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ABSTRACT

Whether a solar saftworks s fed with seawater, intermediate salinity brine or satu-
rated bring, a biological system exists in the ponding system able to aid or decrease
the production and quality of the product. Three types of biological svstems are
described. A ““balanced”’ biological system produces opiimum quantities of organic
materials properly distributed beiween the living planktonic and bottom com-
munities i a salina; these materials color brine to increase evaporation, seal ponds
against brine leakage, and perfonm other functions promoting the production of high
quality product at design capacity. An “inadequate”” biological system lacks suffi- 5
ciery organic productivity; saltworks with these systems expenence insufficien
brine coloration and evaporation, and leaking ponds. “*Unbalanced™ biological

systems, caused by a sub-optimal distrihution of organic materials between the two

living communities, can result in mucklaginous brine, decreased evaporation, and

low quality product {particularly the color, insolubles and sulfate content, and

crystz]l size of the salty. Sume methods are mentioned o obtain and maintain the

balanced hiological systemn, to restore the other two kinds of systems to balance, and

o prevent problems from reoccurring. It is suggested that salinas constructed with

proper provisien for hiological concepts would be largely immune to biclogical

problems.

and failing in ong or mose of the functions, may possess an
inadequate biological system or one thaf is out of balance.

This paper will describe some characteristics of balanced
piological systems, inadequate ecosystems, and unbalanced
biclogical svstems. Concepts and practices apply broadly w
salinas whose intake i seawater, concentrraied brine, or
saturated brine. Certain management procedures lo develop
antl maintain balanced biulomesl systems, and to prevent
biological problems in solar saltworks will also be men-
tioned.

INTRODUCTION

In the beine ponds of any solar saltworks (salina), living
organisms constiture a biological system or ccosystem es-
sential to sak production. Every salina possesses some kind
of ecosystem; depending on type und development, the
ecosystem’'s performance is often responsible for the degree
of success {as measured by product quality and owtput) of a
solar salworks. The biological system’s value to salt man-
ufacture lies in s ability to organize living orgenisms into
vseful compartments having the ability 107 1) color brine of
all ponds resulting in sufficient heat and light absorplion to

raise water temperatives and thus zid evaparation, and to
supply biological fuel 1o downstream ponds, 23 form living
mats and deposits on the bottom of ponds to prevent brine
leakage and 3} recycle and entrap minerals and organic mai-
ter, and 4) oxidize to safe levels orgapic materials pro-
duced. In a saktworks producing high quality product at
design capacity, a balanced biological system performing
these functions operates in the brine ponds. Salinas produc-
ing sait of decreased quality and at less than design capacity

THE BALANCED BIOLOGICAL SYSTEM

The brine biological system [ecasystem} is & number of
intercopnected Hving compartments, consisting of the
planktonic, hotom-dwelling, and fringe communities in-
habiting the ponds of a saltworks. The planktonic coramu-
nity, serving to color water, is the group of algae, protozea,
bacteria, and brine animals suspended in the brine. The
bottom community, which aids in sealing ponds, consists of
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microorganisms, smail swolluses and nematodes growing on
the Tluor of the ponds as mas and deposits. The fringe
community iof minor imponance) includes the mnnpgroves,
grasses and salt bushes growing i the ponds or near the
oond borders,

The poads of a solur ssltworks can be grouped conve:
niently into low {359 Bel. intermediate (8,5 |8 Bed and
high (1824 Be) salinity ranges. Each group of ponds has a
distinet bipta with a well-detined role in the brine ecosvs-
tern. Low salinity ponds dispiay the grostest organism di-
versity (Davis, 19783, biological productivity of organic
maiter {Carpelan, 1937), and ecological stability of the en-
tire sysfem. As sahinily increases in 4 salina (from intake o
crystallizers), there is & decrcase in organism diversity,
biclogical productivity (Copeland and Joaes, 19653, but
dissolved {Wiison, 1963} snd particulate orgunic matter in-
crease. The later ingreuse 18 due Lo concentration by brine
evaporation, sod to the inutnlty of the bacteria in
downstreatn ponds (o breakdown organic matter s fast as #
arpives. Salinity increments in a saling aiso induce o sucoes-
siar of microorganisms permitting the reuse of cssential
minerats and organic matter. Thus, when organisms flow
tromt a lower 1o a higher salinily pond, they dic and muke
available (0 a new set of urganisms fheir minerals snd or-
ganpic satter.

Of the diverse organisms o the ponds of low salinity,
photosynthetic algae amd bucreria muanufacture organic
matariais from carbon diexide, water, light energy and cs-
sential mirerals. This organic fuel is an important power
source 1or the organisms of the downstream ponds, since
with increasing salinity. the brine ecosystem changes trom a
nutritiogadly-independent biota dominated by algae 1o a nu-
triticnatiy-dependens system { Mixen, 1974) mainly of bac-
feria,

The organization of the biota into planktonic and bortom
commuiities in the low safinity ponds is Tacilitated by small
moliuscs and other organisme that produce fecal peliets;
these organisms fus copcensrate esscntial minerals and or-
ganic mawerials on the bomon of the pond 0 aid mat con-
struction, Suspended fecal peller fragments contribute im-
partant guantities of colored debris that improve solar
absorption.

Whether the saling’s intake is seawater or intermediale
safinity brine, a specialized biota develops in the ponds of
intermadiate satinity. Most noteworthy s the plunkion
commponent consisting of brine shrimp, brine flies and blue-
green algae. Depending on ihe intake water of fhe salina,
brine sheimp and brine fIy larvae feed on organisms and
debris produced in the low and the mtermediate ponds or
anly in the fatter. In a balanced biological sywem, non
mucilage producing planktonic blue-green algac thrive and
impart impaortant dark colors 1o the brine, In a salina whose
gcosystem is out of balpnce or improperly monaged, the
planktonic blue-green algaz, Coccochloris elabens. univer-
sally common in intermediate salinity brine, may predomi-

nate and harm the saling. Problems invoived with the later
organism associated with mucilege production wili he re-
viewed later.

Biine shrimp living in the ponds of intermedime sahnities
synthesize maore hemoglobin (Fox, 1949}, expend yreater
amounts of energy (Kuenen, 1939 and thus consume more
food than they would require at lower salinities because of
the extra osmoregofation work they must perforin in order
maintuin themselves. This “forced”™ feeding by brine
shrimp s of particelar value 10 a solar saltworks, Brine
shrimp ingest all particles (imicroorganisms, debris. carbon-
ate und sulfate crystalsy able to enter their mouths, but they
can live only when organtsms other than the indigestible
Cucrachloris ure the main constituents in their diet (Gihor,
1936). { The author assumes the “Stichocoecus’ of Gibor is
Coccochiorss .y Instead of mineralizing as soluble feces the
food they consume and thus encouraging the ever present
Coceachloris to reproduce excessively and form copious
amounts of mucilage, brine shrimp excreie thelr wastes in
membrane-bound fecal pellets {Reave, 1063) thai sink to
the bottom. Brine shrimp grazing vocaciously and defecat-
wg fecal pellets effectively remove suspended phankron,
particulate organic’ material and minerals from the brine
where they could do harm, Thus, much organic matter is
axidized hy the brine shrimp’s metabelism, and the miner-
als and non-digested Coccochloris 10 the brine shrimp's
gxcIement puss m the Bottom community. Bottorm mats thus
favored not only seal ponds, but their color aids evapora-
tion, their growth removes mingrals from the water, and
their photosynthesis helps 10 oxygenate the brine.

Rrine shrimp, brine fly larvae, and algae produced in the
ponds of intermedinte salinities eventvally flow into high
salinity ponds. There, the aigae break up into colered frag-
meints, and the animals dissolve; it seems reasonabie to
assume that red halophiiic bacteria living in the high salinity
ponds aid both of these processes. The minerals, and part of
the organic mater thus released become incorporated into
the algae and bacteria of the bottom mats. Much of the
dissoived orgunic matter becomes food for the planktonic
red halophilic bacteria, The riding of excessive organic
materials in the bigh salinity ponds is probably the most
important function of rhe red halophilic bacteria, but the
ulgal fragments. and the bacteria alse color the brine of
storage ponds and crystallizers red. Withour this color, the
raie of brine evaporation would be reducced. Brine shrimp
and bring fly larvae are un important ecological link be-
tween the biota of the low salinity ponds, and the red
halophilic bacteria of the bhighly saline ponds and crystathiz-
ers. These bacteria need high concentrations of protein in
iheir diet in order to grow and reproduce {Dundas et al.,
1963, Onishi ct al., 1965); brine shrimp and brine fly larvae
in many sakinas supply these protein requirements.

Thus, a salina with & balanced bdinlogical system is
charucterized by a diverse biota of microorganisms with
high miodogical productivity in the low salinity pends, the
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proper batance of plankionic blue-green algae und brine
animals in the intcrmediste sulinity ponds, and high con-
centrations of red halophelic bacteria in the ponds of high
salinity. The brine of ull ponds will be hrightly colored, and
the pond hottoms will he covered with living mats and de-
posits compased primarily of blue-green algae and bacteria.
Mosi importantly, an optimum balance exists between the
plankionic and bottom communities.

INAPEQUATE BIOLOGICAL SYSTEMS

Inadequale systems occur in solar saltworks that leak
brine and lack adequate water color in the ponds: these
poorly developed ecosystems fail to manufacture sufficient
biological materials neccssary to produce mars to seal ponds
and plankton populations to properly coior brine. Leakage
and pour colorution, often doe 0 a paucity of essential
minerals in the intake water, occur frequenily in new salings
and in solar saltworks that have been operating for a number
of years.

UNBALANMCED BIOLOGICAL SYSTEMS

Excessively deep ponds, severe wave action and high
concentrations of combined aitrogen and phosphorus in the
water favor the development of the planktonic community
and suppress the formation of the botom community, This
imbalance between the two communities often causes feak-
age of brine, and higher than usual concentrations ot sus-
pended and disselved organic materials. Also promoting the
unbalanced condition, particularly in ponds of intermediate
saligity, is the overproduction of Coccochloris and its atten-
dant mucilage.

Caceochloris grows and reprodeces rather well at
salinifies ranging from seawater to intermediate values, In
tow salinity water, many organisms compete for the avail-
able minerals, and no single species can dominate. At the
intermediate salinities, the planktonic alga often favored in
the tnbalanced condition is Coccochioris. This algac can
exclude nearly all other planktonic organisms, and produce
large amounts of mucilage in the brine. Decomposing at a
slow rate, mucilage can render brine guite viscous, mate-
rially decreasing evaporation. High concentrations of Coc-
cochloris and mucilage in brine ponds create anaerobic con-
ditions at aight, excluding the very important bring shrimp.
I the Coccockioris-mucilage problem develops to serious
proportions, then the downstream ponds can be damaged.

In the high salinily ponds and crystallizers, mucilage
from the upstream ponds not only decreases brine evapora-
tion, but its accumulation results in slowly-decompusing
suspended black material which decreases the sodium
chlonde crystal size and becomes incorporated imo the prod-
uct. This difficult to remove material may necessitate ex-
pensive procedures befure the salt can be sold,
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BIOLOGICAL MANAGEMENT PROCEDURES

Biological manugement utilizes a smal fraction of the
budget and in refucn provides a service which aids the
ecusystem in its function and survival. At salinas properly
designed in relation w the environment, and where binio-
gically-essential minerals are adeguate in the intake water,
the natural organisms and ordinary brine-handling proce-
dures manage the ecosvstem; these instaliations produce
high quadity product at design capacity. Other salinas can he
made to develop and maintain balanced hological systems,
and to produce sodivm chloride at design capacity with
human management. At these salinas, biological manage-
ment involves corracting the ecosystem problems, and the
use of procedures lo maintuin the desired ceosystens. The
numerows conditions legding to enbalanced ecosysteniy may
be complex, slow (o develop, and expensive o correct.
Cosrective procadures have involved major changes in pond
tayout, changes in pond size, brine depth maniputaticn, and
the intrexluction of hrine animals into the ponds. In salinas
with inadequaie blologival systems, fertilizers have heen
used ta establish adeyuate geasystems {Davis, 19783, When
fertilizers are judiciously applied to rhe ponds, & series of
ecotogical events oceurs which lead 1o the production of a
hiotogical system uble to properly color brine, Lo prevent
leakage, and to perform the other necessary functions. Sev-
eral vears of fertilizution are wsually needed w0 secure the
desired gcosysteny, small applicapons of fertitizer to the
intake wuater may be required in perpetuity 1o mamtain soms
ecosystems. Fertilization procedures vary uccarding to tocu-
tion, climate, age of the ponds. and the specttic problems of
the salina. It must be emphasized that uithough fertilizaiion
can promote the desired ecosystem, the procedure in the
hands of unskilted persons can be wastelul. or 1 can resulf
in an unbalenced ecosystem. After the balanced ecosystem
has been cstablished, it must be maintained il continved
operations of the salina is desired. Maintenance can be ac-
complizshed by faithfully gathering, and implementing the
information ohtained from the observations and data dis-
cussed below. '

PREVENTION OF BIOLOGICAL PROBLEMS

Corparations possessing salinas with ecosysiems man-
aged by the natural crganisms and producing high quality
product at design capachty should not be complacent with
their situations. Although these salinas may have functioned
successfully for 2 number of years, e biologieal systems
therein are sensitive 1o internal and extemal ecologival
changes that can lead o serious problems. Thus, manage-
ment officials need wo be constantly informed of the condi-
tion of tha biclogical svstem in these salinas.

Certain assays and observations, rowtinely taken from the
water and bottom of the brine ponds, and then graphically
displayed and analyred, serve 10 help ascertain the hiologi-
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cul situation in 4 saltworks; this information provides warm-
ing of future diological problems, and permits early adjuse-
ment of the scosystem to avaid catastrophies. | often
recommend assaying dissoived phosphate and nitrogen cam-
monium and nitrate), particulate and dissalved crzanic car-
bon, brine viscosity, und biological productivity. The larter
gives perhaps one of the most valuable estimations of the
biological siluation in the ponds. Long-terrn changes in
crystal size should be graphically displaved. Management
persons shounld walk through each pond to ascertain brine
color, extent of bottom community development, and tur-
bidity. From brinc samples, the concentration and names of
the dominamt orgznisms should be ltamed. Some salinas
now provide s full-time position to a person qualified o
biology and chemistry 1o obtain and analyze data,

So far, nothing has been mentioned concerning the inclu-
sion of brine biotogy concepts into the design of a new solar
saltworks., A saliga constructed with prbvisim for brine
biclogy and the ecological situation of the surrounding area
would be largely immune to or could successfolly manage
biclogical problems; such biological problems thar cccur in
these salinas could be corrected guickly and inexpensively.
The additional cost to engineer biclogical concepts inte the
saling design would be well rewarded with the capacity w0
operale optimally the saltworks over a number of changing
ecological coaditions within and exiernal to the ponding
system.

With the ever increasing imporiance of solar salt, biclog-
tcal management must be accepted and practiced in existing
modern salinas, and biological concepts must be incorpo-
rated into the design of new salings. The alernative is well
recorded in 2 number-of marginally operating, deteriorating
and defunct saltworks throughout the world, While man-
agement officials may credit the fate of these salinas to
climate, porous soif, and **other factors,’’ the record of low
biological productivity, imbalanced systems, excessive
energy input, poor design and inability to cope with chang-
ing ecological conditions inside or outside the sattworks is
easy for one who knows how to read it.

DYSCUSSION

Schneider:

Question: Have vou determined nurrients ofber than phos-
phates i your different algal mat lavers or have you measured the
trace elgiment distripution in the different layers!

Answer: No to bath guestions,
Perinelli:

Question. What is the PO, and N concentration in the intake
seawater brine at which a biological system surts to be an upe
balanced one?

Answer: A properly functioning biological system can tolerate
high concentrations of phosphorus and nitrogen in the intake sea-
water. For example, in the intake water of a salilworks in San

Francisco Bay, reported averige concantrations of phosphorus aed
pittogen were 10 and 47 microgrum atoms per hiter. To these
values add significant quantities of phosphoras and nitregen from
organisms that die soon after they flow into (he first pand. The
bowom community of the balanced binfogical system removes pa-
tentiubly harmful mincrals, When phosphorus and pitrogen are
channelled mainly info the planktonie commuaity, the binlogical
system van become unbalanced.

Muttershami:

Question. In order 1o maintain levels of Halobucrerium in the
crystailizers as u biological replacement to the injection of solivap
or naphthol green dyes, it appears necessary o also matntain high
ievels of Coceachioris élabens and the brine shrimp Arreria
saling. e view of the known dangers 1o a sat field which can
evemtuute if Coccochioris proliferares in the absence of Artemiv
saling, would it be possible to efiminate this delicate biological
train angd replace ir with one culminating in the alga Dunaliella
sating being present in the crystallizers?

Answer, Although Halobacterium and Dunaliella salina popu-
lations furmish valuable color in crystallizer brine, Halobacterfum
is by far the trore desirable. Tn additdon w oxidizing organic mat-
ter, adeguute concentrations of Halobacterium denate proper bal-
anve between the planktonic and bodom comeuniize o the up-
strearn popds. This bulance serves to control Coccochloris, and to
trap minerals essential to glgae. Punaliella saling dominates the
kiota when ammonium, nitrale and phosphate concentrations are
high: phatgsvathiesis by Dunalfelly accounts for mach of the pri-
mary production of organic maler (which 15 undesirable) in crys-
tallizers. In sulinas whose intake s seawater, high comcentrations
of nitrogen and phosphorus in crystallizers often indicate biologi-
cal imbalance in certain upstream ponds.
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