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Abstract

The role of bacteria and protozoa in the food web of Lake Kinneret was examined for 14 seasons over a 4-yr
period (1989–1992) using a mass-balanced carbon flux model and network analysis. These microorganisms supplied
nearly half of the carbon requirements of metazoan zooplankton grazers during the late winter–spring Peridinium
bloom, when the lake was in its most eutrophic phase. The level of primary productivity was not seen to have a
significant effect on the relative amounts of carbon passing from bacteria and protozoa to higher trophic levels.
Rather, this depended on the proportion of photosynthetically fixed carbon that originated from ‘‘inedible’’ net-
phytoplankton and the efficiency with which bacterial carbon was transferred to metazoans. The importance of the
microbial loop as a carbon source to higher trophic levels in Lake Kinneret was a result of the often high levels of
inedible net-phytoplankton (mostly Peridinium gatunense). The higher levels also occurred because bacterial pro-
duction was transferred to metazoans in a relatively efficient one- or two-step process. These results indicate that
even in eutrophic environments, bacteria and protozoa can supply significant amounts of carbon to metazoans.

The so-called ‘‘microbial loop’’ is now a well-accepted
component of aquatic ecosystems (Pomeroy 1974; Azam et
al. 1983). It is often recognized that a significant, albeit var-
iable, proportion of organic carbon fixed by primary pro-
ducers is eventually released as dissolved organic carbon
(DOC) and taken up by bacteria. Bacteria utilize the DOC
as a food source and form the base of a microbial food web
involving a host of microorganisms.

The extent to which the primary produced carbon is
passed through heterotrophic microorganisms and actually
becomes available to higher trophic levels such as metazoan
zooplankters has been the subject of some debate (Ducklow
et al. 1986; Sherr et al. 1987). Current evidence indicates
that the quantity and importance of bacterial carbon produc-
tion that is eventually transferred to metazoans varies widely.
In general, it has been suggested that the proportion of pri-
mary production that flows through the microbial loop, as
opposed to direct utilization by metazoan grazers, is highest
in oligotrophic and least in eutrophic environments (Bird and
Kalff 1984; Porter et al. 1988; Weisse 1991; Azam and
Smith 1991).

Lake Kinneret, Israel, has been identified as a lake where
heterotrophic microorganisms may play an important role
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(Hadas et al. 1990; Sherr et al. 1991; Stone et al. 1993;
Hadas and Berman 1998; Hadas et al. 1998). Both ciliates
and flagellates, as well as bacteria, are significant compo-
nents of this ecosystem, though their importance may vary
seasonally. We studied the seasonal dynamics of the micro-
bial loop in Lake Kinneret and examined its importance in
the food web of the euphotic zone of this lake.

This food web was modeled in terms of 10 compartments
that describe the main biotic components of the Kinneret
pelagic ecosystem. The model computed and analyzed the
expected fluxes or flows of carbon between all compartments
in the Kinneret food web. Linear programming was used to
calculate the pattern of fluxes through the food web that
conformed as closely as possible with observed data, while
still maintaining internal consistency constraints such as
mass balance (Stone et al. 1993; Hart et al. 1997). We quan-
tified the role of the microbial loop in the Kinneret system
by applying network analysis (Ulanowicz 1986; Kay et al.
1989) to these flux charts. We used these techniques to mea-
sure the extent of microbially mediated carbon cycling and
other important quantities such as the proportion of the meta-
zoans’ diets originating from the microbial loop. We specif-
ically examined the conditions associated with those periods
in which microorganisms are important food sources for
higher trophic levels.

Although there have been previous attempts to model the
carbon flow through the Lake Kinneret food web, the ap-
proach presented here overcomes many of their shortcom-
ings and provides considerably more detail. The studies of
Serruya et al. (1980) and Walline et al. (1993) gave only
superficial analyses of the microbial loop and considered an-
nual averages only. Stone et al. (1993) provided more de-
tailed pictures of flows through the microbial loop via mass-
balanced carbon flow charts for two different seasons in
1989.
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The present article represents a major extension and re-
thinking of Stone et al. (1993) in several ways. First, we
applied more refined estimation techniques (Hart et al. 1997)
than were used previously; these yielded more reliable flux
estimates. Second, after an extensive review of the data and
the literature, several assumptions were altered. Most im-
portant here is the addition of a flux from nanophytoplankton
to ciliates (Madoni et al. 1990; Sherr et al. 1991) and alter-
ation of the assumptions on bacterial production and respi-
ration. Third, by examining 14 seasonal periods over 4 yr,
the present work allowed for more confidence that the ob-
served seasonal patterns are not just artifacts of a particular
year. Finally, the present work more accurately quantified
the role of the microbial loop by giving an in-depth network
analysis, including new techniques for measuring the im-
portance of heterotrophic microorganisms to the system.

Study site—Lake Kinneret (the Sea of Galilee) is a warm
monomictic lake covering an area of about 170 km2 with an
average depth of approximately 24 m. The lake is considered
mesoeutrophic, though the algal biomass and productivity
during the late winter–early spring bloom are well into the
eutrophic range (Berman et al. 1995). There is a brief mixing
period from late December to February, and the lake is
strongly stratified from about April to November with an
anoxic hypolimnion. There was a drought during the first 3
yr of our study (1989–1991), and in the summer of the latter
two of these years, the lake level dropped to a record low
level (about 212.9 m below mean sea level). The winter of
1991–1992 was one of the coldest and wettest on record and
saw a rapid 4-m rise in the lake level and a delayed ap-
pearance of the spring algal bloom.

We divided each of the four study years (1989–1992) into
four seasons. The timing of the seasons varied with events
in the lake rather than strictly with the calendar. The spring
season coincided with the major annual bloom of the dino-
flagellate Peridinium gatunense. Because of its large size
and hard polyglucan theca, this organism provides almost no
direct food supply to zooplankton and is only grazed and
digested by some fish (especially Sarotherodon galilaeus),
and the rotifer Asplanchna spp. (Spartaru and Zorn 1976;
Serruya 1978). During the spring, there was relatively little
biomass of smaller, edible algae but high bacterial produc-
tion. At the end of the Peridinium bloom, bacterial produc-
tion was high because of the considerable accumulation of
organic matter derived from the dinoflagellates (Cavari et al.
1978; Berman et al. 1979; Zohary et al. 1998). During sum-
mer, nanophytoplankton primary production was relatively
high but decreased in late summer–autumn with increasing
nutrient limitation. Bacterial production also diminished in
the fall. For two of the study years (1991–1992), there was
insufficient data in the autumn to construct complete flux
charts; these periods were therefore omitted from the anal-
ysis. The winter season was taken as the period from just
before complete lake mixing until the beginning of the Per-
idinium bloom. More information on the annual and seasonal
patterns of phytoplankton standing stock and primary pro-
duction can be found in Berman et al. (1995).

Methods

The Kinneret food web—The food web was divided into
10 compartments as in Stone et al. (1993; see Fig. 1). These
included two phytoplankton compartments: net-phytoplank-
ton (.20 mm) and nanophytoplankton (,20 mm). The latter
included picophytoplankton, though nanophytoplankton
comprised nearly all the biomass of this compartment during
the 4-yr study period. The net-phytoplankton was dominated
by Peridinium and was assumed to be mostly invulnerable
to grazing by metazoans. However, a small amount of this
compartment was taken to be grazed. This is to account both
for the fact that some net-algae other than P. gatunense may
have been edible and because zooplankton consumed some
of the detrital remains of dead Peridinium cells. There were
three compartments for the microbial loop (bacteria, hetero-
trophic flagellates, and ciliates), three metazoan zooplankton
compartments (rotifers, cladocerans, and copepods), one fish
compartment, and a single detrital organic carbon pool. Note
that the latter included both dissolved and particulate organic
carbon (DOC and POC).

Each living compartment was characterized by its biomass
B, respiration R, excretion E to the POC/DOC pool, and by
flows from and to other living compartments. The intake I
of a compartment is the sum of its inflows or inputs, while
its production is given by

P 5 I 2 E 2 R. (1)

The gross and net growth efficiencies k1 and k2 of a com-
partment are defined by the equations

P P
k 5 and k 5 . (2)1 2I P 1 R

Note that all data were based on integrated values for a
water column from 0–15 m depth during stratification, cor-
responding approximately to the euphotic depth and that of
the epilimnion. The integration was taken over the entire
water column during lake turnover.

Compartmental parameters

Biomasses—The biomasses of the compartments were es-
timated from data obtained by routine regular sampling at
the Kinneret Limnological Laboratory. Bacterial biomass
was calculated from cell counts using an average cell bio-
mass of 0.066 pgC cell21 (volume 5 0.3 mm3 3 0.22 pgC
mm23; Bratbak 1985; Sherr et al. 1991). Carbon content of
the other compartments, as a percentage of wet weight, was
taken to be 20% for net-phytoplankton (Pollingher and Ber-
man 1975), 6% for copepods (Gophen 1977), 8% for other
metazoan zooplankton (Gophen 1992), and 10% for nano-
phytoplankton, protozoa, and fish. Fish biomass was based
on acoustic surveys (Walline et al. 1992; Kalikhman and
Walline 1994).

Primary producers—Primary production was measured
using the 14C method. Based on the data from Pollingher and
Berman (1982), the mass-specific production of net-phyto-
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Fig. 1. Seasonally averaged compartmental carbon flux charts for the Kinneret food web during (A) winter (B) spring (C) summer (D)
autumn. The arrows show fluxes (predation or uptake) between compartments that exceeded 3.5 mgC m22 d21; their thickness indicate the
level of the flux. For fluxes of at least 10 mgC m22 d21,the numerical value of the flux is also given to the right or below the arrow.
Respiration and fluxes to the POC/DOC compartment are not shown (see Figs. 2, 3).

plankton tended to decline relative to that of nanophyto-
plankton, as net-phytoplankton biomass increased. Using
this data, we found a highly significant (P , 0.001, r2 5
0.96) nonlinear relationship between the ratio of nano- to
net-phytoplankton mass specific primary production and net-
phytoplankton biomass. This relationship was used to ap-
portion primary production between the two phytoplankton
compartments.

Phytoplankton were assumed to respire 25% of gross pri-
mary production in winter and spring and 30% in summer
and autumn. Direct losses of nanophytoplankton production
to the POC/DOC pool, due to exudation or lysis by viruses
(Fuhrman 1999), were generally taken as 10% of nanophy-
toplankton net primary production. However, in winter 1989,
there was a large bloom of the diatom Aulacoseira (formerly

Melosira) spp. This alga, because of its large volume of
intracellular vacuoles and prominent silica cell walls, is a
poor-quality food (U. Pollingher pers. comm.), and it also
has a high sinking rate. Therefore, we assumed that when
Aulacoseira was dominant, 25% of net nanophytoplankton
production went directly into the POC/DOC pool, after
which much sedimented out of the system.

Microbial loop—Bacterial production was measured using
the thymidine uptake method (Fuhrman and Azam 1982)
with a conversion factor of 2 3 1018 cell mol21. This factor
was chosen as the one most consistent with the information
obtained from the rest of the food web as well as being the
most common literature estimate. Bacterial growth efficiency
can vary depending on temperature and the availability of
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easily assimilated material. Using short-term glucose uptake
experiments in Lake Kinneret, Cavari et al. (1978) found that
bacterial respiration was generally between 40% and 60% of
carbon uptake. Because glucose is more easily assimilated
than many other substrates, these experiments probably un-
derestimated the level of respiration. For this reason, we es-
timated bacterial respiration to be between 50% and 70% of
uptake, with the respiration percentage calculated according
to the availability of substrate. This estimate for respiration
losses is considerably higher, but probably more realistic,
than the values (30% to 40% of carbon uptake) used by
Stone et al. (1993). Lysis by phages (Fuhrman 1999) was
assumed to deplete 10% of bacterial production.

Flagellates were assumed to consume only bacteria and
picophytoplankton, with growth rates depending on food
source availability and (negatively) on temperature (Hadas
et al. 1990). The gross growth efficiency k1 of this com-
partment was taken as 0.4 (Fenchel 1982). In addition to
heterotrophic flagellates, mixotrophic flagellates (e.g., Och-
romonas spp.) also can be significant consumers of bacteria
in Lake Kinneret. We quantified the level of grazing on bac-
teria by mixotrophs using data from Paran (1994); these or-
ganisms were included as part of the nanophytoplankton
compartment. Thus, the model contained a flux from bacteria
to nanophytoplankton (see Fig. 1).

The ciliate community was dominated by the omnivore
(primarily algivorous) Coleps hirtus and bacterivores such
as Vorticella mayeri, Colpoda spp., and small scuticociliates
(Madoni 1990; Sherr et al. 1991). The bacterivores occurred
mostly during the times of high bacterial production (spring
and early summer). In contrast, Coleps was more common
during the later part of year when there was relatively little
bacterial production (Hadas and Berman 1998). Coleps has
a considerably slower growth rate than the bactivorous cil-
iates (Madoni et al. 1990; Sherr et al. 1991; Hadas et al.
1998). Therefore, the growth rate of ciliates and the prefer-
ence of these organisms to consume bacteria was increased
during times of high bacterial production. Gross growth ef-
ficiency of the ciliates was taken to be 0.35 (Simek et al.
1996).

Metazoans—The rotifer community included species
ranging from fine filter feeders such as Keratella cochlearis
to the predatory Asplanchna spp. (Gophen 1978b). We as-
sumed that rotifers have the same gross growth efficiency as
cladocerans but somewhat higher mass-specific growth and
grazing rates (Allan 1976; Bosselmann and Riemann 1986).

Cladocerans consisted primarily of the small to midsize
species Ceriodaphnia spp., Diaphanosoma brachyurum, and
Bosmina longirostris (Gophen 1978b). As these species are
in general better at filtering nanoplankton than picoplankton
(Bogdan and Gilbert 1984, 1987), we assumed that they have
twice the preference to consume nanophytoplankton and fla-
gellates than bacteria.

The copepods were dominated by the cyclopoid Mesocy-
clops ogunnus (formerly M. leucarti; Gophen 1978b). Om-
nivorous calanoids and the cyclopoid Thermocyclops dy-
bowskii also occurred in small numbers during this study
period. We split this compartment into two subcompart-
ments: one for the primarily herbivorous nauplius and early

copepodite stages and the other for the mostly carnivorous
late copepodite and adult stages (Gophen 1977). Predation
rates of the carnivorous stages were based on Gophen (1977)
and were varied somewhat depending on food availability.

The fish compartment was divided into three subcom-
partments: zooplanktivores, consisting primarily of Acan-
thobrama terraesanctae (5Mirogrex terraesanctae, com-
monly known as lavnun or ‘‘Kinneret sardine’’), filter
feeders such as the St. Peter’s fish Sarotherodon galilaeus,
and young of the year of all species. The predation rates (in
units of gC per gC of predator per day) of zooplanktivores
were varied between 0.015 in the winter to 0.03 in the sum-
mer (Gophen and Threlkeld 1989), whereas the ingestion of
filter feeders was taken as ranging from 0.035 in autumn to
0.06 during the spring Peridinium bloom (Spartaru and Zorn
1976). Growth rates of young of the year fish were taken as
0.04 d21 in winter–spring, declining to 0.015 d21 in autumn
(Azoulay and Gophen 1992; Gophen 1980). The gross
growth efficiencies k1 of the three subcompartments were
estimated as 0.1 for zooplanktivores, 0.05 for filter feeders,
and 0.25 for young of the year. Acanthobrama spawn in
winter, whereas Sarotherodon reproduce in late spring and
summer (Ben Tuvia et al. 1992).

Flux chart construction—For each season, we constructed
food web flux charts that estimate the flows of carbon be-
tween the compartments of the food web. These charts need-
ed to be consistent with known information about the bio-
mass, production, and intake of each compartment as well
as with mass-balance, i.e., the sum of the intake of a com-
partment must equal the sum of its outflow less any change
in biomass over the period.

The construction of seasonal flux charts presents special
challenges since gross growth efficiencies as well as mass-
specific grazing and production rates can vary with food
concentration and temperature (Peters and Downing 1984;
Jumars et al. 1989; Gaedke and Straile 1994a). Thus, it may
not be appropriate to apply the same literature values to pe-
riods where the prey densities are different. To account for
the fact that herbivores increase their grazing rates with in-
creasing food concentration, we assumed that all nanophy-
toplankton production was grazed, except for losses for res-
piration and a fixed small percentage (10% of net production,
except in winter 1989) for exudation and viral lysis (cf.
Gaedke and Straile 1994a,b). Note that ‘‘sloppy feeding’’ is
accounted for by decreasing the assimilation efficiency of
the consumer, so that it appears as a flux from prey to pred-
ator to POC/DOC, rather than a direct flux from prey to
POC/DOC. Also, we assumed that the production of herbi-
vores correspond to the calculated carbon demands of car-
nivores (based on the considerations discussed in the pre-
vious section). From this, we were able to estimate grazing
and production rates as well as gross growth efficiencies k1

of the herbivores. Net growth efficiencies k2 were fixed at
0.5 for all protozoan and metazoan zooplankton compart-
ments (Gaedke and Straile 1994a,b) except copepods. As the
adult males do not contribute to production, the net growth
efficiency of the copepod compartment was taken to be
somewhat lower (about 0.42, depending slightly on the es-
timated age structure during the season). A summary of the
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Table 1. Estimates of the ranges of production to biomass ratio,
and gross and net growth efficiencies, for each living compartment.

Compartment p/b (d21) k1 k2

Nanophytoplankton
Net-phytoplankton
Bacteria
Flagellates
Ciliates
Rotifers
Cladocerans
Copepods
Fish

0.11–0.67
0.015–0.11
0.01–0.59
0.20–1.30
0.10–0.90
0.08–0.31
0.05–0.25
0.02–0.13

0.003–0.005

0.57–0.67
0.55–0.60
0.27–0.45

0.4
0.35

0.11–0.22
0.11–0.22
0.08–0.16
0.09–0.13

0.65–0.72
0.65–0.71
0.28–0.48

0.5
0.5
0.5
0.5

0.40–0.44
0.24–0.31

p/b, k1 and k2 values used for all compartments during each
season is given in Table 1.

The estimates of production P, gross and net growth ef-
ficiencies obtained as above gave us estimates of intake I,
respiration R, and detrital flux E (from, e.g., excretion and
sloppy feeding) for each compartment of the biota. These
were obtained by the following transformations of Eq. 1 and
Eq. 2:

P 1 1 1
I 5 ; R 5 P 2 1 ; E 5 P 2 . (3)1 2 1 2k k k k1 2 1 2

The fluxes tij from prey compartment j to consumer com-
partment i were then estimated using the formula

d a ri j i jT 5 , (4)i j a rO k ik
k

where di is the intake of compartment i and rij the relative
preference of the jth compartment for the ith compartment
as a food source (Hart et al. 1997). Here the parameter aj is
the available production of the jth compartment, which is
defined as the production P less the rate of change in bio-
mass B of the compartment from one season to the next
(Gaedke and Straile 1994b). The relative preferences rij were
based on literature reports on the feeding habits of the com-
ponent species of each compartment, as noted above. A lin-
ear programming procedure as described in Stone et al.
(1993) was then used to find the mass-balanced flux chart
closest to the original estimates.

Network and sensitivity analysis—We used network anal-
ysis (Ulanowicz 1986; Kay et al. 1989) to analyze the role
of recycling and the microbial loop in the food web. The
importance of the microbial food chain to the dominant her-
bivores was evaluated by calculating the total dependency
of cladocerans on the POC/DOC compartment. The total de-
pendency of a consumer compartment on another compart-
ment is defined as the fraction of the consumer’s diet that
passed through the other compartment at some time in the
past. Thus, the total dependency of cladocerans on the de-
trital compartment measures the fraction of the cladoceran
carbon intake (from bacteria, flagellates, and ciliates) that
had passed through the POC/DOC pool.

We used Finn’s cycling index (Finn 1976) as a statistic to
quantify the level of carbon cycling in the system. Finn’s
index for a compartment measures the fraction of the flow
into that compartment that has been in the compartment
some time in the past. It represents the ratio of ‘‘recycled’’
flow to total throughput (total flow) of that compartment.
The Finn’s index of the system is the weighted (by the quan-
tity of flow through each compartment) mean of the separate
compartmental Finn’s indices of that system. To calculate
network statistics, we used the NETWK program of Ulan-
owicz and Kay (1991), as modified by C. Pahl-Wostl and D.
Straile (pers. comm.) to account for the changes in biomass
during different time intervals. Note, however, that we used
the matrix based definition of Finn’s cycling index given
above (see Kay et al. 1989), which gives higher values than
that of the NETWK program.

We defined the bacterial transfer efficiency (BTE) to be
the percentage of bacterial production eventually consumed
by metazoans. This is computed as

bc 1 f c ·dep 1 cc ·depf cBTE 5 (5)
bp

where bc, fc and cc are the amounts of bacteria, flagellates
(including mixotrophs), and ciliates consumed by metazo-
ans, respectively, depf and depc are the total dependency on
POC/DOC of flagellates and ciliates, respectively, and bp is
bacterial production.

In order to assess the robustness of our results, a sensitiv-
ity analysis was performed by constructing three alternate
sets of flux charts in addition to the ‘‘standard’’ charts. In
each case, one or two of the more important but uncertain
inputs to our model were changed. For each alternative sce-
nario, new sets of flux charts and network analysis statistics
were found.

Results

Seasonal flux charts were constructed and mass-balanced
for each of the 14 time periods from January 1989 to August
1992. Seasonal averages of these charts are shown in Fig. 1.

Production—Due to their higher mass-specific growth
rate, nanophytoplankton were responsible for the majority of
primary production except during the spring Peridinium
bloom (Fig. 1), even though they usually comprised less than
half of the phytoplankton biomass. In spring, the largely in-
edible Peridinium was responsible for most of the primary
production. Because of this, almost 60% of net primary pro-
duction (i.e., gross primary production less algal respiration)
in the spring period was not grazed but moved directly to
the POC/DOC compartment. In contrast, about 77% of net
primary production was grazed during summer and autumn
and 73% in the winter.

Bacterial production ranged from 2% to 48% of gross pri-
mary production (mean 23%) and was higher in spring and
summer than in autumn and winter. It was higher during the
low lake level years (1990 and 1991) than in 1989 and the
1992 flood year.
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Fig. 2. Seasonally averaged contribution of phytoplankton
(gray), bacteria (hatches), protozoa (dots), metazoan zooplankton
(vertical lines), and fish (black) to community respiration. Fig. 3. Seasonally averaged fluxes to the POC/DOC pool from

nanophytoplankton (diagonal lines), net-phytoplankton (gray), mi-
croorganisms (dots), metazoan zooplankton (vertical lines), and fish
(black).

Ciliates and cladocerans dominated zooplankton produc-
tion. Ciliate production was especially high during the sum-
mers. Copepods and, during winter and spring, flagellates
and rotifers, were also significant contributors to secondary
production. Fish production averaged about 11 mgC m22 d21

or about 0.6% of gross primary production.

Grazing and predation—Average predation and grazing
fluxes for each season are shown in Fig. 1. Cladocerans were
the dominant grazers of phytoplankton, accounting on av-
erage for about 63% of all herbivory. Rotifers during spring,
juvenile copepods during other seasons, and ciliates during
most periods (especially during the summer) were also im-
portant grazers of phytoplankton.

Flagellates (both heterotrophic and mixotrophic), ciliates
and cladocerans were all important consumers of bacteria.
Flagellates were especially important in the winter when
they accounted for about 60% of all grazing on bacteria.
Ciliates were the major summer bacterial grazers, whereas
cladocerans consumed about one-third of bacteria production
in both spring and summer.

Copepods were the dominant predators on microzooplank-
ton (i.e., ciliates, rotifers, and nauplii). Cladocera (preying
on ciliates) and fish were less important predators on these
organisms, consuming about one-quarter and one-eighth of
microzooplankton production, respectively. Copepods also
consumed a majority of cladocerans except in spring, when
fish and copepods took roughly equal amounts.

Respiration and production of organic detritus—The
main contributors to community respiration (Fig. 2) were
bacteria (40% annual average) and phytoplankton (37%).
The percentage contribution of phytoplankton and bacteria
to community respiration ranged between 28–46% and 25–
54%, respectively (excluding the unusual spring 1992 peri-
od, when bacterial production and respiration appeared to be
abnormally low; however, these results may have been due
to experimental error). The contribution by bacteria to com-
munity respiration was highest in spring and summer. Meta-

zoan zooplankton (14%), protozoa (7%), and fish (2%) were
less important contributors to community respiration.

The main inputs to the POC/DOC detrital pool were from
net-phytoplankton and zooplankton (Fig. 3). Net-phyto-
plankton was the dominant source of POC/DOC during
spring, while zooplankton was the most important source in
other seasons. Fish, protozoa, bacteria, and nanophytoplank-
ton were less significant sources of detrital material.

Network analysis: The significance of the microbial
loop—In order to assess the importance of carbon cycled
through the microbial loop for the dominant herbivorous
zooplankton (i.e., the cladocerans), we calculated the total
dependency of cladocerans on the POC/DOC compartment.
This parameter gave a measure of the fraction of the cla-
doceran diet deriving from recycled carbon (see Methods).
The total dependency of cladocerans on POC/DOC for each
season was the highest in the spring, with the exception of
the unusual year 1992 and reached a maximum of 0.64 dur-
ing the spring of 1991 (Fig. 4). If the spring 1992 season is
excluded, the average total dependency in spring exceeded
0.5. Also, by calculating the total dependency of POC/DOC
on each of the two phytoplankton compartments, we could
find the ultimate source of the detrital carbon. The bulk of
detrital carbon during spring was derived from net-phyto-
plankton (consisting almost completely of Peridinium),
while at other times, most of this carbon originated from
nanophytoplankton. The latter mostly reached the POC/DOC
pool as a result of sloppy feeding and excretion by herbi-
vores and their predators rather than through direct exudation
from phytoplankton.

Finn’s cycling index measures the fraction of the total car-
bon flow that has passed through a compartment more than
one time (see Methods). This index, together with the ratio
of bacterial production to primary production plus bacterial
production and the bacterial transfer efficiency, is shown for
each period in Fig. 5A. The seasonal averages of Finn’s in-
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Fig. 4. Seasonal averages of the total dependency of cladocer-
ans on detrital matter. The ultimate source of this detrital matter,
either nano- (diagonal lines) or net- (gray) phytoplankton, is also
shown.

Fig. 5. (A) Finn’s cycling index (solid line), the ratio of bac-
terial production to that of primary plus bacterial production (dotted
line), and the bacterial transfer efficiency (dashed line) during each
period studied. (B) Finn’s index (gray bars), bacterial transfer effi-
ciency (vertical lined bars), and the percent of primary production
due to net-algae (checked bars), seasonally averaged.

dex, together with the bacterial transfer efficiency and the
percentage of primary production stemming from net-phy-
toplankton, are shown in Fig. 5B.

The microbial food web efficiency was defined by Duck-
low (1991) as the ratio of metazoan consumption of protozoa
to total consumption by protozoa. This parameter measures
the efficiency by which protozoa transfer energy to higher
trophic levels. It did not vary much in different periods,
ranging from a low of 0.29 in spring 1989 to a high of 0.35
in winter 1992 (average 0.32). Since metazoans can ingest
bacteria directly as well as receive bacterial carbon indirectly
via protozoa, it is of interest to compute the total fraction of
bacterial production that reached metazoans. Thus, we de-
fined the BTE as the fraction of bacterial production that is
eventually consumed by metazoans. This quantity can be
calculated using the total dependency coefficients obtained
from network analysis (see Eq. 5). Seasonal averages of this
quantity ranged from a low of 0.32 (in winter 1991) to a
high of 0.68 (in spring 1990 and 1991), with an annual av-
erage of 0.53 (Fig. 5).

Sensitivity analysis—In order to assess the robustness of
our results, we varied several of the more important but more
uncertain assumptions and inputs to the model. We consid-
ered three alternative scenarios as outlined below.

First, the conversion factor used to estimate bacterial pro-
duction from thymidine uptake measurements can vary con-
siderably (Coveney and Wetzel 1988; Berman et al. 1994)
and hence carries with it substantial uncertainty. Further-
more, reported values of bacterial respiration and growth ef-
ficiency have varied over a wide range (e.g., Coveney and
Wetzel 1992). To consider the impact of variability in bac-
terial production and respiration on the carbon fluxes in-
ferred by the model, we constructed alternative charts in
which bacterial production was reduced by 45%, corre-
sponding to a conversion factor of 1.1 3 1018 cell mol21, as
used in some other food web studies (Gaedke and Straile
1994a,b). Concomitantly, bacterial respiration was increased

by about 25% in order retain rates of carbon sedimentation
consistent with experimentally determined data.

Second, bacterial production cannot alone be increased
much without assuming unrealistically high figures for bac-
terial efficiency. However, recent studies (Berman et al.
1994; B. Luz and J. Erez pers. comm.) have suggested that
both primary production and bacterial production may have
been underestimated in Lake Kinneret. To test how changes
in these parameters might affect overall carbon fluxes in the
model, we increased primary production by 50% and bac-
terial production by 75%; these numbers were chosen to re-
main consistent with experimentally obtained sedimentation
data.

Third, the rates that we used for carbon flux into fish are
taken from literature values based on laboratory measure-
ments and may overestimate the true fish intake in the lake.
Fish biomass estimates are also subject to considerable error
(Walline et al. 1992). Since, unlike herbivorous zooplankton
grazing, fish consumption was a direct model input, it is
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Table 2. Sensitivity analysis. Values of key output parameters
(cladoceran p/b, gross growth efficiency, total dependence on de-
trital matter, and system Finn’s cycling index) under the standard
and each of the alternative sets of assumptions.

Assumptions
Cladoc-
eran p/b

Cladoc-
eran k1

Cladoc-
eran de-
pendence

Finn’s
cycling
index

Standard
Low bacterial production
High primary and bacterial

production
Low fish ingestion

0.13
0.13

0.14
0.12

0.17
0.20

0.10
0.15

0.27
0.17

0.32
0.28

0.12
0.07

0.21
0.13

Fig. 6. Plot of the total dependency of cladocerans on POC/
DOC as a function of the percentage of primary production stem-
ming from net-phytoplankton. The regression line excluding the
outlier spring 1992 point (open circle) is also shown.

worthwhile to explore what impact a change in the level of
fish consumption would have on the other parts of the sys-
tem. To evaluate the effect that overestimating fish con-
sumption could have on other carbon fluxes, we created al-
ternative charts in which the carbon intake of fish was
reduced by 25%.

Some key output parameters from the model using the
original flux charts and the three alternative assumptions are
listed in Table 2. Under the low bacterial production as-
sumption, there would be fewer microorganisms and total
food available for consumption by metazoans. Because the
cladocerans’ food supply was diminished, but their produc-
tion (as calculated by the estimated predation on cladocer-
ans) was only slightly changed under this scenario, a higher
cladoceran gross growth efficiency k1 is required to obtain
mass balance. A lower total dependency on POC/DOC and
Finn’s cycling index is also seen, due to the lower percentage
of microbial food in the cladocerans’ diet. Conversely, the
high primary and bacterial production assumption implies a
low k1 value because food is so abundant. Also, since bac-
terial production is increased more than primary production,
the indicators of the importance the microbial loop, the de-
pendency on POC/DOC and Finn’s index, were higher under
this assumption. The lower fish predation assumption mainly
resulted in slightly lower cladoceran production and gross
growth efficiency but had little effect on the total dependen-
cy figure and Finn’s index.

Discussion

It has been proposed that in aquatic systems, the microbial
loop has a less important role under eutrophic conditions
than in oligotrophic systems (Bird and Kalff 1984; Porter et
al. 1989; Weisse 1991; Azam and Smith 1991; but see Rie-
mann et al. 1986 for a contrary view). However, our results
indicate that in mesoeutrophic Lake Kinneret, bacteria and
protozoa were a significant portion of the diet of metazoan
grazers. This has also been suggested on the basis of field
observations (Hadas and Berman 1998). Heterotrophic mi-
croorganisms were an especially important component of the
metazoans’ diet during the spring bloom, when the lake is
in its most eutrophic phase. However, the relationship be-
tween primary production and the total dependence of cla-
docerans on the microbial food web was not significant (P
5 0.2, or excluding the spring 1992 season, P 5 0.15),

though weakly positive. This suggests that there is no simple
relationship between lake trophy per se and the relative im-
portance of the microbial loop as a source of carbon to high-
er trophic levels.

We propose that two other factors can influence the rela-
tive importance of the microbial loop as a food source to
metazoans in aquatic ecosystems. We found a relationship
between total cladoceran dependence on carbon derived
from the POC/DOC pool (i.e., via the microbial loop) and
the fraction of phytoplankton productivity stemming from
net-phytoplankton (see Fig. 6). The three highest levels of
dependency on POC/DOC were all during the spring Peri-
dinium bloom, when most of the primary production was
due to net-phytoplankton. In this lake, the microbial loop
organisms can be considered as providing a safety net for
metazoan grazers in spring, serving as an alternative food
source when edible nanophytoplankton were in short supply.
(As previously noted, the spring of 1992 did not follow this
pattern, but we are uncertain about the reliability of the re-
corded data for this period.)

The importance of microbes as sources for metazoan car-
bon requirements may also depend on the efficiency at which
bacterial carbon is transferred to higher trophic levels; this
is quantified by the BTE. To test this, we performed a mul-
tiple regression of the total cladoceran dependence on POC/
DOC against net-phytoplankton production (logarithmically
transformed) and BTE. The partial regression with the net-
phytoplankton fraction was significant (P 5 0.04), though
the partial regression with BTE had only borderline signifi-
cance (P 5 0.06). However, when the aberrant spring 1992
data was removed, both predictors were strongly significant
(P , 0.001 and P 5 0.002, respectively), with a total r2 of
0.9.

Bacterial growth is carbon limited in most, but not all,
lakes (Coveney and Wetzel 1992). To check if this is the
case in Lake Kinneret, we regressed log bacterial production
against the log of the flux of detrital carbon flowing into the
POC/DOC compartment, as given by the model. When the
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Fig. 7. Log–log plot of bacterial production versus primary pro-
duction for each period studied. The regression line excluding the
outlier spring 1992 point (open circle) is also shown.

outlier spring 1992 point was excluded, the regression was
highly significant (r2 5 0.73, P , 0.001) with a slope of
1.0. This indicates that bacterial production proportionally
followed the supply of detrital carbon. Experiments (T. Ber-
man unpubl. data) similarly demonstrated that bacteria was
primarily carbon limited in Lake Kinneret, with occasional
colimitation by phosphorus or nitrogen.

In Lake Kinneret and most other lakes, the response of
bacterial production and the microbial loop to changes in
primary production will thus be determined by the changes
induced in the supply of POC/DOC. Because algal extra-
cellular release of DOC relative to primary production tends
to be greater in nutrient poor waters (Berman and Holm-
Hansen 1974), the relative proportion of bacterial to primary
production in these conditions may be higher in oligotrophic
than in eutrophic systems. Additionally, allochthonous car-
bon inputs may be more important when autotrophic pro-
duction is low (del Giorgio et al. 1999). Hence, the detrital
chain may in some cases become less important as a food
source with increasing levels of primary production.

However, under a range of mesotrophic to eutrophic con-
ditions, increases in nutrients can induce the outgrowth of
large or colonial forms of algae or cyanobacteria which are
not readily grazed by metazoans (Watson and McCauley
1988). The ungrazed remains of these phytoplankton can be
important carbon sources for bacteria. Additionally, the rate
of viral infection of bacteria and phytoplankton may be
greater in eutrophic environments because of higher concen-
trations of phages and viruses (Fuhrman 1999). This would
increase the percentage of primary and bacterial production
lost to viral lysis. Thus, when inedible phytoplankton or viral
lysis are significant sources of POC/DOC, the microbial loop
can become more important as a carbon source to metazoans
with increasing lake trophy. In the case of Lake Kinneret,
the remains of largely inedible net-phytoplankton were a
much more important source of detrital carbon than phyto-
plankton exudates or allochthonous inputs. This explains
partially why bacteria and protozoa are especially important
carbon sources for metazoans during times of higher pro-
ductivity in this lake.

In many lakes, where flagellates are the dominant grazers
on bacteria, the transfer of bacterial carbon to macrozoo-
plankton is an inefficient two- or three-step process. In Lake
Kinneret, flagellates consumed a majority of bacterial pro-
duction only during winter, and heterotrophic flagellates al-
most disappeared during summer and autumn. In place of
the flagellates, ciliates, and metazoans were significant direct
consumers of bacteria during these seasons. For this reason,
the transfer of bacterial carbon to metazoans was mostly a
one- or two-step process, which was reflected in the high
BTE coefficients recorded in this lake. By partially short-
circuiting the protozoan portion of the microbial loop, meta-
zoans can utilize a larger proportion of bacterial production
than otherwise would be possible. The importance and sea-
sonal variation in the direct utilization of bacteria has been
noted in other systems as well (Pace et al. 1990).

Another source for the idea that microorganisms play
more important roles in oligotrophic waters is the work of
Bird and Kalff (1984), who showed that the ratio of bacterial
counts to chlorophyll a tends to decline with increasing eu-

trophication. Such a decline was also seen in Lake Kinneret.
However, the ratio of bacterial productivity to chlorophyll a
(data not shown) tended to rise with increasing primary pro-
ductivity. A plot of bacterial productivity versus primary
productivity, log transformed, for the 14 seasons studied here
(Fig. 7) showed a similar trend. The slope of the regression
line was considerably greater than 1 (m 5 1.7; r2 5 0.62,
omitting the spring 1992 season), again indicating that bac-
terial production tended to be relatively more important in
the more eutrophic periods. Although increasing primary
productivity strongly stimulated bacterial production, graz-
ing on bacteria also increased accordingly, thus maintaining
more or less the same bacterial biomass. In this scenario,
bacteria biomass was top-down controlled, and much of the
increased bacterial production was transferred to higher tro-
phic levels. As Bird and Kalff (1984) cautioned, bacterial
numbers alone may not accurately reflect microbial loop ac-
tivity.

The relatively high Finn’s cycling index in spring and
summer was another expression of the elevated bacterial ac-
tivity during these seasons. Since recycled carbon must pass
through the bacterial compartment, bacterial production is
closely related to the level of recycling. The total throughput
(i.e., the sum of all carbon fluxes through the system) should
be closely related to the sum of primary and bacterial pro-
duction. Therefore, as Fig. 5A demonstrates, the ratio z of
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Fig. 8. Plot of the ratio of total heterotrophic demand (THD) to
net primary production (NPP) versus Finn’s cycling index. The re-
gression line excluding the outlier spring 1992 point (open circle)
is also shown.

bacterial production to the sum of primary and bacterial pro-
duction had a close relationship to Finn’s index Fi (a similar
relationship was also found in Lake Constance [Straile
1994]). Linear regression of Fi versus z gave a highly sig-
nificant fit (Fi 5 0.6z; r2 5 0.97; P , 0.001). This relation-
ship permits the estimation of the importance of carbon cy-
cling to the system, as measured by Finn’s index, from
primary and bacterial production data alone, without having
to construct detailed carbon flux charts.

Strayer (1988) noted that the total heterotrophic demand
(THD) in aquatic ecosystems can considerably exceed pri-
mary production because of the effects of recycling. Thus,
the ratio of THD to net primary productivity should be con-
nected with measures of recycling. To check this, we plotted
this ratio against Finn’s index for each of the 14 seasons
studied (Fig. 8) and found a significant correlation (r2 5
0.87; P , 0.001). Note that the heterotrophic demand often
exceeded primary productivity by a factor of two or more,
indicating that the Kinneret epilimnion is a very retentive
system as defined by Strayer (1988).

Sediment trap measurements (A. Nishri unpubl. data)
showed that the actual sedimentation is about 10–12% of
primary production, only slightly lower than the estimates
we obtained. Assuming that our estimates of primary pro-
duction and bacterial respiration (60% of intake on average)
are correct, this implies that our estimate of the thymidine
conversion coefficient (2 3 1018 cell mol21) is also near to
the mark. If the confidence interval for the average bacterial
respiration is taken to be 40–80% of intake, this gives a
thymidine conversion factor of between 1–3 3 1018 cell
mol21. Thus, ecosystem models such as ours can help give
independent estimates of difficult-to-measure parameters
such as the thymidine conversion factor and bacterial res-
piration (Cole et al. 1989).

Berman et al. (1994) reported an experimentally deter-
mined thymidine conversion factor (1 3 1019 cell mol21)
much higher than the one used here. The sensitivity analysis
indicates that the amount of bacterial production that such a

high conversion factor would imply could only be sustained
if primary production has been drastically underestimated.
Although it is possible that primary productivity has been
underestimated to some extent (see Sensitivity analysis),
here we chose to use the measured value of primary pro-
ductivity and to reduce the thymidine conversion factor to a
more commonly used value consistent with the reported val-
ues of primary productivity. Resolution of this discrepancy
must await more definitive measurements of primary and
bacterial productivity.

Our compartmental model is not a predictive model but
rather a descriptive one that gives detailed seasonal pictures
of the Kinneret food web. There have been only a few other
food webs whose seasonal dynamics have been characterized
in such a detailed way (e.g., Baird and Ulanowicz 1989;
Gaedke and Straile 1994a,b). These pictures can aid consid-
erably in the difficult task in building and parameterizing
predictive dynamical food web models. The estimated fluxes
found in this study, for example, have been used to param-
eterize a differential equation model of the Lake Kinneret
food web, which shows that invertebrate predators can
dampen the classical trophic cascade from fish to phyto-
plankton (Hart pers. comm.).

Because of the many estimates and assumptions required
to build a whole ecosystem model such as the one presented
here, our results carry a certain amount of uncertainty. How-
ever, the sensitivity analysis indicates that our results are
relatively robust to changes in model assumptions. Large
changes in one or more assumptions induced somewhat
smaller changes in each of the key statistics listed in Table
2. Though there is some uncertainty in the exact values of
the fluxes and network analysis parameters, the qualitative
conclusions of this study were not substantially affected by
changes in the tested assumptions. By combining informa-
tion about all aspects of the food web, our results give a
holistic picture of the Kinneret ecosystem and the intercon-
nections between its components that could not be obtained
by only studying these parts separately.

We have demonstrated here how such models can be used
to quantify the role of heterotrophic microorganisms in the
carbon budget of a pelagic system. In particular, we have
measured the importance of heterotrophic microorganisms to
the diet of metazoan grazers, and in addition, we have quan-
tified the extent of recycling of organic material.
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