, 6000 x g), the pellet resuspended in 4 ml of supernatant brine, and 
the spectrum was recorded with supernatant brine as the blank. (C) Absorption spectrum of biomass from 50 ml of brine, collected by 
filtration on GF/C filters and extracted in 3 ml methanol/acetone 1:1 (vol/vol). (D) Absorption spectrum of biomass from 360 ml brine, 
collected by centrifugation (30 min, 6000 x g), followed by filtration on GF/C filters and extraction in 3 ml methanol/acetone. For 
explanations see text.  

 

The Carotenoid and Retinal Pigments of Salinibacter 

ruber 

 

Halophilic Archaea of the family Halobacteriaceae are not 

the only pigmented prokaryotes that can contribute to the 

red coloration of salt lakes and saltern crystallizer ponds. It 

was recently recognized that a rod-shaped, extremely 

halophilic representative of the domain Bacteria, phylum 

Bacteroidetes, may also be present in significant numbers 

in those environments in which red halophilic Archaea 

thrive. Salinibacter ruber, first isolated from Spanish 

saltern crystallizer ponds (Antón et al. 2002; Oren et al. 

2004) now appears to be distributed worldwide in salterns 

and salt lakes approaching halite saturation. Cultures of 

Salinibacter are orange-red, and contain one major 

hydrophobic pigment, salinixanthin, identified to be a novel 

type of acylated C40-carotenoid glucoside (Lutnæs et al. 

2002). Its absorption spectrum shows a peak at 482 nm and 

a shoulder at 506-510 nm (Figure 3). Presence of 

salinixanthin in the biomass collected from the salterns of 

Alicante, Spain, could readily be detected by HPLC 

analysis of the hydrophobic pigments extracted from the 

cells, and it was estimated that 5-7.5% of the total 

prokaryote-derived pigment extracted from those salterns 

originated from bacterial rather than from archaeal extreme 

halophiles (Oren & Rodríguez-Valera 2001). 
 

Analysis of the genome sequence of S. ruber (Mongodin et 

al. 2005) showed that, although Salinibacter is a 

representative of the Bacteria, it possesses genes 

homologous to haloarchaeal bacteriorhodopsin, 

halorhodopsin, and two sensory rhodopsins. While the 

functioning of the product of the putative halorhodopsin-

like gene as a chloride pump still has to be proven, it was 

shown that the product of the bacteriorhodopsin-like gene, 

termed xanthorhodopsin, indeed acts as a light-driven 

proton pump. Further analysis of photochemical processes 

in Salinibacter demonstrated that the carotenoid 

salinixanthin can transfer absorbed light energy with a high 

efficiency to the xanthorhodopsin proton pump (Balashov 

et al. 2005; Balashov & Lanyi 2007). Such direct energy 

transfer between membranal carotenoids and retinal 

proteins has never yet been demonstrated in Halobacterium 

or any of the other members of the Halobacteriaceae. The 

finding shows that, at least in some halophilic prokaryotes, 

the red-orange carotenoid pigments may have additional 
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functions beyond protection against high light intensities 

and scavenging of toxic free radicals and to prevent 

photooxidative damage. 
 
How Do the Different Microbial Pigments Influence the 

Color of Hypersaline Brines? 

  
As shown above, many different types of red, orange and 
purple pigments can be produced by halophilic 
microorganisms: �-carotene of Dunaliella, bacterioruberin 
carotenoids of the Halobacteriaceae, salinixanthin of 
Salinibacter, and the different retinal pigments: 
bacteriorhodopsin and halorhodopsin of haloarchaea and 
xanthorhodopsin and other retinal proteins of Salinibacter. 
The question should therefore be asked to what extent each 
of these pigments contributes to the color that we see when 
we look at red brines of saltern crystallizer ponds (Figure 
1), the North Arm of Great Salt Lake, and other similar 
environments colored by dense communities of halophilic 
microorganisms. 
 
The answer to the above question may appear simple and 
straightforward: a simple way to assess the contribution of 
each pigment could be the extraction of the pigments 
followed by measurement of the absorption spectrum of the 
extract. Yet, such a simple approach can easily lead to 
erroneous conclusions. This is clearly demonstrated by the 
following case study, based on the same saltern crystallizer 
brine shown in Figure 1 and its microbial communities 
illustrated in Figure 2. Microscopic enumeration of the 
biota  gave  numbers  of  280  Dunaliella  cells  and  about 
4 x 107 prokaryotic cells ml-1 in this brine. 
 
When brine from the crystallizer pond was collected by 
filtration on glass fiber filters that retain all or at least most 
of the biomass, and the filters were then extracted with 
methanol/acetone (1:1, vol/vol), all hydrophobic pigments 
(carotenoids, chlorophylls) are released, and the 
components of the resulting extract can be evaluated by 
measuring the absorption spectrum, if necessary followed 
by HPLC separation and characterization of each individual 
pigment fraction. While satisfactory for many purposes, 
such a protocol does not provide information on the 
presence of bacteriorhodopsin, halorhodopsin and other 
retinal proteins, which are not extracted by organic 
solvents. The resulting spectrum (Figure 4C) shows a very 
large peak of �-carotene (the broad absorbance maximum 
around 450 nm). Some bacterioruberin carotenoids are 
present as well, as witnessed by the small peak at 530 nm. 
The major bacterioruberin peak at 496 nm is hidden below 
the  large  �-carotene  peak.  The  absence  of  a  peak  at 
665-670 nm shows that the Dunaliella cells contained very 
little chlorophyll. Based on the spectrum shown in Figure 
4C the obvious   conclusion  would  be  that  Dunaliella-

derived  �-carotene contributes most to the light absorption 
by the brine and is mainly responsible for its color, and that 
the bacterioruberins of the halophilic Archaea add a minor 
contribution as well. 
 
An altogether different spectrum was obtained when the 
biomass was collected by centrifugation instead of by 
filtration. In this case the brine was centrifugated for 30 
minutes at 6000 x g, the pellet was resuspended in a small 
portion of brine, cells were then collected on glass fiber 
filters as described above, extracted with methanol/acetone, 
and the absorption spectrum recorded. The resulting 
spectrum (Figure 4D) looks like a nearly pure 
bacterioruberin spectrum (compare Figure 3), and no 
obvious contribution from �-carotene is seen. Microscopic 
examination of the cell pellet shows the reason: no 
Dunaliella cells are found in the pellet. Due to the high 
content of carotene globules the cells are lighter than the 
brine, and they float upwards rather than sink during 
centrifugation. When the pellet obtained after centrifugation 
is resuspended in brine rather than extracted in organic 
solvent, and the in-vivo absorption spectrum measured 
against brine cleared of particles (Figure 4B), no straight 
baseline is obtained. The particles in the suspension not 
only absorb light but also cause a considerable light-
scattering effect. As light scattering is wavelength-
dependent, much higher optical densities were measured in 
the blue part of the spectrum than in the red part. The peaks 
that rise out of the baseline are those of bacterioruberin 
pigments. No prominent peak in the area of 570-580 nm is 
seen, and this proves that bacteriorhodopsin and 
halorhodopsin do not greatly contribute to the color of the 
cells (note that in the sample of Figure 3B such pigments 
would have been preserved, while the treatments applied in 
Figure 3C and 3D did not extract retinal proteins).  
 
When finally a spectrum was made of brine that was neither 
filtered not centrifugated, and a correction was made for 
sample turbidity and light scattering by adjusting the 
scattering properties of the water blank with a small amount 
of milk, the true in vivo spectrum of the crystallizer pond 
biomass was obtained (Figure 4A). Surprisingly, this 
spectrum resembles that of halophilic Archaea and their 
bacterioruberin carotenoids, and no contribution of 
Dunaliella �-carotene is noticeable. This is unexpected, as 
�-carotene was the most abundant pigment in the biomass 
(compare Figure 4C). The reason why these large amounts 
of �-carotene contribute so little to the optical properties of 
the brine is the location of the pigment inside the cells. The 
haloarchaeal pigments are distributed more or less evenly 
over the entire cell membrane. This, and the fact that the 
halophilic Archaea are so abundant in the brine (4 x 107 
cells ml-1), enables the bacterioruberin pigments to absorb 
light, and the resulting spectrum is therefore that of the 
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haloarchaeal carotenoids. Dunaliella cells are rare (only 
about  280  cells  ml-1),  and  their  massive   amount   of   
�-carotene is densely concentrated in tiny globules within 
the chloroplast. In this way the pigment contributes very 
little to the overall optical properties of the brine. When, 
however, the algal carotene is extracted with organic 
solvents, it becomes obvious how much had been 
accumulated in the Dunaliella chloroplasts (Oren et al. 
1992; Oren & Dubinsky 1994). 
 
FINAL CONCLUSIONS  

 
1.  Different  pigments  may  contribute  to  the color of 
red   brines   in   salt   lakes:   the   50-carbon   carotenoid  
�-bacterioruberin and derivatives synthesized by halophilic 
Archaea of the family Halobacteriaceae, the 40-carbon 
carotenoid �-carotene that is accumulated within the 
chloroplast  of  the  alga  Dunaliella salina, the acylated 
C40-carotenoid glucoside salinixanthin of the recently 
discovered Salinibacter ruber (Bacteroidetes), and the 
membrane-bound retinal-containing proteins 
bacteriorhodopsin and halorhodopsin, found in many 
representatives of the Halobacteriaceae as well as in 
Salinibacter. 
 
2.  In solar saltern crystallizer ponds and probably in many 
natural hypersaline salt lakes as well, �-carotene of 
Dunaliella is the most abundant pigment, and its presence 
dominates the absorption spectrum of biomass extracted 
with organic solvents that dissolve hydrophobic pigments.  
 
3.  However, the color of the brine is, at least in many 
cases, not primarily due to the algal �-carotene but rather to 
the presence of archaeal bacterioruberin pigments. This is 
due to different location of the pigments involved. 
Halophilic archaea are found in large numbers in the brines, 
and the bacterioruberin pigments are in most cases evenly 
distributed over the entire cytoplasmic membrane. On the 
other hand, the number of Dunaliella cells is several orders 
of magnitude lower, and in these cells the pigment is 
densely concentrated within globules located between the 
thylakoids of the chloroplast. Thus the pigment contributes 
only little to the optical properties of the brines, and its 
quantity becomes apparent only upon extraction with 
organic solvents. 
 
4.  Presence of retinal pigments (bacteriorhodopsin, 
halorhodopsin, sensory rhodopsins) within the natural 
community of halophiles in salt lakes has only rarely been 
quantified. Such pigments have occasionally been shown to 
be present, but in vivo absorption spectra of the biomass 
collected from natural brines never showed a prominent 
absorption peak that can be attributed to such retinal 
proteins. 

5.  Presence of the acylated C40-carotenoid glucoside 
salinixanthin, a red-orange pigment found in the recently 
discovered red extremely halophilic bacterial species 
Salinibacter ruber, can be demonstrated at least in some 
salt-saturated hypersaline brines. Quantitatively its 
contribution to the pigmentation was always found to be a 
minor one in comparison with the amount of 
bacterioruberin pigments from the halophilic Archaea that 
inhabit the same brines. 
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Artemia franciscana is one of the two Artemia species that 

are found in the New World with a wide distribution in the 

American continent. Commercially available cysts mainly 

originate from Great Salt Lake, Utah and from San 

Francisco Bay, California. Cysts from the latter have been 

used in many (deliberate or not) inoculations around the 

world. These two populations show a number of 

differences (i.e., in diapause deactivation treatment or in 

temperature    tolerance)    supporting    the    notion    that   

A. franciscana is a “superspecies”. In addition, evidence 

from morphological, karyological, electrophoretic, and 

DNA sequencing data has shown significant sub-

structuring and differentiation within A. franciscana. In 

this work, the second p26 intron was studied in order to 

trace the “hidden diversity” within the A. franciscana 

complex and to evaluate its utility as a population-specific 

marker for various applications. Ten A. franciscana 

populations from USA, Chile, Brazil, and Vietnam were 

screened and the sizes of the amplicons revealed six 

different genotypes (Table 1). Primer design was based on 

the conserved regions of the second and third exons of p26 

gene sequences of A. franciscana (GenBank accession 

numbers DQ310577, DQ310575 and AF031367). BLAST 

searches confirmed the identity of the PCR product on the 

basis of detected similarities with second and third exons 

of p26 sequences from other Artemia representatives. San 

Francisco Bay yielded a single fragment of ~1500 bp 

(using 1.8% agarose gels and visualized under UV light) 

whereas Great Salt Lake showed two patterns, namely 

~2000 bp and 2000/1500 bp. Populations that are known to 

originate from San Francisco Bay inoculated material, 

such as MAC (Macau, Brazil) and VC (Vinh Chau, 

Vietnam), showed the same genotype as the source 

population. Among the six Chilean populations studied, 

substantial heterogeneity in genotypic profiles was 

revealed (Table 1). Populations CHA, LLA, LVI, and IQU 

were monomorphic while observed heterozygosity values 

for CON and CEJ were 0.45 and 0.49, respectively. The 

same estimate for the GSL population was 0.55. For the 

whole data set, 30 of 45 comparisons for population 

differentiation showed significant (p < 10-5) heterogeneity 

in allele frequencies. Twenty single-pair crosses between 

Great  Salt  Lake  (~2000 bp)  and  San  Francisco  Bay 

(~1500 bp) were performed and screened with the p26 

marker in order to confirm the pattern of inheritance. 

Although preliminary, our results indicate that both fixed 

differences and polymorphic patterns exist in p26 

genotypes within the A. franciscana complex. The 

developed marker seems to be of diagnostic value in stock 

identification as shown by the obtained genotypes in feral 

populations (MAC, VC). The p26 gene could be 

informative in population genetic surveys investigating 

levels of variability, population structure and 

differentiation, and patterns of gene flow. The obtained 

genetic   diversity   estimates   reflect   a   common   fact  

in  A. franciscana populations which is a trend towards the 

maintenance of high levels of genetic variability in their 

gene pools and great interpopulation genetic heterogeneity. 
 
Table 1–Numbers of individuals (N) with different p26 genotypes in the examined Artemia franciscana populations (SFB: San Francisco 
Bay, California, USA; GSL: Great Salt Lake, Utah, USA; CHA: Chaxas, Chile; CON: El Convento, Chile; LLA: Llamara, Chile; LVI: 
Los Vilos, Chile; IQU: Iquique, Chile; CEJ: Cejas, Chile; VC: Vinh Chau, Vietnam; MAC: Macau, Brazil). 
 

SFB GSL CHA CON LLA LVI IQU CEJ VC MAC 

N 48 23 28 38 33 5 3 10 18 40 40 30 8 13 20 65 25 

2000 bp  - -   - -  -    -  -   
1500 bp -  - -   - -   - -  - - - - 
1400 bp     -   - - -        
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ABSTRACT 

 

A roundtable discussion was held on Monday, 12 May 

2008, following the sessions on ‘Microorganisms in 
Hypersaline Environments’ at the 10

th
 Conference on Salt 

Lake Research & 2008 FRIENDS of Great Salt Lake Issues 

Forum, University of Utah, Salt Lake City. Among the 

aspects discussed were: 1. The gap between our knowledge 

of the microorganisms isolated in culture and the true 

microbial diversity as apparent when using culture-

independent techniques, in most cases based on the 

characterization of small subunit ribosomal RNA genes; 2. 

The metabolic diversity of the microorganisms inhabiting 

saline and hypersaline lakes and the lack of information to 

what extent the metabolic potential of the microbiota as 

apparent from culture studies or detection of functional 

genes is realized in the environment; 3. The limited 

understanding of the diversity of algae, bacteriophages and 

protozoa in hypersaline lakes and their relative importance 

of such microbial predators and grazing animals on the 

regulation of the microbial community sizes in such lakes; 

4. The impact of high throughput “-omics” technologies for 

assessing the diversity and metabolism of hypersaline 

environments. In recent years a number of comprehensive 

studies were performed in selected hypersaline 

environments by large interdisciplinary teams of scientists. 

Such studies contribute invaluable information to define the 

nature and function of the microbial communities in such 

environments. However, the inability to independently 

grow specific organisms compared to the genetic diversity 

revealed by non-cultivation techniques indicates that 

additional work is needed to develop and define in vitro 

cultivation conditions. More of such studies are needed, 

with the appropriate funding, to solve the basic questions 

relating to the importance of microorganisms in saline lakes 

and other hypersaline ecosystems. 

INTRODUCTION 

 
During the 10

th
 Conference on Salt Lake Research & 2008 

FRIENDS of Great Salt Lake Issues Forum, held at the 
University of Utah, Salt Lake City, a session of eight talks, 
accompanied by a number of posters, addressed the 
microbial diversity of saline and hypersaline lakes and other 
hypersaline ecosystems. Among the environments 
discussed were Great Salt Lake (Utah), the Salton Sea 
(California), the Dead Sea (on the border between Israel 
and Jordan), Tuz Lake (Turkey), Lonar Lake (India), solar 
salterns, and Permian halite deposits. Following the oral 
presentations on Monday, 12 May, a roundtable session was 
held, in which different aspects relating to the diversity and 
activities of microorganisms in hypersaline environments 
were discussed, attempting to place the information 
presented in the individual talks in a more general context. 
Below we present a summary of the main items discussed 
and the conclusions reached during this roundtable session. 
 
What Microorganisms are the Main Players in Salt 

Lakes and Other Hypersaline Environments? Culture-

Dependent Versus Culture-Independent Approaches 

 
It is surprising at what high rate new species of halophilic 
and halotolerant bacteria are being described in recent 
years, not only in absolute numbers (Oren 2008) but also 
relative to numbers of novel non-halophiles. Out of the 528, 
593, and 631 names of species of prokaryotes (Archaea and 
Bacteria combined) that were validly published in 2005, 
2006, and 2007 according to the rules of the International 
Code of Nomenclature of Prokaryotes (numbers derived 
from www.bacterio.cict.fr), at least 37, 39 and 74 refer to 
organisms that have their optimal growth above seawater 
salinity; thus, over 8.5% of all newly named prokaryotes 
are halophiles according to this definition. Hence, 
hypersaline environments and halophilic microorganisms 
are becoming increasingly popular research targets, 
especially in Asia.  
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The number of completed or nearly completed genome 

sequences of halophiles is also rapidly rising, which 

provides new information about the genetic diversity and 

metabolic potential never realized before. The first 

halophilic archaeal genome to be sequenced was 

Halobacterium strain NRC-1 (Ng et al. 2000), followed by 

Haloarcula marismortui and Haloferax volcanii from the 

Dead Sea, Halorubrum lacusprofundi from Deep Lake, 

Antarctica, the flat square Haloquadratum walsbyi from 

Spanish salterns (Bolhuis et al. 2006), and the alkaliphilic 

Natronomonas pharaonis from the soda lakes of Wadi 

Natrun, Egypt. To date, genomes of 17 isolates of 

Halobacteriales are completely closed and are ready for use 

in identifying untold diversity in hypersaline environments 

(Liolios et al. 2008; www.genomesonline.org). In the 

domain Bacteria the genome sequence information on the 

extremely halophilic red Salinibacter ruber was published 

(Mongodin et al. 2005), and the same is true for the 

moderately halophilic Chromohalobacter salexigens, also 

isolated from solar salterns. Genomic sequences expected to 

be completed released in the coming year include the 

anaerobic thermophilic halophile Halothermothrix orenii 

isolated from a salt lake in Tunisia and the eukaryotic brine 

alga Dunaliella. 
 

The rapid increase in our understanding of the microbial 

diversity in hypersaline systems is due to the intensive use 

of genetic tools that provide additional dimensions for 

assessing diversity without the need to culture organisms. 

In recent years, DNA isolation techniques from 

environmental samples have greatly improved and are no 

longer the limiting factor. The discovery of unique genes 

and organisms has fueled even more interest in hypersaline 

environments. Application of molecular methods, in most 

cases based on the characterization of small subunit 

ribosomal RNA genes (16S rRNA for prokaryotes, 18S 

rRNA for eukaryotes) amplified directly from DNA 

isolated from the biomass shows that most sequences 

recovered have no equivalent in the database of known 

species. The results are indeed typical of all such whole-

environment genetic studies. The application of 16S rRNA-

based culture-independent techniques to hypersaline 

environments was pioneered by Benlloch et al. (1995) in 

the salterns of Alicante, Spain, and has since been applied 

to a variety of environments: saltern ponds (Benlloch et al. 

2002; Legault et al. 2006), Mono Lake, California 

(Humayoun et al. 2002), Great Salt Lake, Utah (Baxter et 

al. 2005), and the Great Salt Plains, Oklahoma (Kirkwood 

et al. 2008). This was a key discussion point of the 

symposium that indicated additional work is needed to 

bring concordance to the organisms found thus far. The 

diversity detected using such approaches depends to a large 

extent on the money available for sequencing; if funding is 

appropriate, very large numbers of novel 16S rRNA 

sequences can be retrieved, as is shown by the study by 

Humayoun et al. (2002) in Mono Lake.  

 

Initial use of the Phylochip to detect microbes in air (Brodie 

et al. 2007), with the potential to detect over 9000 groups of 

microbes based on the 16S rRNA gene sequence offers a 

new option to examine the diversity of hypersaline 

environments. Use of this technology in Great Salt Lake 

dramatically expanded the view of the level of diversity that 

may exist independent of culturing. The true value of this 

approach remains to be realized, but the preliminary data 

look very exciting and worth pursuing.  

 

The combination of culture-dependent and culture-

independent techniques has provided the basis for our 

current understanding of microbial diversity in high-salt 

environments (for an overview see e.g. Oren 2002a, 2002b, 

2007). Molecular, culture-independent techniques, when 

properly applied, can provide information on the nature of 

the often yet uncultured dominant microorganisms in the 

environment. The information thus obtained can be used to 

specifically search for conditions to cultivate and study 

these organisms if enough sequence is acquired to predict 

some of the nutritional requirements and genetic regulation 

mechanisms. This approach has recently been successful in 

two important cases, with the isolation and characterization 

of both the square, gas-vacuolate archaeon Haloquadratum 

walsbyi (Burns et al. 2007) and the rod-shaped red 

Salinibacter ruber (Antón et al. 2002), both from solar 

salterns. A study in Australian saltern crystallizer ponds 

showed that with appropriate techniques and much 

patience, many members of the Halobacteriaceae present in 

the brines can be cultured (Burns et al. 2004). Extensive 

subculturing in liquid media is necessary as isolation on 

solid agar is not possible for some species.  

 

The authors of this roundtable discussion summary suggest 

that the best approach is a combination of both cultivation-

dependent and cultivation-independent methods–to fully 

characterize the microbial communities in salt lakes and 

other hypersaline environments. Environmental sequences 

alone without culture-based characterization will not 

adequately advance understanding of the causes of 

diversity, but can direct culture efforts toward the isolation 

of yet uncultivated microbes. 
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Metabolic Potential and In Situ Metabolic Activities of 

Microbial Communities at High Salt Concentrations 

 

More important than the phylogenetic diversity of the 

species of halophilic microorganisms present in salt lakes is 

the function these microorganisms perform in the 

ecosystem. Here our understanding is still rather limited. 

One popular experimental approach is to look for the 

metabolic potential of the community, and this can be done 

in a number of ways. The potential of the community (or of 

selected isolates obtained from the community) to degrade 

any of a large number of carbon sources can provide 

information on processes that the community can 

theoretically perform. The Biolog® system enables high-

throughput testing of a large number of carbon sources. 

Some modification of the standard protocol may have to be 

applied when high salt concentrations are present, but 

overall this assay has proved successful in a number of 

hypersaline systems (Litchfield et al. 2001). Alternatively, 

one may use “metabolomics”, a set of exploratory 

LC/MS/MS techniques to examine the small molecules 

present in an environmental sample. This approach is 

littered with pitfalls that are largely due to ensuring 

accurate identification of the molecular mass with the 

database of identifiers. Nevertheless, metabolomics is an 

important method to apply in understanding the metabolic 

potential of hypersaline environments since relatively few 

of the organisms are available in vitro to serve as models 

for metabolic study.  

 

Molecular techniques have in recent years extended our 

knowledge about the metabolic potential of microbial 

communities. Detection of “functional” genes specific for 

certain metabolic processes can be used to assess the 

presence or absence of certain groups of microorganisms or 

of certain biochemical pathways. The water column of 

Mono Lake, California has been a popular environment for 

testing this approach. Genes used for this purpose include 

ribulose bisphosphate carboxylase/oxygenase involved in 

autotrophic fixation of carbon dioxide (Giri et al. 2004), 

ammonia monooxygenase, the key enzyme of autotrophic 

oxidation of ammonia to nitrite (Ward et al. 2000), bisulfite 

reductase as an indicator for the presence of bacteria 

performing dissimilatory sulfate reduction, and genes 

involved in the methanogenic pathway (Scholten et al. 

2005). 

 

Analysis of genome libraries generated from DNA isolated 

from the environment can provide much more extensive 

information, and the recently developed “Geochip” which 

contains probes for over 4000 functional genes from (non-

halophilic) Bacteria, is currently being tested to study of the 

potential metabolic diversity in hypersaline environments. 

The chips were designed for use in soil, specifically for 

bioremediation applications. Their use in hypersaline 

ecosystems may necessitate redesign. Future Geochips may 

need to include probes specific for archaeal and more 

diverse biochemical pathways that may play roles in 

hypersaline metabolism. Many halophiles (notably the 

Halobacteriaceae, but also Salinibacter and possibly the 

anaerobic fermentative Halanaerobiales as well) contain a 

large excess of acidic amino acids in their proteins, and this 

should of course be reflected in the nucleotide sequence and 

codon usage of the encoding genes, so that gene probes 

based on relatively well-conserved genes from non-

halophiles may not always react with the homologous 

halophile gene. A conclusion of the session was that it may 

be time to redesign some of the high-throughput techniques 

to include more probes for Archaea and for halophilic and 

halotolerant algae in addition to the eubacterial probes that 

are well known and used extensively on the Geochip. 

 

In evaluating the function of metabolic activity in a 

microbial community, one must assess to what extent the 

potential, as evaluated using DNA-based techniques or 

from culture-dependent laboratory studies, is indeed 

realized in the environment. It is sometimes stated that “If 

you’ve got it, you’re using it”, thus assuming that the 

possession of one or more of the key genes for a certain 

metabolic pathway is sufficient to prove that that metabolic 

pathway indeed is operative in the organisms or in the 

community in situ. There is no a priori justification for 

such a statement in environments that are not extreme. 

However, in extreme environments, the parameters are 

narrower, and this statement may be insightful in realizing 

that specific metabolites are hallmarks of that location and 

they can only arise via a single or a limited number of 

mechanisms. Testing for the microbial conversions to occur 

in salt lakes under field conditions is always much more 

difficult than demonstrating presence of the genes 

necessary for such conversions. Studies that go all the way 

to prove that the genetic potential is realized in the 

environment are unfortunately very rare. 

 

An interesting case in this respect is the recent finding of 

amoA genes, encoding the key enzyme of autotrophic 

nitrification, in the nearly salt-saturated North Arm of Great 

Salt Lake, as reported at the conference. Theoretical 

considerations based on thermodynamic calculations make 

it improbable that autotrophic nitrification can function at 
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such high salt concentrations (Oren 1999, 2001). If indeed 

it can be proven that ammonia is oxidized to nitrite at 

measurable rates in Great Salt Lake brines, this would 

necessitate a change in our concepts on how nitrifying 

bacteria function or indicate that new biochemical 

mechanisms are yet to be discovered in these environments. 

In that case special efforts should be made to isolate the 

organism(s) responsible for the process (which is not easy, 

as even non-halophilic nitrifiers are notoriously difficult to 

grow), but only in that way can we extend our 

understanding and assess why the earlier theoretical models 

may not apply for Great Salt Lake nitrifiers. 

  

Molecular biology techniques may help here in the future as 

well. For example, if we can assess the expression of amoA 

genes within the microbial community by quantifying 

mRNA levels, then we will have additional evidence that 

the genes are being transcribed. Still, the final proof will be 

the direct measurement of the enzyme activity itself. 

Techniques of metabolomics have not yet been extensively 

applied to hypersaline environments, but such techniques 

which assay specific metabolites in the field do have a 

considerable potential for revealing processes performed by 

the microbial community present. The potential impact of 

lateral gene transfer from one organism to another (or from 

phage) is hard to calculate, but in environmental 

metabolomics or genomics, where one is examining the 

broad view of processes occurring within the whole 

microbial community, this is not a concern. 

 

Bacteria in the Food Chain of Hypersaline Lakes 

 

It is clear that prokaryotes–Bacteria as well as Archaea–

form an essential link in the food chain in saline and 

hypersaline environments. While we have a reasonably 

good understanding of the factors that promote 

development of halophilic and halotolerant prokaryotes, we 

know much less about the factors that may cause their 

decline: formation of non-culturable states, predation by 

protozoa, predation by higher animals, and lysis by 

bacteriophages. 

 

Our knowledge of protozoa preying on prokaryotes and 

algae at the highest salinity is very limited. Comprehensive 

studies of the microbial food web along the salinity gradient 

in a Spanish saltern showed that the higher the salinity, the 

less important protozoa become in regulating prokaryote 

community densities (Pedrós-Alió et al. 2000; Joint et al. 

2002). In spite of this, there is a long list of heterotrophic 

ciliate, flagellate and amoeboid protozoa that have been 

observed to occur at high salinities (Hauer & Rogerson 

2005). The recent finding of flagellate protozoa preying on 

prokaryotes in solar saltern crystallizer brines in Korea 

(Park et al. 2003) shows that a reevaluation of the role of 

protozoa in saline and hypersaline lakes is warranted. 

 

In spite of the abundance of brine shrimp species (Artemia 

spp.) in many salt lakes worldwide, we know little about the 

importance of these brine shrimps in regulating prokaryote 

community densities. Recently a number of studies have 

been initiated to examine the nature of the prokaryotes 

associated with Artemia and its intestinal system.  

 

At the highest salinities bacteriophages appear to be more 

important in regulating community densities of halophilic 

Archaea and Bacteria than are protozoa (Pedrós-Alió et al. 

2000). Only few studies have thus far been devoted to the 

diversity of bacteriophages in saline and hypersaline lakes. 

Following a bloom of red halophilic Archaea in the Dead 

Sea in 1992–1993, virus-like particles abounded in the 

water column, outnumbering prokaryote cells by an order 

of magnitude (Oren et al. 1997). Some characterization of 

bacteriophage numbers and properties has also been 

performed in Mono Lake (Jiang et al. 2004), in the Salton 

Sea (Wood et al. 2002), and in Spanish solar salterns (Diez 

et al. 2000). However, our understanding of the biology of 

these phages and their interrelationships with the 

prokaryotes they infect is in most cases very limited. 

 

The Importance of Interdisciplinary Studies to Advance 

our Understanding of the Microbial Ecology of Salt 

Lakes 

 

In recent years there have been a number of comprehensive 

studies in which single hypersaline environments were 

studied simultaneously by large interdisciplinary teams of 

scientists. Such studies, which applied a wide range of 

complementary approaches on the same environment and 

the same samples, have contributed invaluable information 

on the nature and functioning of the microbial communities 

in such environments much more than a large number of 

isolated studies could have done. 

 

The MIDAS (‘Microbial Diversity in Aquatic Systems’) 

workshop, held at the salterns of Santa Pola, Alicante, 

Spain in May 1999 and sponsored by the European Union, 

presents a beautiful example of what can be achieved when 

a number of international research teams, each with its own 

expertise, work together to learn about the microbiology of 

a hypersaline environment. Publications emerging from that 
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workshop have dealt with the prokaryotic genetic diversity 

along the salinity gradient using different approaches 

(Benlloch et al. 2002; Casamajor et al. 2002), viral diversity 

along the salt gradient (Diez et al. 2000), the diversity of 

planktonic photoautotrophic microorganisms (Estrada et al. 

2004), assessment of primary production, nutrient 

assimilation and microzooplankton grazing (Joint et al. 

2002), and evaluation of the factors that control 

heterotrophic prokaryotic abundance (Gasol et al. 2004). 

Moreover, the samples collected from the crystallizer ponds 

during that workshop have yielded some of the first isolates 

of Salinibacter ruber, the novel type of extremely 

halophilic bacteria phylogenetically affiliated with the 

Bacteroidetes but physiologically closely resembling the 

archaeal family Halobacteriaceae (Antón et al. 2002). 

 

The ‘Microbial Observatories’ program, initiated by the 

U.S. National Science Foundation, has enabled more such 

studies to be made in hypersaline environments. Studies in 

the Great Salt Plains, Oklahoma in recent years have shown 

how much novel information can be obtained when 

properly funded. The scientific output thus far includes 

papers on the characterization of halotolerant aerobic 

heterotrophic bacteria from the Great Salt Plains (Caton et 

al. 2004), carbon substrate utilization, antibiotic sensitivity, 

and numerical taxonomy of bacterial isolates (Litzner et al. 

2006), aerobic biodegradation of aromatic compounds by 

the halophilic communities (Nicholson & Fathepure 2005), 

DNA-repair potential of Halomonas spp. isolated from the 

from the ecosystem (Wilson et al. 2004), a novel 

bacteriophage (Seaman & Day 2007), and diversity of 

diatoms (Potter et al. 2006), cyanobacteria (Kirkwood et al. 

2008) and other algae (Henley et al. 2006). 

 

More such studies are needed in other salt lakes and other 

salt-stressed ecosystem, with appropriate funding, to solve 

the basic questions relating to the importance of prokaryotic 

and eukaryotic microorganisms in saline lakes and other 

hypersaline ecosystems. Studies of interdependence 

between photoautotrophs and heterotrophs could be of 

particular value. 
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ABSTRACT 

 

Minutes of a session of the joint meeting of the 10th 
International Conference on Salt Lake Research & 
FRIENDS of Great Salt Lake Issues Forum summarize and 
categorize approximately 150 comments made by 80 
participants on lessons learned for setting research agendas 
for saline lakes. Successful research agendas for saline 
lakes appear to have three components: strong science, 
proactive communication, and sufficient support. This 
paper summarizes diverse perspectives expressed during 
the working session.  
 

INTRODUCTION 
 
On May 15, 2008, eighty attendees of the 10th ISSLR 
conference shared perspectives concerning the reasons 
why some saline lakes research programs succeed and 
others fail. The session was prompted by a desire to learn 
from each other and by the immediate need of the State of 
Utah for guidance to prioritize research needs for Great 
Salt Lake. The ISSLR working session did not focus on the 
relative merit of specific research objectives but focused 
on lessons learned on how to set research agendas. This 
short report does not attempt to analyze participants’ 
perspectives or to evaluate the efficacy of this working 
session compared to attempts of similar nature.  
 
After brief introductory remarks exhorting participants to 
set aside their personal projects and to think as decision 
makers, work-session attendees divided into groups of 2-8 
people, designated a scribe for their group, and 
brainstormed three questions: (1) what has worked, (2) 
what has not worked, and (3) what advice they had with 
respect to setting research priorities for saline lakes. After 
an hour of lively discussion, attendees reconvened for a 20 
minute committee of the whole and scribes reported group 
insights. The following compendium of comments 
includes inconsistent, even contradictory, comments. It is 
intended as shared, wisdom from a diverse group of 
individual researchers and managers who have observed 
successes and failures of science and public policy. It does 
not represent consensus of the working session 
participants, the conference leaders, the ISSLR, or even the 
author’s views. Comments from scribes were abbreviated 
and organized in three general categories: comments with 
respect the scientific substance of research; comments with 

respect to communication of research needs and findings; 
and comments with respect to obtaining sufficient funding 
for research programs. The scribes attempted to capture the 
substance of participant comments in the following 
listings, but both scribes and the author recognize they 
may not have fully communicated subtleties of participant 
insights.  
 
DISCUSSIONS 

 
Context: Every saline lake is unique. Different lakes 
require different research approaches. Research related to 
different saline lakes is at different stages. Long- and 
short-term research goals should be framed for the 
physical conditions, socioeconomic conditions, and 
management needs of a specific lake. However, saline 
lakes share sufficient commonalities that colleagues can 
learn from successes of well-funded, science-driven 
programs, and perhaps avoid pitfalls of unsuccessful 
research programs. Participants recognized and did not 
enumerate the variety of values and variety of threats 
facing saline lakes.  
 
What has worked to successfully achieve the scientific 

objectives of research programs: establish long-term 
research goals; develop a clear picture of the 
hydrogeomorphic conditions of a system; understand mass 
balances (quantity and quality); know where water comes 
from, where and how it is stored, and where it goes; take 
time to identify key substantive issues and assure that 
research addresses the highest priority issues; invest in 
baseline monitoring because monitoring is essential for 
analyses of change; plan long-term integrated land 
management of entire catchment areas; attempt to 
understand the system as a whole; encourage collaborative 
cross-disciplinary studies; encourage expert-driven full-
lake oriented studies that produce general knowledge of a 
saline lake; and conduct retrospective analyses to evaluate 
research quality and applicability. 
 
What has worked to facilitate communication: hold 
coordination meetings of technical researchers; seek public 
participation; consult with decision makers and diverse 
stakeholders; assure proper diagnosis of stakeholders; 
disseminate research and policy results to the public; seek 
multidisciplinary input through workshops and meetings to 
apply scientific perspectives to technical, political, and 

265



social challenges; develop bottom-up approaches with 
input from front-line managers and local researchers; use 
web-sites to share research and news; apply geospatial 
tools to store, display, interpret, and communicate results 
of scientific studies to wide ranges of scientists, 
stakeholders, and managers; use landscape analysis as a 
way to transfer knowledge of hydrogeomorphic settings; 
and apply technically-based and agreed-upon methods and 
communicate technical results.  
  
What has worked to successfully obtain financial and 

societal support: take advantage of eco-disasters, make 
positive use of crises; fund applied studies that produce 
general knowledge of a saline lake; litigate or threaten 
litigation such as evocation of the public trust doctrine; 
have a point-agency whose mission is the lake and all its 
stakeholders; find, educate and nurture powerful 
“champions” who support the research; and address “low 
hanging fruit” meaning make early easily-attained progress 
on issues of immediate interest to stakeholders. 
 
What has undermined achieving the scientific 

objectives of saline lake research: not coordinating 
efforts; setting too many top priorities (it’s the same as 
having no priorities); not sufficiently planning or 
allocating sufficient resources or time to do the work; 
failing to manage expectations of scientists, managers and 
stakeholders; not acting because of overwhelming needs; 
reacting to, rather than in anticipation of crises; following 
research agendas torqued by industry or environmentalist 
pressures; failing to work across political jurisdictions for 
multi-jurisdictional closed-basin systems; competing with 
research for fresh water systems; not appreciating the local 
and global role of saline systems such as saline wetlands; 
trying to do too much with too little; cutting corners; and 
skipping peer review.  
  
What has undermined successful communication of 

research on saline lakes: use of jargon that obfuscates 
science and derails decision makers; use of different units 
in diverse languages to describe saline lake characteristics, 
such as salinity (i.e., use of TDS, ppt, percent, and specific 
gravity); not having standard methods for working in 
saline lakes; and working in an environment where trust is 
lacking.  
  
What has undermined financial and societal support 

for research on saline lakes: using top-down approaches 
to set priorities; depending on local community support 
when the understanding of a lake is limited; relying on 
support from an unsupportive department of government 
with potentially different mandates such as an agency 
dedicated solely to extractive resources, or an agency with 
higher priorities, or an agency too small to have political 

clout; receiving unbalanced lobbying efforts; and making 
decisions about a lake on information so grossly 
inadequate that major consequences are not anticipated.  
  
Specific advice for successfully achieving scientific 

objectives of saline lake research: establish / continue 
baseline monitoring; analyze data sets and drivers to 
anticipate future impacts and research needs; prioritize 
topical research based on human health, ecosystem health, 
and economic impacts; recognize how scale affects 
research definition, plans, and approaches; target potential 
for early successes to show payback for investment of 
public funds; fund ecosystem initiatives appreciating in 
advance their magnitude and that they require long-term 
commitment; encourage collaborative, cross-disciplinary 
research; take advantage of the relative simplicity of saline 
lake ecosystems; understand closed-basin dynamics; and 
focus locally and think globally, meaning recognize how 
each system is unique but research is instructive beyond its 
borders. 
  
Specific advice for successful communication of 

scientific research on saline lake and for establishing a 

strong funding base with political support: define 
stakeholders for specific projects; understand and address 
local stakeholders’ issues and questions; involve 
stakeholders meaningfully in two-way, not-one way, 
communication; meet early and meet often to share 
information among scientific researchers; require 
publication and shared research results; require efficient 
allocation of research funds tied to ecosystem and other 
indicators; understand and address local stakeholder issues 
and questions; quantify and widely tout the economic, 
social, and environmental values of the lake; recognize the 
vulnerabilities of a lake and protect it; quantify the global 
as well as local value of the saline systems; counter 
perceptions of worthless, dead systems with scientific and 
economic examples; be alert for opportunities for eco-
disaster tourism; harness the energy of crises to gain 
advocacy; build constituencies; identify common enemies; 
and forge ahead.  
 
SUMMARY 

 
From the organizers’ perspective, the session was 
successful. It encouraged shared knowledge such as P. 
Coleman’s web link Methods Manual for Salt Lake 
Studies (http://en.wikibooks.org/wiki/Methods_Manual_ 
for_Salt_Lake_Studies). It directly impacted the allocation 
and focus of State of Utah 2008–2009 discretionary 
research funds. As expected, Great Salt Lake Tech team 
chose to invest most of the recently appropriated funding 
for expansion and upgrades of baseline monitoring. 
However, largely in response to working session coaching 
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to invest some funds in high-profile research with promise 
for rapid results, it designated $100000 for short-term, “hot 
topic” research to be identified by stakeholders.  
  
The session highlighted the opportunity of international 
conferences for sharing ideas on mechanisms for 
furthering research in addition to their usual role of sharing 
research accomplishments. The session was boisterous and 
provocative. Scribes recorded approximately 150 
comments. The comments divided about equally in four 
categories: (1) specific needs of specific lake systems (not 
itemized), (2) proactive communication of research needs 
and results, (3) ways to secure funding, and (4) approaches 
to strong science and quality control. There was no 
consensus. However, participants suggested that a panel of 
experts, such as a committee of the National Research 
Council, might develop a global agenda, meaning a blue 

print or working plan including schedules that could serve 
as a generic model for approaching saline lake research. 
Although discussion was wide-ranging and opinions were 
diverse, all agreed that lack of monitoring and research has 
been detrimental to effective management of saline lakes 
and that investment in understanding saline systems is 
especially needed with increased societal demand for water 
and expected changes in climate.  
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                 Spiral Jetty from atop Rozel Point, in mid-April 2005 by Soren.harward. Wikimedia Commons at en.wikipedia.org.  
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