J. Phycol. 35, 227-238 (1999)

SALINITY-DEPENDENT LIMITATION OF PHOTOSYNTHESIS AND OXYGEN EXCHANGE IN
MICROBIAL MATS!

Ferran Garcia-Pichel,> Michael Kiihl,*> Ulrich Niibel, and Gerard Muwyzer*

Max Planck Institut for Marine Microbiology, Celsiusstrasse 1, D-28359 Bremen, Germany

We used benthic flux chambers and microsensor
profiling under standardized incubation conditions
to compare the short-term (hours) and long-term
(days) functional responses to salinity in eight dif-
ferent hypersaline microbial mats. The short-term
response of productivity to changes in salinity was
specific for each community and in accordance with
optimal performance at the respective salinity of or-
igin. This pattern was lost after long-term exposure
to varying salinities when responses to salinity were
found to approach a general pattern of decreasing
photosynthesis and oxygen exchange capacity with
increasing salinity. Exhaustive measurements of ox-
ygen export in the light, oxygen consumption in the
dark and gross photosynthesis indicated that a salin-
ity-dependent limitation of all three parameters oc-
curred. Maximal values for all three parameters de-
creased exponentially with increasing salinity; ex-
ponential decay rates (base 10) were around 4-5
mL-g !. The values of mats in steady state with re-
spect to salinity tended to approach this salinity-de-
pendent limit. On the basis of environmental and
ecophysiological data, we argue that this limitation
was not caused directly by salinity effects on the mi-
croorganisms. Rather, the decreasing diffusive sup-
ply of O, in the dark and the increasing diffusion
barriers to O, escape in the light, which intensify
with increasing salinity, were likely responsible for
the salinity-dependent limitations observed.

Key index words: cyanobacteria; diatoms; hypersa-
line environments; microbial mats; photosynthesis;
productivity; respiration

Abbreviations: AGP, areal gross photosynthesis;
BBL, benthic boundary layer; BFC, benthic flux
chamber; DC, O, consumption in the dark; DIC, dis-
solved inorganic carbon; DR, net flux of dissolved
O, into a microbial mat; P, mat productivity in the
light; VGP, volumetric gross photosynthesis

Natural and man-made shallow hypersaline envi-
ronments the world over harbor well-developed ben-
thic microbial communities driven by the activities
of phototrophic organisms, commonly in the form
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of microbial mats (Javor 1989). Hypersaline micro-
bial mats serve as valuable models for the study of
general biogeochemical processes (Des Marais
1995), provide insights for interpreting the geology
of evaporites, and bear the keys to unravel the pa-
leobiology of ancient stromatolitic fossils (Schopf
and Klein 1992). The presence and activities of mi-
crobial mats influences the process of crystallization
of salts in commercial salterns. Thus, understanding
the biology of these communities, beyond advancing
our knowledge of the functioning of intertidal areas
and closed inland basins, where they constitute
prominent ecological features (Javor 1989, Schultze
et al. 1996, Alcorlo et al. 1997), has general, pa-
leoenvironmental, and commercial implications.
With regard to primary producers, floristic ac-
counts of hypersaline mats from diverse locations
have revealed the overwhelming dominance of cya-
nobacteria and diatoms in these benthic communi-
ties and the presence of successive, distinct changes
in community structure along salinity gradients, of-
ten displaying recurrent patterns among geograph-
ically distant sites (Felix and Rushforth 1979, Potts
1980, Bauld 1981, Jgrgensen et al. 1983, Javor and
Castenholz 1984, Ehrlich and Dor 1985, Gerdes et
al. 1985, Giani et al. 1989, Mir et al. 1991, Zhang
and Hoffmann 1992, Caumette et al. 1994). The
commonality in patterns strongly suggests that salin-
ity plays a determining role in shaping community
structure in hypersaline mats. On the other hand,
whereas several studies have dealt with the quanti-
fication of metabolic rates in these communities
(Revsbech et al. 1983, Jorgensen and Cohen 1987,
Canfield and Des Marais 1993), comparisons be-
tween studies are difficult, particularly with respect
to measurements of oxygenic photosynthesis. Such
enterprise is hampered by the widely divergent re-
sults obtained with different methodologies and by
the dependence of benthic metabolism on physi-
cochemical parameters as diverse as temperature,
incident light, and flow velocity in the overlying wa-
ters, which make comparisons of rate measurements
from different studies very uncertain. There exist in-
dications that salinity may exert an influence on
photosynthesis in microbial mats: an increase in mat
productivity has been detected after an experimen-
tal salinity shift-down (Pinckney et al. 1995), and a
decreasing trend of areal gross photosynthetic rates
has been observed in a comparison of mats along a
salinity gradient (Des Marais et al. 1989). We carried
out exhaustive measurements of benthic gross pho-
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TaBLE 1. Main characteristics of the benthic microbial mats.
Field conditions

Mat Appearance Dominant phototrophs Salinity (%) Water depth (m) Origin
P2 soft, thin cyanobacteria, diatoms 6 0.2-0.5 evaporation pond (side pool)
P3/4 compact cyanobacteria, diatoms 6 0.5 evaporation pond
P4 leathery cyanobacteria, diatoms 9 0.5 evaporation pond
P5 rubbery cyanobacteria, diatoms 11 0.5 evaporation pond
P6 slimy, translucent cyanobacteria 12 0.5 evaporation pond
NC2 soft, compact cyanobacteria, diatoms 5-8 0.2-0.5 tidal channel
NC52 soft, compact cyanobacteria, diatoms 5-8 0.2-0.5 tidal channel
NC3 leathery, hard cyanobacteria 5-21 0.2-0.5 tidal channel

tosynthesis and oxygen exchange in the light and in
the dark under standardized conditions on natural
hypersaline environments submitted to various salin-
ity conditions in order to establish the presence of
any such generalized control of metabolic rates by
salinity.

MATERIALS AND METHODS

The experiments were carried out during the second to fourth
weeks of April 1996 and 1997 with benthic communities from the
Ojo de Liebre Lagoon and the evaporating ponds of the saltern,
Exportadora de Sal, S.A de C.V., in Guerrero Negro, Baja Cali-
fornia Sur, Mexico. Detailed descriptions of these sites can be
found elsewhere (Javor 1989, Des Marais 1995). A succinct de-
scription of the mats studied can be found in Table 1. The mats
were diverse, differing in original salinity conditions, appearance,
and community structure. All were dominated by cyanobacteria.
Diatoms accounted for 0.1%-5% of oxygenic phototrophic cells.
More than 30 different morphospecies and 16S rRNA gene se-
quences from oxygenic phototrophs could be identified in these
mats. Detailed accounts on the biological diversity of oxygenic
phototrophs within these mats is published elsewhere (Ntbel et
al. 1999). Pieces of microbial mats were excised and transported
to our field laboratories, located in the town of Guerrero Negro,
ca. 45 min drive from the field site. There, the samples were
incubated in brines made up to the desired salinity (see below)
by mixing filtered local brines from the salt works and, in some
cases, deionized water obtained from a local reverse-osmosis fa-
cility. Salinity was determined with portable refractometers cali-
brated for NaCl brines (Cole Parmer, U.S.A.). Mats were incu-
bated outdoors under natural illumination until analysis. Salini-
ties are expressed as a percentage (weight of total salts per vol-
ume, g-100 mL™1).

Two sets of measurements were carried out. In the first set,
each mat was incubated in brine made up to match the salinity
of the respective field site at the time of collection (to within
0.5%), and measurements were started within 2-4 h. In this set
we also measured the short-term (hours) responses of the mat
communities to changes in the salinity of the overlying water. For
this, each mat was submitted to two series of sequential shifts in
salinity (one series for upshifts and one series for downshifts on
separate pieces of mat), with measurements taking place at each
shift after allowing the mats to reach short-term steady state with
respect to O, exchange rates (usually within 2-3 h). In the second
set of experiments, separate pieces of each mat were incubated
at different salinities (3%, 9%, 13%, 18%, and 23%) for 5 days
(4 days in one case) in outdoor flumes. Brines of the desired
salinity were circulated in the flumes by means of submersible
aquarium pumps and returned to a reservoir, where they were
aerated. The reservoirs were shaded from sunlight so that the
brines did not heat up excessively. Salinity of the brines was mon-
itored during the incubation period and corrected for evaporative
losses by additions of freshwater. Maximal deviation in salinity
during incubation amounted to 0.5%.

Measurements of bulk oxygen exchange. Bulk O, exchange was mea-
sured with benthic flux chambers (BFC) under standard condi-

tions of stirring, illumination, and temperature. Each BFC con-
sisted of an inverted glass bell jar with an opening at the top and
containing a hanging magnetic stirring bar. The top opening was
closed air-tight with a rubber stopper, through which an outlet
syringe needle and a Clark-type microelectrode were inserted. A
motorized external magnet drove the inner stirring bar. The sy-
ringe outlet was used to fill the chambers by suction, and to empty
them as needed. The microelectrode monitored O, partial pres-
sure in the chambers. In light incubations, a standard illumina-
tion of ca. 800 wmol photons-m*s~! (400-700 nm, scalar irradi-
ance), as measured with a quantum scalar irradiance meter (Bio-
spherical Instruments, QSL-100), was provided by a halogen fiber
optic illuminator (Schott KL1500) equipped with collimating
lenses. Microelectrode readings were linearly calibrated from
readings in air-saturated and Ng-flushed brines. Calibrated elec-
trode readings in 100% air saturation were converted to molar
units by Winkler titrations of air-saturated brines. Incubation tem-
peratures could only be partially controlled, varying maximally
between 21.3° and 24.7° C (mean = 23.2° C, SD = 1.09° C). Two
chambers were used simultaneously for each treatment. For in-
cubations in light, the measurements were carried out in tripli-
cate (sometimes in duplicate only), yielding a total of six rate
measurements per condition. In dark incubations, measurements
were only duplicated. Each chamber determined average rates
over ca. 20 cm? of mat surface. The O, exchange rate under stan-
dard illumination is equated hereafter to the mat productivity in
the light (P), which bears a positive sign when it corresponds to
a net export of O, from the mat. The O, consumption in the
dark (DC) cannot be directly equated to aerobic respiration, be-
cause chemical and biological sulfide oxidation may be respon-
sible for an undetermined proportion of this rate; O, consump-
tion in the dark bears a negative sign, as it corresponds to a net
import into the mat.

Microelectrode measurements. In similar setups and in parallel to
the measurements with the benthic exchange chambers, we mea-
sured profiles of O, concentration within and above the mats
under standard illumination and flow conditions, using O, mi-
croelectrodes, custom-made according to Revsbech (1989), with
tip diameters of 5-10 wm, average 90% response times of <0.5 s,
and stirring sensitivity of <2%. A two-point calibration of the mi-
croelectrodes at each salinity was carried out using electrode read-
ings in fully aerated brine (100% saturation) and in the anoxic,
deep layers of the mats (zero). In the measuring setup, mats were
incubated under a flow of aerated brine in small flumes (Lor-
enzen et al. 1995) and microelectrodes were positioned with a
motorized micromanipulator (Martzhduser, Germany). All micro-
sensor work was monitored by observation through a binocular
microscope. Data acquisition and microelectrode positioning
were computer controlled using a custom-made program (B.M.
Bebout and V. Meyer, unpubl.). From the slopes of O, concen-
tration in the benthic boundary layer over the mats and the dif-
fusion coefficient for O, in the respective brines, mat productivity
in the light (P) and oxygen consumption in the dark (DC) could
be obtained (Garcia-Pichel and Belnap 1996, Kiihl et al. 1996).
The diffusion coefficient for O, as a function of salinity was cal-
culated after Li and Gregory (1974). Profiles of volumetric gross
photosynthesis (VGP) at 100-um intervals (200 wm for mat P6)
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TABLE 2. Parameters measured and derived in benthic phototrophic communities (mats). M, mass or molar amount of oxygen; L,

length; T, time.

Abbrevia-

Parameter tion Definition

Dimensions Measuring techniques

Productivity P
Dark O, consumption DC
Volumetric gross photosynthesis ~ VGP

Areal gross photosynthesis AGP
a unit area of mat

flux of oxygen between mat and M-L-2T"!
bulk water in the light

flux of oxygen between mat and M-L-2T!
bulk water in the dark

rate of oxygen evolution within
a unit volume of mat

rate of oxygen evolution below

BFC, oxygen profiling
BFC, oxygen profiling
M:L-3T-!  Microsensor (Light-Dark-shift method)

M:L-2T-!"  AGP is the integral sum of all measured

VGPs in the photic zone

within the photic zone of the mats were done with the light-dark
shift method (Revsbech and Jgrgensen 1983), limiting data ac-
quisition to the first 2 s after darkening.

Parameters measured and derived. The parameters measured and
derived, together with units, measuring techniques and other rel-
evant characteristics have been gathered in Table 2. The two tech-
niques used offer distinct advantages and disadvantages and allow
measurement of different parameters with different resolutions.
BFCs measure fluxes between the water and the mats, either P or
DC, which are both a result of the combined rates of metabolic
and/or chemical processes involving O, and, thus, are secondary
parameters. The absolute values of P and DC measured with BFCs
are sensitive to the hydrodynamic regime in the chambers, which
is a function of the shape of the chambers, of the stirring velocity
within them, and of the microtopography of type of mat investi-
gated. BFCs offer a large integrating area compared to that mea-
sured by microelectrodes, yielding estimates that average possible
microheterogeneities in the horizontal dimension.

Microelectrode profiling offers the advantage that it measures,
in addition to P and DC, direct estimates of gross photosynthetic
rate (oxygen evolution) within a certain volume of mat (VGP), a
primary parameter, and they offer information on the distribu-
tion of metabolic rates in the vertical dimension, z, at high spatial
resolution. Other parameters, such as the depth-integrated value
for VGP (areal gross photosynthesis, AGP) or the respiration in
the light can be computed or modeled from the O, concentration
profiles and the VGP (z) measurements (Kiihl et al. 1996). Be-
cause of their small size, however, spatial heterogeneity in the
horizontal dimension is not taken into account, unless time-con-
suming multiple sampling is carried out, and thus the goodness
of the estimates is unknown. Repeatedly measuring concentration
profiles at the same point in the mat under varying environmental
conditions yields perfectly valid results for comparative purposes,
provided the mat is not irreversibly disturbed by sampling. As with
BFCs, the hydrodynamics of the overlying water will influence
some parameters like mat P and DC, and in addition, the hydro-
dynamic effects of introducing the electrode in the water flow
may induce biases in the absolute values measured (Lorenzen et
al. 1995).

However, most of these problems associated with either tech-
nique are irrelevant for comparative purposes, as long as the pos-
sible biases are kept constant and do not vary systematically with
sample structure and salinity. Thus, it is legitimate to compare
mat productivity in the light and oxygen consumption in the dark
in different communities if the measuring set-up imposes the
same conditions of light, flow, and temperature, as was the case
in all BFC measurements and in all microsensor measurements.
It is inappropriate to compare microsensor and BFC measure-
ments, because the hydrodynamics associated with each tech-
nique are hard to match; yet any comparative trends among mats
should be revealed by both types of techniques. An effort was
made to obtain complete BFC and Oy-profiling data sets in the
short-term incubation experiments. For the long-term incuba-
tions, where experimental design imposed using many different
mat pieces, VGP profiles could only be measured in two mat

types.

RESULTS

Short-term incubations. When incubated under sa-
linities similar to those found in the field, the O,
export rate in the light (P), which is a measure of
productivity, varied widely among mats; the variation
ranged from 1 (mat NC3 at 16% salts) to 6 mmol
O,,m~2h~! (mat P2 at 6% salts). In mat P6, how-
ever, variation between two separate mat pieces was
twofold, indicating substantial horizontal heteroge-
neity at the scale of square decimeters in this mat.
A trend in P at field salinity could be observed: high-
est rates corresponded to lower original salinities.
Des Marais et al. (1989), had observed a similar
trend in areal gross photosynthesis. Dark O, con-
sumption (DC) in incubations at field salinity was
more conservative than P among mats, varying
roughly between 1 and 3 mmol Oy m~%h"!. These
data, as well as the response of both P and DC to
short-term changes in salinity are presented in Fig-
ure 1. It is evident that P presented an optimum
close to the original field salinity in all mats, al-
though in some cases a small increase in P could
result from a decrease in salinity. The behavior of P
with respect to experimental variations in salinity
was markedly divergent among mats, so that, for ex-
ample, P in mat P4 was very sensitive to both in-
creases and decreases in salinity, whereas P in mat
NC3 was remarkably resilient to changes in either
direction. DC did not vary in concordance with P,
and in general, DC decreased in magnitude with in-
creasing salinity regardless of the mat. Only mat P4
yielded a DC vs. salinity curve with a relative maxi-
mum.

Oxygen profiling yielded generally higher abso-
lute values of P than BFCs, but the responses of P
to salinity changes as determined with O, profiling
were congruent with those determined with BFCs:
some mat communities showed clear maxima (P4)
and some showed flatter responses (NC3). Areal
gross photosynthesis (AGP) in these communities,
however, was related to salinity changes in a much
less community-specific fashion, and all mats dis-
played decreasing AGP rates with increasing salinity
(Fig. 2). This discrepancy between AGP and P in the
same mat points to factors such as respiration in the
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Fic. 1. Oxygen exchange rates measured in the light (P, productivity, measured at an irradiance of 800 wmol photon-m %-s!) and in the
dark (DC, dark O, consumption) with BFCs, and the effect of short-term changes in salinity on both parameters in mats P2, P4, P6, NC2, and
NC3. Two series of measurements are plotted for each mat, corresponding to a series of upshifts and a series of downshifts in salinity, measured
in separate mat pieces. Arrows indicate the initial salinity of the measurements, which corresponds approximately to the salinity to which each

Salinity (%)

mat was exposed under natural conditions in the field. Bars indicate =SD based on four to six replicate measurements per point.
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FiG. 2. Productivity (P, large symbols) and areal gross photosynthesis (AGP, small symbols) measured by microsensor profiling of
oxygen concentration and volumetric gross photosynthesis (VGP), as a function of salinity in mats P2, P4, P6, NC2, and NC3; data are

from short-term acclimation experiments.

light and light-coupled respiration as important
players in determining the overall short-term re-
sponse to salinity changes of the mat communities.
Respiration in the light must become increasingly
important at low salinities, where the differences are
higher. In other words, the decreases in productivity
measured at high salinity can be directly traced to
decreases in gross photosynthetic rates, but the de-
creases in P at low salinity seem to be strongly de-
pendent on an increased respiration in the light.

Long-term incubations. Measurements obtained for
P and DC after long-term (4-5 days) incubation un-
der different salinities are presented in Figure 3.
The responses of P and DC in the various mats con-
verged into a much more homogeneous pattern: all
mats displayed decreasing fluxes of O, both in the
light and in the dark with increasing salinity regard-
less of their original conditions. Traces of the opti-
mum-bearing responses observed in the short-term
incubations were only found in mat P6, the only one
not to show a statistically significant maximum of P
at the lowest salinity.

Generalized relationships between salinity and function-
al parameters. The experiments described point to a
certain dependence between some functional pa-

rameters of the mats, P in particular, and salinity. In
order to obtain a better picture of this, we have plot-
ted in Figure 4 the distributions of values of mat
productivity in the light (P) obtained during the
work as a function of the salinity at which they were
measured. For each salinity, the distribution of val-
ues was normal. The plot reveals that, when all ex-
periments are taken into consideration (Fig. 4A),
salinity alone does not allow the prediction of P val-
ues but that it does impose an apparent upper limit
to P. This apparent limit to P sets in above seawater
salinities and decays with salt concentration of the
brines in an exponential fashion (apparent expo-
nential decay rates were 0.043-0.047 [% salts] !, or
4.3-4.7 mL-g~!). When only those data obtained in
mats in steady state (incubated 4 days or more at a
certain salinity) are taken into account, the upper
limit remains, and the values tend to approach this
limit, so that salinity does not only impose an ap-
parent upper limit to P but becomes a much better
predictor of P as well. An alternative way of describ-
ing this phenomenon is that the means of the data
distributions decrease with salinity. This salinity-de-
pendent limitation was not restricted to P but also
applied to DC (Fig. 4C). In the case of DC, the ap-
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corresponding salinity. Bars indicate £SD based on four to six replicate measurements per point.
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FiG. 4. General plots of oxygen exchange vs. salinity. (A, B) Rates of net productivity in the light (P, measured at an irradiance of 800
pmol photons-m~%s7!) as a function of salinity. (C, D) Rates of dark O, consumption (DC) as a function of salinity. Panels (A) and (C)
include all single measurements carried out in mats P2, P3/4, P4, P5, P6, NC2, NC52, and NC3, after both short-term and long-term
incubations. Panels (B) and (D) contain only those data measured under steady-state conditions of salinity of more than 4 days. Inserts
show log-transformed absolute rates versus salinity under exclusion of zero values.

parent limit to absolute values decays exponentially
with a rate of 4.3-4.6 mL-g!. Restricting measure-
ments of DC values to mats in steady state with re-
spect to salinity (Fig. 4D) improves the predictive
power of salinity for DC, but not as clearly as for P.

The distribution with salinity of VGP measured in
these mats at all depths within them is plotted in

Figure bA. It is apparent from this figure that a sim-
ilar salinity-dependent upper limitation of VGP rates
occurred. The limit decays exponentially with rates
of 4.5-5 mL-g~!. The abundance of low values in
VGP throughout the salinity range (the frequency
distributions of the data at each salinity decreased
in a log-linear fashion) stems from measurements



234 FERRAN GARCIA-PICHEL ET AL.

30
A
5] . §
. 2
2. 3
—_ 20 4 s
» .
S 154 .,
=9 F :
@] | . - 8
S I
5— D; g 8 go © '
Egﬁ % Ei 18 S B
ol i i A
0 5 10 15 20
Salinity (%)

50 - B 2
1,5 -
40 - 0.5 -
& . 3
(\I'] . . 04
B 304 - 05 +————
';'o : : . 0 5 101520 25
g
& 20 4
-9
©) .
< .
10 4 P
O I I | . I ! 1
0 5 10 15 20 25
Salinity (%)

F1G. 5. General plot of the rates of volumetric gross photosynthesis (VGP, A) and computed rates of areal gross photosynthesis (AGP,
B) as a function of salinity. Included are data for mats P2, P4, P5, P6, NC2, NC52, and NC3 incubated at an irradiance of 800 wmol
photons-m~2s~! and data from both steady-state and salinity shifts. Inserts show log-transformed data versus salinity.

carried out deep within the photic zones of the mat
where VGP is obviously light limited. Figure 5B
shows the distribution with salinity of the depth-in-
tegrated values of AGP for each mat and condition
available. Although the number of data points is re-
stricted, the data are consistent with a salinity-de-
pendent limitation of AGP as well, where the ex-
ponential decay rates are around 5 mL-g~".

DISCUSSION

The salinity-dependent limitation of metabolic pa-
rameters in hypersaline microbial mats seems ap-
parent and pervasive from the data presented, in-
volving primary (VGP), derived (AGP), and second-
ary (DC, P) parameters. Moreover, the uniformity
in the exponential relationship between the upper
limits of the parameters measured and salinity is in-
triguing. The finding that the rates tend to ap-
proach this limit from below in steady state indicates
that, in the absence of environmental disturbances,
salinity strongly controls metabolic functions in
these communities.

Only in a few other instances have such clear-cut
limitations of metabolic activity by physicochemical
parameters been demonstrated. The case of salinity
is not simple, and several interpretations might be
possible. The simplest explanation may invoke a pu-
tative metabolic burden of excess solutes (or lack of
free water) on the microorganisms, so that meta-
bolic rates are depressed. The burden should in-
crease with increasing salinity, such that the rate de-
pression increases with salinity as well. This mecha-
nism has been invoked to explain the increase in

photosynthesis measured after a decrease in salinity
in certain microbial mats (Pinckney et al. 1995).
However, the nature of the putative metabolic bur-
den is unknown and cannot be immediately de-
duced from physiological studies available on the ac-
climation of microorganisms to osmotic stress. Two
types of evolutionary adaptations to salt stress are
known to be reflected in the so-called salt-in and salt-
out cells types (Galinsky 1995). Salt-in organisms
(typically restricted to halophilic Archaea) allow
salts to enter the cells so that they are isoosmotic
with their surroundings. All structural and enzymat-
ic proteins have evolved to be fully functional under
such conditions, and they do not function at low
ionic strength (Danson and Hough 1997). Thus, no
specific metabolic burden can be identified in these
types of cells at high salinity; if any condition limits
metabolism, then it is low salinity. Salt-out organ-
isms, like the cyanobacteria and diatoms that form
the trophic basis of the ecosystems described in this
study, actively extrude salt from their cytoplasm
(usually also exchanging Na* by K*) and attain iso-
osmotic conditions with their environment by syn-
thesizing and accumulating organic-compatible sol-
utes (Joset et al. 1996). Salt extrusion may impose a
metabolic burden on the cells that may translate
into increased respiration rates at high salinity,
which in turn would require increased oxygen con-
sumption in the dark (DC) with increasing salinity.
This adaptive mechanism fails to explain our exper-
imental observations. The synthesis of osmolites rep-
resents a relocation of the fixed carbon and an in-
crease of the total carbon per cell but does not nec-
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FiG. 6. Variation with salinity of parameters relevant for the
discussion of results. Upper panel: chemical characteristics of
Guerrero Negro brines. For the concentration of oxygen at air
saturation, each point is the mean of triplicate measurements.
Values of pH and DIC are from Des Marais et al. (1989). Lower
panel: pooled growth rates attained in artificial marine brines (di-
lute batch cultures) under standard temperature and illumina-
tion by six different strains of extremely halotolerant cyanobac-
teria. Data are from Garcia-Pichel et al. (1998).

essarily affect the rates of O, evolution or uptake.
From studies on halotolerant phototrophs, there is
no evidence for an exponential salinity-dependent
upper limit to growth in dilute batch cultures. Rath-
er, each strain displays good growth within a certain
salinity range, where physiological adaptation is pos-
sible, and growth is severely depressed when salinity
exceeds the upper limit of this range (Fig. 6). In
addition, the responses of AGP that we observed
(e.g. a generalized increase when salinity was de-
creased), happened within hours of incubation.
This is probably too short a time to attribute the
responses to physiological acclimation processes,
which in culture, could take days (Vonschak et al.
1988). In summary, the results obtained in this study
cannot readily be explained on the basis of known

physiological responses to salt and constitute an ap-
parent paradox.

As an alternative explanation for salinity-depen-
dent limitations, one can postulate that the effects
of salinity may not be direct but may result from
changes in other physicochemical parameters of
brines that covary with salt content. Ionic composi-
tion and pH change as salinity increases. Specific
gravity, surface tension, specific heat, viscosity, and
conductance increase, while gas solubility, gas dif-
fusion coefficients, and water activity decrease with
increasing salinity (Javor 1989: table 1.3.). Of obvi-
ous importance to metabolic activities such as oxy-
genic photosynthesis and respiration is the decrease
in the capacity of aqueous solutions to hold gases as
salinity increases; the brines become saturated at
lower molar concentrations. For the case of NaCl
brines in equilibrium with air at standard atmo-
spheric pressure, for example, the molar concentra-
tion of O, required for saturation decays exponen-
tially with salinity (base 10 decay constants of 2.8
mL-g~!; Sherwood et al. 1991). In our experimental
seawater brines, this dependency was well described
by decay constants around 3-4 mL-g~! (Fig. 6).

It is, in fact, possible to explain the effects of sa-
linity on DC as an indirect effect of salinity on var-
ious physicochemical parameters. The net flux of
dissolved O, into the mat (DR) is dependent on dif-
fusive transport from overlying waters through the
benthic boundary layer (BBL). The vertical diffusive
O, flux, ], through the BBL with an effective thick-
ness, Z;, under the assumption of negligible con-
sumption rates within it is described by Fick’s first
law of diffusion as

J =D(C* = GCy)/Z, (1)

where D is the molecular diffusion coefficient, C* is
the concentration in the bulk water (air saturation),
and C, is the concentration at the surface of the mat
(Jorgensen and Des Marais 1990). Maximal possible
fluxes occur when C, = 0; that is, when respiration
rates are so high that all incoming O, is consumed
at the surface of the mat. Because D, C*, and Z; are
all a function of salinity (s) the maximal fluxes (],.,)
will be given by

Jmax(5) = D(s)C¥(s) /Zy(s). (2)

D(s) can be derived from the formulas given by
Li and Gregory (1974), and C*(s) was determined
experimentally during our work. Only the function
Zs(s) is unknown. But for flows occurring over a pla-
nar surface, Z; is known to vary according to the

expression
1/2
Z, = 5<Aﬁ) : (3)
P

where A is a factor inversely proportional to flow
velocity of the liquid and directly proportional to
the dimensions of the surface, p is the dynamic vis-
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FiG. 7. Theoretically maximal DR rates with salinity (line) ac-
cording to a simple diffusion model (see text) circumscribed the
distribution of measured DR values.

cosity, and p the density of the flowing liquid
(Jorgensen and Revsbech 1985, Vogel 1989). We de-
termined relative changes in Z; with salinity by fix-
ing arbitrarily Z; to 200 pm at s = 3% (in concor-
dance with our O, profiles) and using values of p(s)
and p(s) from Riley (1975). One can calculate an
increase of Z; to 224 pm at 200% salinity. Calcula-
tions of J,,...(s) according to equation 2, assuming Z
at 3% salinity of 200 pm, T = 20° C, yield the func-
tion depicted in Figure 7. This function fits an ex-
ponential decay of ], with salinity, with decay rates
of 4 mL-g~!; it circumscribes well the apparent lim-
itation of DC obtained in the experimental part.
Thus, the observed limitations of DC with increasing
salinity can be explained solely on the basis of in-
creasing diffusion limitation due to decreasing O,
solubility.

An explanation for the observed salinity-depen-
dent limitation of P (and of AGP) on the basis of
increasing diffusion limitation might not be as
straightforward as in the case of DC. On the one
hand, it is possible that the net influx of CO, into
the mat suffers from diffusion limitations. On the
other hand, it is known that microalgae in general
and cyanobacteria in particular develop efficient
carbon concentration mechanisms that allow for the
transport of bicarbonate ions into the cells making
photosynthesis dependent on dissolved inorganic
carbon (DIC) rather that CO, partial pressure (Ra-
ven 1991). The possible effects of salinity on benthic
photosynthesis through availability of carbon needs
to take into account not only the salinity depen-
dence of CO, solubility in brines, but also the salin-
ity effects on the entire carbonate system. Two in-
dependent lines of evidence suggest that carbon
limitation does not play an important role in the

observed phenomenon. First, CO, can be made
available to the oxygenic phototrophs from within
the mat as a result of internal respiratory processes,
and because, in the light, O, evolution within the
mat increases the potential for respiration, there is
no reason to expect that limitations due to shortage
of CO, should limit the rates of gross photosynthesis
(either areal or volumetric) at high salinity. In other
words, DIC diffusion from the bulk water may play
a role in limiting mat productivity in the light (P)
under steady-state conditions, but that does not pre-
clude fast inorganic carbon recycling within the
community, which would allow for high gross rates
of photosynthesis and respiration in the light. Fur-
thermore, under non-steady-state conditions, P may
temporarily be high at high salinity due to a “‘sur-
plus” of internally produced CO,. Yet the limita-
tions observed in our study involved both gross and
net photosynthetic rates and included steady-state
and non-steady-state measurements. A second line
of evidence suggesting that CO, does not play a ma-
jor role in the salinity-dependent limitations ob-
served stems from direct measurements of DIC in
the brines of Guerrero Negro (Des Marais et al.
1989, Fig. 6); DIC does not show a decreasing trend
with salinity. Hence, factors other than DIC avail-
ability must be responsible for the salinity-depen-
dent limitation of photosynthesis. For example, el-
evated O, tensions may have a negative effect on
photosynthesis because O, acts as a competitive in-
hibitor of RubisCO carboxylase activity (Raven
1991) and because they result in photooxidation in
mats (Garcia-Pichel and Castenholz 1994). In cul-
tures, cyanobacteria display decreased growth rates
under elevated O, tensions (Marquez et al. 1995).
In our system, as salinity increases, saturation of O,
is reached at lower molar O, concentrations. Thus,
any putative negative effects of elevated O, partial
pressure on photosynthetic activity will be notice-
able at lower photosynthetic rates as salinity increas-
es. This point is illustrated in Figure 8 using data
obtained from mat P4. Our data are congruent with
the operation of such an inhibitory mechanism.
High and relatively stable partial pressures of oxy-
gen were measured not only in P4 but in all mats.
In order to assess the magnitude of the effect of
salinity on the O, accumulations, we applied a sim-
ple diffusion-reaction model for the formation of
oxygen gradients in benthic phototrophic commu-
nities (Epping 1996, data not shown). We included
environmental conditions (temperature, diffusion
coefficients, volumetric rates of photosynthesis, and
respiration) typically associated with the mats, im-
posed the condition that AGP should remain in-
variant throughout the salinity range of 3%-23%,
and modeled the oxygen concentration profiles.
The results indicate that for AGP rates resulting in
maximal O, partial pressures of 1 atm at 3% salinity
within the community (a typical condition in ben-
thic microbial mats), one should expect maximal O,
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Fic. 8. Effect of salinity in short-term incubation experiments
on the areal gross photosynthesis (AGP) and on the oxygenation
of the photosynthetically active layer (0—2 mm) in mat P4 as ob-
tained from microsensor oxygen profiling (profiles not shown).
Legend: shaded area depicts AGP, broken lines depict partial
pressures of Oy, solid lines depict molar O, concentrations; Empty
circles refer to maximal values attained within the photosynthet-
ically active layer, and solid squares refer to average values inte-
grated along it. As salinity increased, the areal gross photosynthe-
sis and the molar oxygenation of the photic zone decreased in
such a way that the partial pressure of oxygen in the mat re-
mained relatively constant up to a salinity of 19%.

partial pressures of 2 atm at 15% salts and 4 atm at
23% salinity; these O, partial pressures could result
in structural damage to the community and are un-
likely to be ever reached.

A full explanation for the limiting effect of salinity
on photosynthetic rates in benthic microbial com-
munities is not possible at this point and necessitates
further investigations. Interpretations based on the
indirect effects of salinity on O, solubility can ex-
plain the limitations observed, the magnitude of
their dependence on salinity, and the short time
frames within which some of the changes are ob-
served. Our hypothesis lends itself to empirical test-
ing as it predicts that limitations can be lifted if the
O, accumulations can be prevented. This implies
that planktonic communities of low cell density
should not be submitted to similar salinity-depen-
dent limitations. Experiments are in progress to test
this hypothesis. Such an indirect effect of salinity
may offer explanations as to why mats at the upper
range of salinity are usually embedded in slime, less
compact, and less densely colonized, since this
should result in much less strong accumulations of
oxygen.

The findings that we present have obvious and
important implications for the ecology of hypersa-
line bodies of water. It can be predicted that the
turnover times for carbon, the regeneration times
after episodic catastrophic events, and the resilience
of these communities to changes in environmental
factors other than salinity must decrease with salinity
as metabolic rates slow down. Salinity control of pro-

ductivity may override other (nutrient) limitations
under hypersaline conditions. The presence of this
salinity-dependent limitation may also explain why
benthic communities become restricted at salinities
above 18% salt, even though some cyanobacteria
can grow well (in culture) at salinities well above
that level (Brock 1976, Yopp et al. 1978, Garcia-Pi-
chel et al. 1998). The salinity-dependent limitations
described here may enable the use of indicator fossil
microalgae (i.e. Wilson et al. 1996) for paleoecolog-
ical reconstructions of benthic productivity.

We also realize that the effects described in this
contribution represent, in a certain way, the salinity-
dependent intensification of diffusive limitations
that must operate in benthic communities, at large,
under any conditions. In the future it should prove
interesting to assess the possible impact of this the-
oretical diffusion limitation to benthic metabolism.
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