Chapter 24
Primary Production

Yosef Z Yacobi, Jonathan Erez and Ora Hadas

Abstract The synthesis of organic compounds from aqueous carbon diox-
ide, the aquatic primary production, principally occurs through the process of
photosynthesis, which uses light as its source of energy, but it also occurs through
chemosynthesis, which uses the oxidation or reduction of chemical compounds as
its source of energy. Here, we present both pathways and their contribution to the
primary production in Lake Kinneret. Phytoplankton density, measured as chloro-
phyll a (Chl a), and photosynthetic primary productivity (PP), measured as radio-
carbon isotope uptake, have been monitored in the lake for more than four decades.
The average Chl a areal concentration in the lake is 208 mg m™2 and the PP is
1.66 ¢ C m2 day™'. Both parameters displayed marked seasonal patterns, with high-
est values occurring in April and May. From July to December, Chl a and PP values
were on average only 24 and 64 %, respectively, of the spring maxima. However,
since the mid-1990s, a definite weakening of the seasonal periodicity of Chl a and
PP was observed.

Intensive chemosynthetic microbial activity, fueled by H,S oxidation, was mea-
sured at the chemoclines during its deepening below the photic zone in late autumn,
and close to the sediment—water interface in May when the chemocline starts to
form. Averaged depth-integrated chemoautotrophic primary production at the che-
mocline was 16 and 24 % of the photosynthetic primary production in May and dur-
ing autumn, respectively. The §'3C of particulate organic matter at the chemocline
ranged between —27 and —39 %o, suggesting the involvement of intensive chemo-
synthesis. Mass and isotopic balance of carbon and H,S suggest that chemosyn-
thetic production contributes between 20 and 30 % of the total primary production
in Lake Kinneret annually. This component should be considered when the lake’s
carbon budgets and food webs are assessed.
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For many years, the primary production in Lake Kinneret was solely assessed from
in situ measurement of photosynthetic carbon assimilation. Phytoplankton abun-
dance (in terms of chlorophyll a concentration) and photosynthetic primary pro-
duction have been systematically measured for more than four decades within the
framework of the Lake Kinneret monitoring program. The contribution of chemo-
synthetic bacteria was only occasionally measured and indicated the role and contri-
bution of chemosynthesis to the overall primary production and to the carbon cycle
in the lake. This chapter summarizes the observed trends of intra- and interannual
variation in key phytoplankton variables, chlorophyll abundance, photosynthetic
primary production rates, as well as the contribution of chemotrophic bacteria to
the production.

24.1 Photosynthetic Primary Production

Yosef Z Yacobi

24.1.1 A Short Historical Account

The first systematic measurement of primary productivity (PP) in Lake Kinneret
was made from June 1956 to July 1957 at a single offshore station located at the
southwestern side of the lake (Yashouv and Alhunis 1961). The measurements were
based on the oxygen light and dark bottle method. Using the same methodology,
Hepher and Langer (1970) extended the work in 1964—1965 to six stations dis-
tributed over the lake; they were also the first to systematically measure chloro-
phyll a (Chl a) as a crude estimate of phytoplankton biomass. Both studies revealed
typical seasonality of phytoplankton abundance and PP, with a substantial peak in
spring, when the dinoflagellate Peridinium gatunense bloomed. Thus, Chl a and
photosynthetic rates reached maximum values before solar input and temperatures
reached their annual maxima. In 1969, the '*C-tracer method (Steemann-Neilsen
1952) was introduced by Rohde (1972) and was soon established as the routine
method for the assessment of PP in Lake Kinneret. Multiannual summaries of chlo-
rophyll @ and primary production dynamics in Lake Kinneret have been published
on several occasions (Berman and Pollingher 1974; Pollingher and Berman 1977,
1982; Berman et al. 1992, 1995; Yacobi and Pollingher 1993; Yacobi 2006). The
methodologies used for measurement of Chl a (Holm-Hansen et al. 1965) and PP
(Steemann-Nielsen 1952) have remained unchanged throughout the entire period,
enabling direct comparison of measurements in the multiannual record.
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Fig. 24.1 Monthly averages (£standard error) of incident photosynthetically active radiation
(PAR) in Lake Kinneret (1995-2011)

24.1.2 Light Characteristics

Photosynthetically active radiation (PAR) input has been measured systematically
in Lake Kinneret since 1994, using a quantum sensor LI-190 (Licor, Lincoln, NE,
USA). The average (= SD) PAR measured at the Lake Kinneret water surface during
1995-2011 was 1,232 (+472) umol photon m 2 s~!. Maximum values were usually
recorded in June and minimum values in December (Fig. 24.1). The early PAR
measurements within the water column of the lake were restricted to four wave-
length bands (Rohde 1972; Berman 1976a) and 19 wavelength bands (Dubinsky
and Berman 1976, 1979). The result of these studies showed: (a) seasonal changes
in PAR penetration in the lake and suggested a two-way relationship between light
penetration and phytoplankton density (phytoplankton affected light penetration,
and limited its own light availability); (b) the dense crop formed by P. gatunense
dramatically shifted the spectral properties of the underwater light field, from green
being the most penetrating wavelength at the beginning of the bloom towards red
prior to its collapse; (c) light utilization efficiency in the water column increased
with depth. The integrated value for light utilization efficiency in the trophogenic
layer ranged from 0.33 to 4.01 %, with lowest values associated with domination of
P. gatunense.

From 1970 until the present, in-water PAR measurements, based on a broadband
(400-700 nm) sensor, were used for routine calculation of the light attenuation coef-
ficient, K. The vertical distribution of particles was mostly fairly uniform and the
value of K, varied only slightly with depth in the euphotic zone, except when mas-
sive blooms of P. gatunense occurred. However, when P. gatunense dominated the
lake phytoplankton, with a dense crop in the uppermost layers of the water column,
K, changed conspicuously with depth (Dubinsky and Berman 1979). In order to
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Fig. 24.2 Time series and 12-month (13 point) smoothed averages (solid line) of all monthly aver-
ages of in-water light characteristics of Lake Kinneret (1990-2011). a Broadband (400-700 nm)
light attenuation coefficient (K from 0.5 to 2.5 m) and b Secchi depth

circumvent the issue of heterogencous vertical distribution of particles during P.
gatunense blooms, a depth interval of 0.5-2.5 m was used to calculate K (Yacobi
2006). From 1990 through 2011, the average K, in the 0.5-2.5-m water layer ranged
by almost an order of magnitude (Fig. 24.2a, Table 24.1), with the highest values in
April and the lowest in July and August (Fig. 24.3). Over the period from 1990 to
2011, there was a nonsignificant trend of decrease in K; (Fig. 24.2a). A more exten-
sive data set based on measurements from 1970 to 2008 also showed a very slight
time-dependent increase of K, (Rimmer et al. 2011). Thus, it appears that the aver-
age in-water light penetration in Lake Kinneret has remained essentially unchanged
over the past four decades.

The slope of the regression of K, versus Chl a concentration yields the value of
the partial attenuation attributed to Chl (K ). For the period 1990 to 2011, K was
0.0033 mg ! Chl @ m™2. Elimination of entries where Chl a was >60 mg m3, i.e.,
when P. gatunense dominated the phytoplankton community, brought the K value
t0 0.007 mg™! Chl @ m2.

The Secchi depth showed a significant decreasing trend from 1990 to 2011
(Fig. 24.2b), suggesting that in-water light scattering increased in that time interval.
By contrast, in the period from 1970 to 1990, no significant trend for the Sec-
chi depth was observed. Increase in scattering may be the result of increase in
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Fig. 24.3 Monthly averages (+standard error) of downwelling attenuation coefficient K, and Sec-
chi depth from 1990 to 2011. K, calculated for the water layer from 0.5 to 2.5 m

the concentration of particles or in light scattering per particle. Data on particle
concentrations in the lake do not indicate a consistent time-dependent increase since
1998 (Chap. 26). Thus, it appears more likely that the decrease in the Secchi depth
reflects changes in the taxonomic composition of the phytoplankton (Chap. 10) and
in the size and/or composition of detrital and inorganic particles (Chap. 26).

The reciprocal of Secchi depth and K, were positively correlated for all data
points from 1990 to 2011 (2=0.31, p<0.001, n=495). Both optical parameters
were moderately correlated with the average Chl a density in the 0—15-m water
column or in the uppermost (0—1 m) layer of the lake, with the strongest correlation
between Chl a concentration in the uppermost layer and the reciprocal of Secchi
depth (12=0.52, p<0.001, n=495). When Chl a values >20 mg m > were excluded,
a much weaker correlation resulted (#2=0.06, p<0.001 n=393) suggesting that in
periods when P. gatunense was not dominant, phytoplankton was not the major
factor determining the light climate in the water column. The levels of colored dis-
solved organic matter in the epilimnion were extremely low; consequently, particu-
late detritus was probably the major modifier of water optical characteristics.

24.1.3 Chl a and Primary Production: 1970-2011

Mean (+=SD) Chl « in the epilimnion (0 to 15 m) of the lake from 1970 to 2011
was 208 (+£186) mg m2 and mean (+SD) daily PP 1.67 (+0.70) g C m2 day™!
(Table 24.1). Monthly averages of Chl a were positively correlated with micro-
scopically determined phytoplankton wet weight biomass (12=0.67, p<0.001,
n=>504,). For all sampling dates from 1972 until 2011, Chl a and phytoplankton wet
weight biomass were significantly positively correlated with PP, but with relatively
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Table 24.1 Lake Kinneret: chlorophyll a (Chl a), primary production (PP), assimilation num-
ber (A.N., calculated for optimal depth, sensu Kirk 1994), light attenuation coefficient (K,), and
Secchi depth

Mean SD Median Min. Max. n
Areal®
Chl g, mg m™? 208 186 144 40 1,436 503
PP, mg C m2 day! 1,665 697 1,569 308 4,339 440
Volumetric®
Chl g, mg m 16.9 22.8 10.5 1.0 650 4,448
PP, mg C m~ day™! 183 243 131 0.1 4,741 4,408
At optimal depth®
Chl g, mg m 21.2 45.6 10.7 2.3 650 518
PP, mg C m3 day™! 411 431 298 59 4,741 518
AN, mgCChla1,h™" 2.97 1.43 2.73 0.25 8.85 518
K4 0.5-2.5m 0.623 0.221 0.580 0.203 1.954 495
Secchi depth®, m 3.15 0.82 3.00 0.70 6.30 495

SD standard deviation

3 Areal Chl a and PP were calculated by depth-integrating data based on samples taken biweekly at
eight depths from 0 to 15 m. Measurements from 1970 (Chl @) or 1972 (PP) to 2011

b Volumetric variables and Secchi depth are based on measurements from 1990 to 2011

¢ Optimal depth is the depth in the water column “at which the light intensity is optimal for photo-
synthesis” (Kirk 1994). Variables at optimal depth are based on measurements from 1990 to 2011
4K, is based on measurements from 1994 to 2011

low coefficients of correlation (2=0.19 and 0.16, respectively, p<0.001, n=441).
Primary production per unit of Chl a changed conspicuously with phytoplankton
taxonomic identity (Yacobi and Zohary 2010) as well as temporally, indicating vari-
ation in light climate in the water column and probably the availability of nutrients.

The monthly averages of Chl a (Fig. 24.4a) and PP (Fig. 24.4b) displayed a sea-
sonal pattern of phytoplankton density and photosynthetic activity, with a clear Chl
a peak in April and somewhat less prominent peaks of PP in April and May. The
high spring peaks were caused by the development of dense populations of P. gatu-
nense, a highly regular phenomenon until the early 1990s (Zohary 2004; Chap. 10).
Overall, the monthly averages of Chl a showed greater variability than those of PP,
as shown by the ratio between maximum and minimum monthly averages (4.5 and
2.2 for Chl a and PP, respectively). Similarly, a comparison of all measurements
showed that integrated Chl @ varied more widely than PP (Table 24.1).

The seasonality of Chl @ and PP is shown in Fig. 24.5 from 1970 to 2011. Chang-
es in the seasonal pattern occurred after the mid-1990s due to the absence of P. ga-
tunense blooms in some years (1996—-1997, 2001-2002, 2005, 2008-2011) but very
dense P. gatunense populations in 1994, 1995, 1998, 2003, and 2007, with a ratio
of >10 between the highest and lowest monthly averages. Judging by the running
average (Fig. 24.5), it seems that overall, from 1970 to 2011, Chl a concentrations
and PP rates have not changed dramatically. On the other hand, the pattern of intra-
annual variation of phytoplankton parameters did change.

Lake Kinneret data have often been presented in terms of semiannual aver-
ages, representative of the winter—spring (January—June) and the summer—autumn
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Fig. 24.4 Monthly average (+standard error) of a Ch/ a content and b daily primary production
(PP) calculated for depth-integrated profiles from 1970 (Chl a) or 1972 (PP) through 2011

b 1970 1975 1980 1985 1990 1995 2000 2005 2010

Fig. 24.5 Time series and 12-month (13 point) smoothed averages (solid line) of all monthly
averages of a Chl a (mg m™2) and b primary production (PP, mg C m2 day ") calculated for depth-
integrated profiles from 1970 (Chl a) or 1972 (PP) through 2011
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Fig. 24.6 Semiannual averages of depth-integrated a Ch/ a (mg m2) and b primary production
(PP, mg C m™? day™), from 1970 (Chl a) or 1972 (PP) through 2011. The multiannual average
(+standard deviation) for each variable is indicated, upper: winter—spring, lower: summer—autumn

(July—December) conditions (e.g., Berman et al. 1995). Both Chl a concentrations
and PP rates were higher in winter—spring than in summer—autumn, although only
the former differed significantly. The semiannual averages of Chl a varied within
a restricted range from 1970 to 1994 (Fig. 24.6a); since then, a sharp increase oc-
curred in the variability of the semiannual Chl a averages. Comparison of the Chl
a averages for the winter—spring season from 1970 to 1994 with the Chl a averages
from 1995 to 2011 showed no significant difference. By contrast, in the summer—
autumn season, average Chl a concentrations from 1995 to 2011 were significantly
higher than from 1970 to 1994. The overall variability of PP declined from 1997 to
2011 (Fig. 24.6D).

24.1.4 Primary Production at Optimal Depth

Optimal depth is the depth in the water column “at which the light intensity is opti-
mal for photosynthesis” (Kirk 1994). The very definition of optimal depth indicates
that it fluctuates diurnally with the solar energy input. The data used for the current
analysis were derived from biweekly measurements made from 09.00 to 12.00 as
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Table 24.2 Average

e~ Depth, m AN. average PAR n
assimilation nun}llae{l 0 226+ 1.20° 5700 102
(mg Cmg Chla'h™) b b
and downwelling 1 3.05+1.43 404 194
photosynthetically active 2 3.23+1.36" 294 170
radiation (PAR; umol photon 3 3.23+1.36° 206¢ 49
m2s7!) at optimal depth in 5 2.85+0.85% 71° 3
Lake Kinneret from 1990 Averages of each variable followed by different letters were
through 2011 significantly different (»<0.001, using Dunn’s test)

part of the routine PP monitoring program. From 1990 to 2011, mean optimal depth
was 1.34 (£0.94) m with a mean assimilation number (A.N.) of 2.97 (+1.43) mgC
mg Chl ¢! h™! (n=518). AN. values at 1-, 2-, and 3-m depth were comparable,
but significantly different from those at 0 m (Table 24.2). The highest A.N. in Lake
Kinneret were recorded when cyanobacteria were the most abundant phytoplank-
ton, followed by diatoms and chlorophytes; the lowest A.N. were calculated when
dinoflagellates were the dominant phytoplankton (Yacobi and Zohary 2010). The
mean A.N. of samples dominated by P. gatunense, from 1990 to 2011, was 1.43
(£0.73) mg C mg Chl a 'h™! (n=48). The relatively low A.N. values at 0-m depth
resulted from the tendency of P. gatunense to concentrate close to the water surface
and to reduce the light available near the surface as well as in deeper strata. In addi-
tion, P. gatunense dominated when solar input was often below the value enabling
maximum photosynthetic activity. Consequently, P. gatunense in Lake Kinneret
was seldom photo-inhibited, although it does not lack the genetic potential destined
for coping with excessive radiation (Yacobi 2003). The highest A.N. were recorded
in August and September and the lowest from March to May (Fig. 24.7), when P.
gatunense reached maximum densities. Optimal depth was relatively shallow from
December to February and deepest throughout the summer months (Fig. 24.7),
corresponding to the intensity of solar input (Fig. 24.1). A.N. varied widely from
1990 to 2011 (Fig. 24.8), although it was fairly stable from 1970 to 1990 (Ostrovsky
et al. 2013; Table 24.3).

24.1.5 Phytoplankton Characteristics Driven
by the Physicochemical Environment

The differences in phytoplankton community structure and metabolic activity dur-
ing the winter—spring and the summer—autumn were basically driven by the changes
in thermal structure of the lake, i.e., full mixing at about the beginning of January to
March, followed by stratification and, finally, stable stratification in June. The lake
layers remain stratified throughout the summer. From September, the thermocline
deepens until the overturn in the last third of December or early January. Nutrient
supply, either by release from bottom sediments (Nishri et al. 2000) or from inflows
from the watershed, is relatively high during winter—spring (Nishri 2010). This may
explain the higher PP rates and Chl a concentrations that occurred in months when
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Fig. 24.7 Monthly averages (+standard error) of optimal depth (m) and assimilation number
(A4.N.) at the optimal depth from 1990 to 2011
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Fig. 24.8 Annual average of assimilation number (4.N.) at optimal depth (OD) and the location
of optimal depth (m) from 1990 to 2011

water temperatures, insolation, and PAR within the water column were low as com-
pared to summer—autumn. When the lake became strongly stratified, part of this
nutrient supply was retained within the plankton biomass in the epilimnion. Dur-
ing the stratification period, this store of nutrients was actively recycled within the
epilimnion and provided the main nutrient source for phytoplankton in the upper,
productive water layers in summer. This was probably the reason for the signifi-
cant correlations between the average rates of PP in winter—spring and those in the
following summer—autumn period (Fig. 24.9a). A positive correlation between the
average Chl a in winter—spring and Chl a in the subsequent summer—autumn period
was also observed (Fig. 24.9b).
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Fig. 24.9 Pair-wise comparison of semiannual averages of a Ch/ a and b PP. Years with a higher
summer—autumn PP than winter-spring average are circled. Regression lines: (a) 12=0.12,
p<0.029, n=42; (b) »=0.37, p<0.001, n=37

The fluxes of particles and solutes, which strongly affect nutrient availabil-
ity for phytoplankton, depend on the thermal structure of the lake. The long-term
continuous change in the thermal structure of Lake Kinneret reported for the period
1969-2008 was reflected by a decrease in epilimnion thickness of ~3 cm year™
and an average epilimnion temperature increase of ~0.028°C year™' (Rimmer et al.
2011). The increased range of annual water-level fluctuations together with the
trend of decreasing lake levels was most probably the trigger for these slight, but
detectable modifications in the thermal structure and may have impacted the en-
tire lake ecosystem. Serruya and Pollingher (1977) and Hambright et al. (1997)
proposed the following cascade of events for a situation of declining lake levels:
(1) a decrease in hypolimnion volume, (2) enhanced nutrient concentrations in the
hypolimnion, (3) increased nutrient concentrations in the epilimnion following lake
mixing, and (4) changes in phytoplankton population composition and reduction
of total algal biomass. As predicted, N and P concentrations in the hypolimnion
have indeed increased with the water level lowering (Zohary and Ostrovsky 2011).
However, the observed response of phytoplankton after lake overturn and holomixis
only partially followed the predicted sequence of events. Changes in phytoplankton
community composition have occurred (Zohary 2004), but total phytoplankton bio-
mass, determined as Chl a, did not decline but, on the contrary, increased in summer
(Fig. 24.5).

In summary, four decades of monitoring Chl a and PP in Lake Kinneret have
showed wide ranges of variability (Fig. 24.5). Seasonal patterns of Chl a and PP
that characterized the lake from 1970 until the mid-1990s have changed dramati-
cally. The regular appearance of the late-winter—spring bloom of P. gatunense has
become erratic. In years without blooms, maximum values of Chl @ and PP were not
observed in April or May, but either earlier or in summer, in sharp contrast to the
typical pattern found until the mid-1990s (Fig. 24.10).
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Fig. 24.10 Monthly averages of a Chl a and b PP calculated for depth-integrated profiles. Aver-
ages for 2007, a “Peridinium year,” are compared with averages for 2011, a “non-Peridinium year”
and with the multiannual average

24.1.6 Primary Production in the Carbon Balance
of Lake Kinneret

The standard '*C method used since 1972 in Lake Kinneret for measurement of
PP is based on the uptake of radiolabeled carbon and yields a result between gross
primary production (GPP) and net primary production (NPP). The “C method may
even underestimate NPP (based on oxygen metabolism measurements), if the up-
take of the radioisotope is hindered by intracellular or environmental factors (Os-
trom et al. 2005; Yacobi et al. 2007). Part of the fixed carbon is readily respired or
lost in exudates (Berman 1976b); therefore, the amount of “C retained in the par-
ticulate matter underestimates the total carbon uptake or GPP (Berman and Polling-
her 1974; Williams and Robertson 1991; Marra 2009). GPP, however, is a critical
parameter in any estimation of ecosystem carbon flux (Hdkanson and Peters 1995).

A recent study by Parparov and Yacobi (unpublished) compared '“C to AO,
methods for measuring primary production. GPP was measured by AO, concentra-
tion in light and dark bottles incubated for 24 h in situ in the lake, together with
14C uptake in separate, parallel samples. A close relationship was found between
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Fig. 24.11 Comparison of primary production measurements based on the *C method (**CP) ver-
sus gross primary production (GPP). GPP is based on the measurement of AO, in light and dark
bottles incubated for 24 h in situ from 0 to 5 m in Lake Kinneret. The experiments were carried
out from October 2005 to June 2006. The regression equation is given by GPP=1.48* *CP+0.003
(r?=0.44, n=64, p<0.001). The line represents a 1:1 ratio

these two variables (#>=0.44, p<0.0001, n=64), with an 0,:C molar ratio of ~1.5
(Fig. 24.11). Thus, it appears that the PP values obtained by the '“C method that
has been routinely used in Lake Kinneret since 1972 are close to NPP (Berman and
Pollingher 1974; Figs. 24.12 and 24.13).

Throughout most of the year, GPP measured by the uptake of '*O, (supplied to
the medium as H,'®0,) was higher by a factor of approximately 2 than PP measured
by the “C method. However, when there were dense crops of P. gatunense in the
lake, PP measured with 18O2 was sevenfold higher than PP measured with '“C; far
higher than the limits found in other aquatic systems. This extremely high ratio be-
tween 0, and '“C-based PP estimates was explained as resulting, at least in part,
from oxygen uptake by the Mehler reaction and from the recycling of the '“C tracer
by dark respiration and the alternative oxidase (AOX) pathway (Luz et al. 2002).

Primary production is the major source for organic carbon in Lake Kinneret,
fixing approximately 608 g m 2 year™!, or when extrapolated to the entire lake area,
~1.02x10° ton C year! (based on “C uptake values). External inputs of organic
carbon are much lower; the average annual input from the Jordan River is 1.8 x 103
ton organic C year ! (Lake Kinneret database). The major sinks of organic carbon,
respiration (Berman et al. 2009; Sect. 25.1), and sedimentation (Ostrovsky and Ya-
cobi 2010; Chap. 27) taken together are approximately equal to the organic carbon
provided to the system by primary production. Lake Kinneret is thus net autotrophic
(Sect. 25.5). Net autotrophy may be rather the rule than the exception for lakes such
as Lake Kinneret, located in arid and semiarid zones, where the water supply is
limited and seasonally restricted with low levels of soil organic matter-content in
the surrounding watershed.
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24.2 Chemosynthetic Primary Production: A Missing
Input into the Carbon Cycle

Ora Hadas, Jonathan Erez

24.2.1 Introduction

All organisms require carbon and energy sources to drive cellular maintenance,
growth, biosynthesis, and function. The carbon source can be obtained by the
conversion of CO, to organic carbon (autotrophy) or by consuming fixed organic
material (heterotrophy). Energy can come from light (radiant) and be converted
to chemical energy via the process of photosynthesis or from oxidation—reduction
processes using inorganic or organic molecules. Organisms that use CO, as their
carbon source and get their energy by oxidizing inorganic reduced chemicals are
defined as chemolithoautotrophs or chemoautotrophs (Konhauser 2007).

Chemoautotrophs use inorganic energy sources, such as hydrogen sulfide, ele-
mental sulfur, thiosulfate, tetrathionate, ferrous iron, molecular hydrogen, methane,
and ammonia. Most are bacteria or archaea that utilize the chemical energy released
when those reduced compounds are oxidized for CO, fixation. They generally fall
into several groups: sulfur oxidizers and reducers, methanogens, nitrifiers, anam-
mox bacteria, and thermoacidophiles.

Oxic—anoxic interfaces (chemoclines) are favorable for growth of chemoauto-
trophic bacteria, which oxidize H,S and other reducing substances to obtain energy
for CO, fixation. The microscale mixing patterns within the chemocline will control
the temporal and spatial distribution of the various sulfide-oxidizing, ammonium-
oxidizing, and other oxidizing microorganisms.

H,S and NH," are the most important electron donors for chemosynthesis in
Lake Kinneret. Chemoautotrophic bacteria, which oxidize H,S (Thiobacillus,
Thiomicrospira, and Beggiatoa), require the concomitant presence of both suitable
electron acceptors and suitable electron donors. Oxygen is the preferred electron
acceptor for all sulfide oxidizers, but nitrate and oxidized iron may serve as alterna-
tive acceptors. Furthermore, denitrification processes in the lake may be driven by
sulfide-oxidizing bacteria (Sect. 25.3). Ammonium and nitrite (via nitrification),
hydrogen gas (utilized by some sulfate-reducing bacteria), and methane (used by
methanotrophs) are other reduced compounds used by chemoautotrophs in Lake
Kinneret. This chapter describes spatial and temporal variations in chemosynthetic
primary production due to H,S oxidation, and its relative importance in the carbon
cycle in Lake Kinneret. Ammonium oxidation is addressed in Chap. 22)

24.2.2 Oxic—Anoxic Interfaces (Chemoclines)

In Lake Kinneret, oxic—anoxic interfaces are found at different locations at dif-
ferent times of the year. In the pelagic water, such interfaces are found within the
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metalimnic layer, during stable stratification (June-December). A chemocline with
a steep gradient of sulfide (H,S), ammonium (NH,), and dissolved oxygen (DO)
is formed and creates unique chemical conditions for various groups of microbial
communities. During summer, when the oxic-anoxic (O,~H,S) interface is between
14 and 20 m, where some light is still available (~0.1 to 1 % of the incident light),
the development of photosynthetic bacteria performing anoxygenic photosynthesis
is observed, contributing about 1% to primary production of the lake (Butow and
Bergstein-Ben Dan 1992; Sect. 15.2). In October, this thermocline/oxycline deep-
ens below the euphotic zone, excluding photosynthetic but not chemoautotrophic
carbon fixation.

Chemoclines are also formed in the deeper part of the water column in late spring
when fresh organic matter is supplied to the hypolimnion, benthic boundary layer,
and sediments due to degradation of phytoplankton blooms (such as P. gatunense
and Mougeotia sp.). There is a decrease and depletion in oxygen and, due to inten-
sive sulfate-reduction processes in the hypolimnion, H,S is released near to “pock-
ets” and layers of the still oxygenated water column, forming local chemoclines
suitable for chemosynthetic activity (Chap. 21). In addition, a chemocline is formed
near the bottom sediments, where H,S and ammonium are released to the overlying
water in late spring—early summer. Beggiatoa sp. mats are observed at the sedi-
ment—water interface during this period all over the lake (Hadas and Pinkas 1995a).

In the littoral and sublittoral zones, where physical processes such as “wave
break” and resuspension of the sediments provide a continuous supply of H,S from
the sediments to the oxygenated water column, an oxic—anoxic interface exists year-
round with intensive chemoautotrophic activity. For details on physical processes
and thermocline/chemocline structure, see Chap. 9.

24.2.3 Methods

Chemosynthetic carbon fixation was measured by the '*C method in parallel light
and dark bottles, with and without the addition of 5 pM 3-(3, 4-dichlorophenyl)-1,
I-dimethylurea (DCMU), an inhibitor of photosystem II. This approach enabled
distinguishing between photosynthetic (in the light) and chemosynthetic (dark) car-
bon fixation (Hadas et al. 2001).

24.2.4 Chemosynthesis in the Lower Water Mass
and Sediment—Water Interface During
the Formation of the Chemocline (May)

In early summer, when the thermocline and chemocline begin to develop, they are at
different depths. The thermocline forms by warming of epilimnic surface water while
the chemocline starts to develop at the sediment—water interface as the result of an-
aerobic mineralization processes. Oxic—anoxic interfaces can be found throughout
the entire lower water mass, where sulfide and DO coexist at low concentrations,
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favoring mainly H,S-based bacterial chemosynthesis (Fig. 24.12). Chemosynthetic
carbon fixation ranged from 0.42+0.01 to 16.9+1.24 mg C m> h™! at depths of 30
and 40 m in 2003 and 2004, respectively. The low carbon fixation rate measured
at 30 m in 2003 was the result of the DO concentrations at this depth (Fig. 24.12
and Chap. 21), conditions which were not favorable for chemosynthetic sulfide
oxidation. In May 1995, a 4-m-thick chemocline region, at the benthic boundary
layer, at 38—42 m, showed chemosynthetic activity ranging from 9.83+0.15 to
124+0.15 mg C m™> h™! (Hadas et al. 2001).

24.2.5 Chemosynthesis in the Metalimnion in Autumn,
the Time of Chemocline Deepening

Chemosynthesis was measured as dark '*CO, fixation in the metalimnion of Lake
Kinneret at Station A (Sta. A), from October, when the chemocline declines be-
low the euphotic zone, until a turnover in December or January. At that time, the
chemocline was characterized by steep gradients of H,S and DO and a thin layer
of 0.5-2.0 m thickness, where the two coexisted (up to 0.4 mg L™! of oxygen and
0.2 mg L' of H,S). As the thermocline deepened, the temperature gradient was
smaller, but the steep gradients of O, and H,S at the chemocline were maintained
or even increased. Measured rates of dark '*CO, fixation were in the range of 0.4—
40 mg C m3 h™! with the highest value recorded at 32.5-m depth at Sta. A in De-
cember 1996, when the activity was restricted to a 0.5-m-thick chemocline. The
thickness and depth of the interface layer in the pelagic waters in the lake varied as
a result of internal waves. The amplitude of the thermocline/chemocline tilt due to
seiche oscillations can reach 10 m over 24 h, causing mixing and displacement of
water layers within the metalimnion (Serruya 1975; Chap. 9). These daily mixing
events can enhance the chemosynthetic process by mixing DO and H,S within the
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Fig. 24.13 Carbon fixation rates (mg C m~ h™!) in the dark and in the light, with and without
the addition of DCMU (bars), and the isotopic composition of the total particulate organic mat-
ter (™M13C, %o, symbols) at 2 m depth and at various depths within the chemocline at Sta. A, 12
December 1994

chemocline. For example, during 2 days between 15 and 17 December 1996, the
chemocline shifted upwards by 8 m (from 32 to 24 m), with chemoautotrophic dark
CO, fixation of 40 and 29 mg C m™ h™!, respectively. In December 1994, a ~2-m-
thick chemocline was located at a depth of 32-34 m (Fig. 24.13) in which much
higher chemosynthetic carbon fixation was measured (23.4+2.2 mg C m 3 h™!) than
photosynthetic carbon fixation (5+£0.9 mg C m™3 h™!) at 2 m in the euphotic zone.
In water, from 2-m depth, carbon fixation was totally inhibited in the dark or in the
presence of DCMU, whereas dark carbon fixation in the sample from the chemo-
cline was entirely due to bacteria and was DCMU-resistant (Hadas et al. 2001).
Photosynthetic primary production in the euphotic zone (0—15 m) from October
to December averaged 1,300+£686 mg C m2 day™! during the years 1992-1996.
Chemoautotrophic primary production at the chemocline (below the euphotic zone)
over the same period averaged 314172 mg C m2 day !, i.e., ~24 % of the pho-
tosynthetic primary production during that period. The maximal monthly value for
chemosynthesis was observed in December 1992 when it reached 92 % of the pho-
tosynthetic production fixation. In May 1992, photosynthetic and chemosynthetic
primary production values averaged 3,276+972 and 533+453 mg C m 2 day ™', re-
spectively, i.e., chemosynthetic production was 16 % of photosynthetic production
(Table 24.3). Similar values were measured at Sta. A in June 1997. The difference
in primary production between the two periods was due to the characteristic yearly
bloom of P. gatunense in winter/spring with 7—10 times higher biomass than that of
nanophytoplankton in summer/autumn (Berman et al. 1995). It should be stressed
that these values were measured during the 1990s based on integrated values of che-
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Table 24.3 Chemosynthetic (chemo) and photosynthetic (photo) carbon fixation (PP) at Sta. A.
(Data represent depth-integrated values® for three characteristic seasons in Lake Kinneret). (Repro-
duced from Hadas et al. 2001 with permission from ASLO)

Period Photo PP Chemo PP Chemo/Photo (%)
(mg C m2 day™!) (mg C m2 day™")

Early summer (May) 3,276+972 5334453 16 % range (9-28)

Summer (June) 1,883 305.7 16 % range (11-16)

Autumn—Winter 1,300+ 686 314+172 24 % range (8-92)

(October—December)

2 Integrated depths for photosynthetic primary production 1-15 m and chemosynthetic production
at the chemocline ranging from 20 to 35.5 m

mosynthesis of 4 m above the sediments. Recent studies indicated that chemosyn-
thesis may also occur at O, and H,S interfaces within the hypolimnion (Fig. 24.12),
and its contribution to the carbon fixation during this period may be much higher,
depending on the extent of sulfide and oxygen coexistence, which differs from year
to year.

24.2.6 Bacterial Carbon Fixation at the Shallow
Areas of the Lake

During the period of the Peridinium bloom, the littoral zone is characterized by the
highest PP and biomass, providing the sediments with fresh organic matter after the
degradation and decomposition of the bloom. This supply of decomposed organic
matter results in intensive sulfate reduction within the sediments and H,S produc-
tion (Hadas and Pinkas 1995b; Hadas et al. 2000). Wind and resuspension processes
induce mixing at this area, and reduced materials, mostly H,S and NH,, are released
from the sediments to meet oxic waters and form chemoclines. The appearance of
white filamentous bacterial mats of Beggiatoa on sulfide-rich sediments indicates
high organic load and oxygen depletion (Sweerts et al. 1990).

In the euphotic littoral and sublittoral zones, where light reached the chemocline,
the continuous supply of sulfide supported bacterial photosynthetic carbon fixation
as well. Photosynthetic bacteria contributed 40 % of the bacterial carbon fixation in
this region (Hadas et al. 2000). In addition, in the sublittoral of the lake, fish avoided
the zone of 1-2 m from the bottom sediments, implying that this layer with reduced
compounds (H,S) is toxic (Ostrovsky et al. 1996).

24.2.7 Chemoautotrophic Activity and Carbon Isotopes

Carbon flow between different trophic levels in marine and freshwater ecosystems
can be traced by stable carbon isotope ratios of various components in the food web
(e.g., Fry and Sherr 1984; Rau et al. 1990; Kelley et al. 1998; Fry 2006). In Lake
Kinneret, two phenomena were observed, i.e., (1) in late autumn—early winter, low
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standing stocks of phytoplankton and (2) low Chl a concentrations were observed
in the water column (Chap. 10). At this time, the zooplankton was characterized by
very low 8'3C values (ca. —34 %o; Zohary et al. 1994). These negative §'3C values
did not correspond to those expected if the zooplankton had been feeding on nano-
planktonic algae which have 6-10%o0 more positive 8'*C values. This raised the
question of what food source zooplankton were using during this period. Because
chemoautotrophic bacteria have highly negative §'3C signatures (Ruby et al. 1987),
it was proposed that these bacteria served as the major carbon source for zooplank-
ton during this season, either directly or via the microbial food web.

The 8'3C values of total particulate carbon in the chemocline of Lake Kinneret
ranged from —27 to —39 %o. Particulate organic matter from water layers in the lake
with high bacterial chemosynthetic activity was found to have low 8'*C (Zohary
et al. 1994), typical of chemosynthetic bacteria (Cavanaugh et al. 1981). The total
particulate carbon of pelagic waters in Lake Kinneret had lighter carbon composi-
tion as compared to the littoral stations. The relatively higher abundance of photo-
synthetic bacteria, characterized by heavy carbon composition, may have contrib-
uted to the heavier carbon composition in the shallow area of the lake.

There are two main possibilities to explain the low 8'3C values displayed by the
chemosynthetic bacteria. First, the §'*C of the hypolimnetic inorganic carbon is low,
in the range of —6 to —8 %o (Stiller and Nissenbaum 1999). Second, the pH in these
waters is 7.8, and hence the COyug) concentrations are high, well above 100 pM, so
that the bacteria can fractionate carbon isotopes at their maximum capacity. With
the deepening of the thermocline and oxycline below the euphotic zone in October
and during the formation of the chemocline (April-May), there was an increase in
both numbers and biovolumes of ciliates in this region. In December 1996, at 32.5-
m depth, an almost pure culture of Coleps hirtus was observed (180 Coleps ml™"),
corresponding to high dark carbon fixation (~40 mg C m 3 h™!) and low 8'3C value
of —31.59 %o, suggesting that Coleps was feeding on chemoautotrophic bacteria.
Other protozoa present were the ciliates Cyclidium, Vorticella mayeri, and small
flagellates. High numbers of anaerobic or facultative ciliates (Saprodinium denta-
tum, Plagiopyla) were observed near the bottom sediments in April-May, feeding
on sulfur cycle bacteria. Zooplankton may feed on these ciliates (Chaps. 14 and 17)
and this way acquires the observed low §'3C isotopic signatures in winter.

24.2.8 Conclusions

Bacterial chemosynthetic production in Lake Kinneret is significant and should be
taken into account in the carbon budgets calculated for the lake as well as in food
web carbon fluxes. It should be stressed that this production was energetically de-
rived from organic carbon, which at an earlier stage was fixed by photosynthesis.
The use of reduced compounds (sulfide, ammonium, and methane) originating from
anaerobic metabolism, which is energetically inefficient, can be partly compensated
by utilization of these compounds. In this way, at least part of the photosynthetic
energy, potentially convertible to biomass under aerobic conditions, can be gained
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back by chemosynthesis; otherwise, this energy would be completely lost to the
system. The phylogenetic lineages of the microbial populations involved in chemo-
autotrophic processes in the lake should be elucidated in the future using molecular
biology tools.
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