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ABSTRACT

Carbon (C) and phosphorous (P) regulation in aquatic food chains are
transferred from lower to upper trophic levels primarily as polyunsatu-
rated fatty acids (PUFAs) and C:P stoichiometry. The majority of C is
transferred through algal based pathway. Microbial loop, though option-
ally contributes to C transfer, highly constrained by P limitation and bac-
terial predator type. Lack of essential PUFAs in bacteria is also responsi-
ble for its low trophic transfer of C. The seston size and algal taxonomic
variations directly affect herbivore through P-dependent food quality and
de novo synthesis of PUFAs. Change in algal community over a gradient
could therefore determine C transfer. Feeding nature (herbivorous or car-
nivorous) and predator sizes also regulate transfer efficiency of C and P
to upper trophic levels. As trophic levels move up, P-limitation becomes
higher compared to autotrophs. For Daphnia, as mostly studied aquatic
herbivore member, P limitation becomes critical at C:P > 300 indicating
excess C is not always invited under P-deficient situations. However, as
a part of homeostasis mechanism for trophic upgrading, conversion of
algal-zooplankton interface from qualitative to quantitative could minimize
such critical C:P regulation at higher trophic levels. Protists, in turn, with
high clearance rate by zooplankton predator could also compensate qual-
itative effect.

RESUME

C et P dans les chaines alimentaires aquatiques : une revue sur la stoechimétrie C:P
et la régulation par les PUFA
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Les régulations par carbone (C) et phosphore (P) dans les chaines trophiques
aquatiques sont transférées des niveaux trophiques inférieurs vers les supérieurs
au travers des acides gras polyinsaturés (PUFAs) et du rapport stoechiométrique
C:P. La majorité du C est transférée par la voie reposant sur les algues. La boucle
microbienne, bien que contribuant au transfert du C, est trés contrainte par la
limitation en P et la prédation. Un manque de PUFAs essentiels est également
responsable de ce faible transfert du C. La taille du seston et les variations taxo-
nomiques des algues affectent directement les herbivores au travers de la qualité
nutritionnelle dépendante du P et de la synthése de novo de PUFAs. Le type
de nourriture (herbivorie ou carnivorie) et les tailles de prédateurs régulent aussi
I’efficacité du transfert de C et P vers les niveaux trophiques supérieurs. La limita-
tion par P devient plus importante dans les niveaux trophiques supérieurs. Pour
Daphnia, comme pour beaucoup d’organismes herbivores étudiés, la limitation par
P devient cruciale quand C:P > 300, indiquant un exces de C pas toujours di a
des situations de déficience en P. Toutefois, comme part du mécanisme d’homéo-
stasie pour le « trophic upgrading », le passage de I'interface algue-zooplancton
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de qualitatif a quantitatif peut atténuer la régulation critique C:P aux niveaux tro-
phiques supérieurs. Les protistes, avec un taux de prédation par le zooplancton
élevé, peuvent compenser I'effet qualitatif.

INTRODUCTION

Aquatic food chains mainly focused on autotrophic primary production resulting phytoplank-
ton growth and the grazing of phytoplankton by zooplankton. Here phytoplankton or algae
fix light energy through photosynthesis and store it in chemical bonds of organic molecules
that determine the energy and nutrient base. From this point, heterotrophs transfer energy
and other nutrients throughout the food chain by eating zooplankton or phytoplankton. In this
relationship, the basic functional dynamics of ecosystem is regulated through energy circula-
tion or very simply carbon cycle. The question whether energy transfer alone or coupled with
nutrient uptake or whether dependent on herbivore type or number of trophic levels is more
important in regulating ecosystem dynamic and is still a basic area of research in ecosystem
ecology. There is much current research on these questions for a wide variety of natural com-
munities. The current review is an effort to summarize some recent literature to answer these
questions. The simplest food chain (phytoplankton — zooplankton — fish) often described
by different authors for aquatic ecosystem has been considered here for most of discussions
disregarding the fact that most food ‘chains’ are actually part of more complex (non-linear)
food webs.

CARBON (C) REGULATION IN FOOD CHAIN: MONOTONOUS
OR COUPLED?

Hutchinson (1959) and Slobodkin (1960) proposed that energy as carbon (C) regulates the
number of trophic levels in a food chain. But Post et al. (2000), from studies on temperate
lakes suggested resource availability also contributes to food chain length. Certainly, available
energy as resource must set some upper limit to the number of trophic levels proportionately
to the space available on which the successive top trophic levels can forage (Schoener, 1989).
On verifying a productivity-space hypothesis, Doi et al. (2009) demonstrated longer food chain
length at high C level (as productivity) and maximum ecosystem size (space). These coupling
factors would have maximum affect on food chain in river or lakes rather than ocean.

However, two basic pathways are involved in transferring such C based energy from seston
to upper trophic levels in aquatic system. They are (1) Algal based pathway and (2) Bacte-
ria based pathway. The transfer of C at the autotrophic-herbivore interface i.e. through the
first pathway is a crucial parameter in regulating the efficiency of the transfer of energy and
material in aquatic food chain. Low C uptake by autotrophs leads to low energy assimilation
by herbivorous zooplankton. Inefficient C transfer decouples primary and secondary produc-
ers resulting disproportionate trophic growth. In some cases such situations end up with
phytoplankton blooms (Moss et al., 1991; Hansson et al., 1998). One of the important fac-
tors of C transfer through this pathway is the predator biomass. Studies of Havens and East
(1997) on eutrophic lakes demonstrated that the annual biomass of picoplankton (< 2 um),
nanoplankton (2-20 um) and microplankton (< 20 um) averaged 60, 389 and 100 pug C-L™"
respectively, while corresponding rates of C uptake averaged 7, 51 and 13 ug C-L="-h~".
The biomass of microzooplankton (40-200 um) and macrozooplankton (< 200 um) aver-
aged 18 and 60 ug C-L~', while C uptake rates by these herbivore groups averaged 2 and
3 ug C-L'.h~" respectively. Alternatively, with a production efficiency of 70-80% to phyto-
plankton (Forsberg, 1985; Riemann and Sgndergaard, 1986), bacterioplankton through sec-
ond pathway can add an extra trophic level that may increase C input to the food chain from
the surrounding. A substantial amount of fixed carbon from phytoplanktonic photosynthesis
is excreted to the surrounding water as dissolve organic carbon (DOC) (Cole et al., 1982)
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and routed through bacteria — protozoa — metazoan — higher trophic levels. This pathway
of C-transfer through heterotrophic bacteria and picoplankton is refereed as microbial loop
(Azam et al., 1983). It can transport large quantities of carbon in freshwater lakes (Weisse and
Mdller, 1990) and the open ocean (Cole et al., 1988) and is the route whereby allochthonous
DOC enters the food web (Jansson et al., 1999). Bacterial consumers, mostly protozoans,
and also metazoans, explore the biomass produced by the microbial loop, which can trans-
port large quantities of C in freshwater lakes (Weisse and Mdller, 1990). But the C transfer effi-
ciency through microbial loop could still be constrained by some other factors. Two such fac-
tors include herbivore type or bacterial predator and nutrient availability in the system. Some
groups of herbivores (e.g. cladocerans) apparently consume detritus and bacteria, whereas
others (e.g. calanoid copepod) may or may not (De Mott, 1988; Pace et al., 1990; Kankaala
et al., 2010). Such inclusion of bacterial predator leads bacteria to face both competition and
predation (Thingstad and Pengerud, 1985). This may cause increase in algal density (thereby
algal C source) and allow the persistence of algae when they would otherwise have been
excluded by bacteria. These predators (e.g. cladocera or calanoid copepod) are prevalent in
freshwater aquatic system and therefore variations in numbers of trophic levels are common
in these systems. In oceanic environment, Tanaka et al. (2005) demonstrated that specialized
zooplankton that can directly consume bacterial particles may be more efficient in C transfer
through microbial loop. This efficiency is related to reduction in average number of trophic
levels. In their chemostat model with algae, bacteria and bacterial predator Thingstad and
Pengerud (1985) explained how nutrient can influence microbial loop mediated C dynamic.
Their predictions include competitive exclusion of bacteria when C:nutrient ratio is low (reject-
ing existence of microbial loop) and algae when C:nutrient ratio is high (existence of microbial
loop). The first case might be due to stimulation of fast growing opportunistic primary produc-
ers which are predation resistant by larger zooplankton and reduce the C transfer to higher
trophic levels. This limits assimilable C source for bacteria leading its exclusion. The second
case has direct influence on the growth and reproduction of herbivores through providing low
food quality. However, this two can coexist and effectively control the food chain dynamic
stoichiometrically, if bacteria are C limited and if the C:nutrient ratios between primary pro-
ducers and bacteria are sufficiently similar. Thus addition of microbes as trophic level, though
variably affects food chain, is coupled to nutrients or predator types.

ALGAL POLYUNSATURATED FATTY ACIDS (PUFAs):
C-BASED FOOD QUALITY

Studies on the effect of food quality in aquatic food chains have traditionally addressed the
role of nutrients and have had a strong focus on the trophic transfer of C-bonded energy and
nutrients from phytoplankton to zooplankton. In recent years, there has been growing concern
that essential PUFAs are good descriptor for high food quality for pelagic grazers (Brett and
Mdaller-Navarra, 1997; Muller-Navarra et al., 2004). Poor energy transfer efficiencies between
phytoplankton and zooplankton may also be related to low long chain PUFA content in the
primary producer group and may result in limited secondary production (Mtller-Navarra et al.,
2000). PUFAs which are mostly discussed in relation to aquatic trophic regulation are: linoleic
acid (LIN; C18:2w6), a-linoleic acid (ALA; C18:3w3), arachidonic acid (ARA; C20:4w6), eicos-
apentaenoic acid (EPA; C20:5w3) and docosahexaenoic acid (DHA, C22:6w3). In freshwater
ecosystems these are synthesized mainly by micro-algae depending upon genetic (Cobalas
and Lechado, 1989; Gugger et al., 2002) and environmental factors (Pohl and Zurheide, 1982;
Roessler, 1990). Though reports are there that few marine zooplankters, particularly crus-
tacean as herbivores able to synthesize essential PUFAs from ALA via elongation and de-
saturation (Desvilettes et al., 1997; Nanton and Castell, 1998), such synthesis is selective
and at a very slow rate. Therefore, their dependency on dietary PUFA is very high. For ex-
ample, Goulden and Place (1990) demonstrated that de novo fatty acid synthesis rates of
daphnids are generally < 2%. This leads to assume that at least 98% of the accumulated
fatty acids in Daphnia were dietary in origin. Studies (Jonasdottir et al., 1995; Miller-Navarra,
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Figure 1
Size dependent sestonic PUFA availability. A: Omega-3:0mega-6 fatty acid; B: DHA and C: EPA (figured
with kind permission from the data of Kainz et al., 2009).

Figure 1
Disponibilité des PUFAs dépendant de la taille du seston. A : acides gras Omega-3:0mega-6; B : DHA
et C : EPA (figure d’aprées les données et avec la permission de Kainz et al., 2009).

1995; Muller-Navarra et al., 2000; Brett et al., 2009a, 2009b) revealed that the ARA, EPA and
DHA are important biochemical constituents in the natural diet of zooplankton as their preva-
lence in seston strongly predicts zooplankton growth. The transfer efficiency of PUFAs from
seston to higher trophic level is regulated mainly by selective size feeding of herbivorous and
carnivorous zooplankton. The DHA is reported to decrease in zooplankters of > 592 um in
size and ALA of > 774 um in size (Kainz et al., 2004). This is true in case of seston commu-
nities too. It is evident that microseston with algal communities as chief source of essential
fatty acids (EFA) contributes ALA and ARA in higher concentration (Figure 1). Zooplankters
feeding microseston can access maximum of these precursors of EFA (Kainz et al., 2004).
Though macroseston contributes higher proportion of essential fatty acids, a large portion of
it could be from animal origin. Thus herbivorous or carnivorous nature of zooplankters may
further decide the fate of PUFAs transfer to higher trophic positions like fish. Persson and
Verde (2006) reported PUFAs contents, as essential fatty acid in general, are much higher in
zooplankton (Figure 2) than saturated fatty acids and monounsaturated fatty acids indicating
that the later two fatty acids are not efficiently transferred to higher trophic level though they
are used as C source. They also added that its content, especially of C20-22 length is higher
in carnivorous than herbivorous zooplankters. The C18 PUFAs are though abundant in herbi-
vores, replaced by C20-22 PUFAs in carnivorous predator level as these can be synthesized
from C18 PUFAs (Stanley-Samuelson, 1994; Von Elert, 2002) (Figure 3).

However, differences in such conversion capacities and consumers types in trophic level
have further implication on C transfer dynamics (Goedkoop et al., 2007). Where Bosmina
leideri is less dependent on high food quality (Schulz and Sterner, 1999), Daphnia shows high
dependency on EPA (Weers and Gulati, 1997; Boersma, 2000). The calanoid copepod Acartia
tonsa shows very low fecundity on a diet deprived of EPA and DHA (Ederington et al., 1995;
Kleppel et al., 1998) whereas the harpacticoid copepod Thisbe holothyria, a detritus feeder,
can complete ontogenesis on C20 PUFA deficient diet due to de novo synthesis of EPA and
DHA from ALA (Norsker and Stattrup, 1994). Through microbial loop, C transfer as PUFA is
not efficient as bacteria are known to lack essential PUFAs (Ederington et al., 1995; Pinkart
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Figure 2

PUFA content in seven major planktonic trophic groups. Autotrophs: seston (1); cladoceran het-
erotrophs: Daphnia, a herbivorous (2), Bosmina, large herbovire (3), Holopedium, large herbivore (4),
Bythotrephes, a carnivore (5); and copepoda heterotrophs: Arctodiaptomus, a carnivore (6) and
Heterocope, a carnivore (7). Numbers in parentheses indicates group position on x axis. Except

Omega 3:0mega 6 fatty acid ratio, others are in % of total fatty acid content (figured from the data
of Persson and Verde, 2006).

Figure 2

Contenu en PUFAs dans sept principaux groupes trophiques planctoniques. Autotrotrophes : ses-
ton (1); cladoceres hétérotrophes : Daphnia, un herbivore (2), Bosmina (3), Holopedium, grands her-
bivores (4), Bythotrephes, un carnivore (5) ; copépodes hétérotrophes : Arctodiaptomus, un carnivore (6)
et Heterocope, un carnivore (7). Les nombres entre parenthéses indiquent la position des groupes sur
I’axe x. Excepté pour le rapport des acides gras Omega 3:0mega 6, tous sont en % du contenu total
en acides gras (figure d’aprés les données de Persson et Verde, 2006).
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Figure 3

PUFA transfer from seston to herbivorous and carnivorous predators (modified from Persson and Verde,
2006).

Figure 3

Transfert des PUFAs du seston aux herbivores et carnivores prédateurs (modifié d’aprés Persson et
Verde, 2006).
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et al., 2002). Thus more essential PUFAs are transferred to top predators like fish through
grazing food chain and carnivorous zooplankters.

PUFAs VARIATIONS IN ALGAL TAXA LIMIT HERBIVORES

The C transfer through phytoplankton and herbivorous zooplankton interface in aquatic food
chain is influenced by biochemical differences of algal taxa. Such variations of food quality
correspond to the predictions of experiments on algal taxa with PUFA (Mlller-Navarra et al.,
2000). When PUFA emulsions were added to cultures of Scenedesmus acutus, a green algae,
the Daphnia growth rate was observed similar to those observed for high quality cryptophytes
(Weers and Gulati, 1997). Demott and Mdller-Navarra (1997) found that adding PUFA emul-
sions to PUFA-poor cyanophytes Synechococcus improved the food quality of this mixture to
the level observed for Scenedesmus acutus. Thus it is plausible that the large differences in
food quality noted between the major algal taxa are due to the PUFA content. The algal taxa
with high EPA or DHA contents are high food quality and without or very low contents are
low food quality for herbivorous zooplankton (Brett et al., 2009a, 2009b). In absence of long
chain PUFAs, algal taxa with ALA and LIN could be considered moderate food quality for that
these two PUFAs can act as precursor for ARA and EPA respectively (Stanley-Samuelson,
1994; Von Elert, 2002). Earlier evidences on marine algae also suggested that the quantity
of long chain PUFAs like DHA and EPA varies significantly between major algal taxonomic
groups (Sargent and Whittle, 1981). For example, the EPA percentage value in 17 marine di-
atoms used in marine aquaculture ranged from 5 to 30% of total fatty acid (Brown et al., 1997).
Studies showed that cryptophytes have high proportions of EPA and DHA, while chlorophytes
lack or have trace amounts of these fatty acids. Cyanophytes are virtually depleted of EPA and
DHA, whereas diatoms are rich in EPA and dinoflagellates have high amounts of DHA (Brett
and Mdller-Navarra, 1997). Interestingly, the retro-conversion property of DHA to EPA in inver-
tebrate family (Von Elert, 2002) denotes more value to DHA synthesizing plankton groups in
aquatic food chain (Figure 3). These results indicate one of the most significant responses of
algal assemblages to PUFAs content and therefore shift in phytoplankton community species
composition would have direct effect on herbivorous zooplankton. Thus herbivorous trophic
level would be strongly limited by the whole PUFA family in terms of food quality of phyto-
plankton communities whenever these communities are not strongly dominated by diatoms
or cryptophytes, or other PUFA/nutrition rich phytoplankters. In addition, recent studies in-
dicate that the absence of non PUFAs like sterols in cyanobacteria may also contribute to
their low quality as food for zooplankton (Martin-Creuzberg et al., 2008). Further, absence of
sterols reduces carbon transfer efficiency between cyanobacteria and freshwater herbivore
(Von Elert et al., 2003). Chlorophytes are generally of intermediate quality in terms of these
indicators (Brett et al., 2000).

P DEPENDENT STOICHIOMETRIC REGULATION OF FOOD CHAIN

Alongwith PUFAs, nutrients are a major food quality regulator. In the aquatic ecological stud-
ies, nutritional deficiencies, especially P is almost exclusively considered to be a problem of
primary consumers (Elser et al., 2000). It is important as a component of phospholipids, in
energy storage metabolism (e.g. ATP) and in nucleic acid synthesis, being therefore directly
related in growth and reproduction. Studies have suggested that high levels of P in clado-
cerans are associated with high content of RNA (Hessen, 1990; Main et al., 1997). The link
between P-content to maximal growth through RNA and protein synthesis could further be
explained through growth rate hypothesis (Elser et al., 1996). This hypothesis suggests that
organisms feeding on P-sufficient diets will gather high body P-content and thereby, will have
high RNA content as well as high maximal growth rates. At higher trophic level like fish, avail-
ability of P is linked to development of bone. It is also known that P limitation can influence
lipid content and fatty acid composition of algae (Miiller-Navarra, 1995; Kilham et al., 1997;
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Lirling and Van Donk, 1997). The contents of PUFAs decrease under P-limitation in algae
(Piorreck and Pohl, 1984; Harrison et al., 1990). Thus fast growing predator species in the
food chain with high demand of P may be directly or indirectly regulated by algal-P (Main
et al., 1997; Sterner and Schulz, 1998). In general, algae with high C:P ratio (low P) can be
low quality food for grazers like zooplankton (Boersma and Kreutzer, 2002), snails (Stelzer
and Lamberti, 2002) or aquatic insects (Perkins et al., 2004). The degree of nutrient mediated
regulation has further been amplified by the variation in the species specific nutrient as be-
tween species and within species contents of autotrophs. Autotroph communities with larger
variation of stoichiometry have lesser influence than the variation in herbivores and other
consumers (Sterner et al., 1998). For example, the C:P ratio of algae ranges from 100-1000
whereas C:P ratio of zooplankton ranges from 70-200 (Boersma et al., 2008). The C:P ratio
of Daphnia, the mostly studied zooplankton was found to be approximately 80-90 (Sterner
and Hessen, 1994). This implies that herbivorous zooplankters are regularly confronted with
different quality food, in contrast to zooplanktivorous fish, which only have to deal with a lim-
ited range. However, at high C:P ratio, bacteria based pathway can transfer some amount
of DOC to higher trophic levels as they are not P-limited. Given that the zooplankton relative
P content is much higher than the seston’s, one could expect zooplankton production to be
strongly limited by P availability (Hessen, 1992; Urabe and Watanabe, 1992) and this limitation
increases as the trophic level extends further up in the system (Figure 4). Most researchers
have suggested a critical seston C:P ratio of 300 above which Daphnia production will be
limited by seston P content (Sterner, 1997, 1998; Urabe et al., 1997). Brett et al. (2000) also
concluded that phytoplankton food quality decreases as the C:P ratio of the algae increases
above 300. Of course, at C:P > 1000, PUFAs can still be important and might not be limiting
to herbivores (Ferrao-Filho et al., 2003). At high light condition, though the rate of C fixation in-
creases (resulting high C:P), it cannot be efficiently transferred to higher trophic level (Sterner
et al., 1998) due to P-deficient food selectivity by herbivores. However, existence of microbial
pathway with sufficient P content could solve the problem to some extent. Under low light,
reversal of stoichiometry occurs (Sterner et al., 1997; Hall et al., 2004; Dickman et al., 2006)
and this increases aquatic herbivore efficiencies (Urabe and Sterner, 1996; Urabe et al., 2002;
Malzahn et al., 2007) through improved algal food quality which in turn increases carnivore
efficiencies at higher trophic level. This is evident that when algal cells have high concen-
tration of P and PUFAs, zooplankton also will receive high concentration of these resources
and represents high quality food for fish. The fixing of C under light environment must couple
with P to have direct effect on increasing the food chain efficiency of primary producer to
carnivore through herbivore. This indicates increase in C input, as usually practiced, might
not necessarily increase the yield in P-limiting aquatic ecosystem.

AUTOTROPHIC TAXONOMY AND C:P REGULATION

Similar to PUFAs, variation of autotrophic taxa could also play significant role to main-
tain wider C:P range. This has already been discussed that diatoms and cryptophytes are
recorded with higher food quality than green algae which are in turn are higher food qual-
ity than cyanophytes and therefore, it is evident that herbivorous zooplankton feeding on
different phytoplankton taxa experience quite different growth rate due to food quality differ-
ences (in terms of availability of PUFAs or nutrients or both) among algal taxa (Ahlgren et al.,
1990; Lundtstedt and Brett, 1991). The P-limited algae shows low food quality which might
be due to morphological changes that cause some phytoplankton to become less digestible
under nutrient stress condition (Llrling and Van Donk, 1997; Van Donk et al., 1997). For ex-
ample, several types of green algae have been shown to exhibit morphological changes like
increased cell wall thickness (LiUrling and Van Donk, 1997; Van Donk et al., 1997) or ability to
pass through zooplankton gut without digestive action (Ravet and Brett, 2006) when grown in
P-limited medium. Such indigestibility is also adopted through changes in phytoplankton cell
physical properties and/or biochemical composition (Brett, 1993). To this point, Dickman et al.
(2008) showed that such phytoplankton compositional food quality had the strongest effects
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Figure 4

C:P and PUFA regulation on different trophic levels (thick dotted rectangular zone) of a grazing food
chain (redrawn from Sterner et al., 1998). The thick dotted bar represent C:P ratio. Under high light
environment, bacteria also contribute C transfer in spite of high C:P (bold arrow). At C:P > 500, PUFA
is not a limiting factor for herbivorous zooplankton (light dotted rectangular zone). Information on further
effect of PUFA on higher trophic level at C:P > 500 is not available.

1998

on food chain efficiency (FCE). Thus considering herbivore efficiency alone, stoichiometric
quality had much stronger effects. In 3-level food chain (phytoplankton — zooplankton —
fish) high FCE was associated with a relative abundance of cryptomonads and diatoms.
Cryptomonads are found dominated under low-light/high-nutrient (low C:P) conditions. As
discussed earlier, this taxa corresponding to such favorable condition to synthesize high con-
centrations of essential fatty acids (Brett et al., 2006) and thereby adds high-quality food for
zooplankton. In contrast, cyanobacteria, which are most abundant with high light and low
nutrients (high C:P), have low fatty acid concentrations and represent the lowest food quality
of any algal taxonomic group.

TROPHIC UPGRADING THROUGH HETEROTROPHIC PROTISTS
AND HOMEOSTASIS

Planktonic heterotrophic protists are a diverse group of organisms ranging in size from
2-200 um (Stoecker and Capuzzo, 1990). They feed on bacteria, detritus, micro, pico and
nano-plankton, and are in turn consumed by metazoans (Capriulo et al., 1991). They also play
as important intermediaries in the transfer of energy from the ‘microbial loop’ to higher trophic
levels. In coastal waters, heterotrophic protists can be the major grazers of phytoplankton,
consuming 20-70% of the primary production (Capriulo, 1990). They also constitute signifi-
cant component of copepods’ diet (Gifford and Dagg, 1991; Atkinson, 1994; Levinson et al.,
2000). Experiments have shown that copepods have high clearance rates on heterotrophic
protists and may even prefer them over algae (Stoecker and Egloff, 1987; Gifford and Dagg,
1991).
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Some studies suggest heterotrophic protists can trophically improve poor algal quality for
subsequent use by higher trophic organisms, a phenomenon dubbed “trophic upgrading”
(Klein Breteler et al., 1999). Tang et al. (2001) reported that Gyrodinium dominans increases
trophic C transfer efficiency from poor quality phytoplankton to the copepod Acartia tonsa by
six-fold, resulting in a significantly higher egg production rate in A. tonsa. As an intermediate
prey, they can improve the quality and quantities of the types of fatty acids obtained from poor
quality phytoplankton and efficiently transfer them to mesozooplankton (Kleppel et al., 1998;
Klein Breteler et al., 1999). Mayer et al. (1997) demonstrated that the zooplankton community
possesses strong relationship with bacterial and ciliate source of food than with phytoplank-
ton. But these upgrading of biochemical components in heterotrophic protists appears to
be species-specific and affect reproductive parameters of copepods differently (Veloza et al.,
2006). Research on this subject still requires some more clarification. Broglio et al. (2003) con-
cluded ciliates were not nutritiously superior to algal diets for egg production efficiency and
egg viability of A. tonsa. Similarly, growth in juvenile copepods was not supported by feed-
ing on the ciliate Strombidium sulcatum grown on Dunaliella tertiolecta (Klein Breteler et al.,
2004). In addition, Tang and Taal (2005) reported differences in egg production efficiencies
when copepods were fed on heterotrophic protists grown under different algal treatments.

Another phenomenon to combat poor food quality is homeostasis. Regardless to top down
and bottom up control, herbivorous zooplankton showed near-to-perfect homeostasis to C:P
limitation. Homeostasis in aquatic food chain means that the food quality effects in terms
of nutrient ratios experienced by the primary consumers are buffered in these consumers
and not transferred to higher trophic levels (Brett, 1993). Obviously, nutrient stoichiometry as
quality factor of algae influences the growth and reproduction of the herbivores dramatically
(Boersma, 2000; Elser et al., 2001; Augustin and Boersma, 2006). Thus, a transition of quality
effect at the algal-zooplankton interface into quantity effect could induce homoeostasis on
the zooplankton to higher consumer interface, as explained in case of Daphnia (Brett et al.,
2000). This means that under such homeostatic situations, secondary consumers such as fish
would not be affected by the planktivorous zooplankters feeding on poor food quality algae.

CONCLUSIONS

Under the current preview of environmental disturbances, the nutrient specific food chains
bear great significance in understanding aquatic ecosystems. Human interference has either
led to fixation of excess nutrients (N and P) to aquatic body (Vitousek et al., 1997; Bennett
et al., 2001; Galloway and Cowling, 2002) or turned them nutrient deficient through pollu-
tant replacements. Study reveals that P limitation is more prevalent in freshwater (Hecky and
Kilham, 1988) than N limitation which is a characteristic of marine water (Ryther and Dunstan,
1971; Howarth, 1988). A clear understanding on the effects of such nutrient variation on pri-
mary producer is the need of present scenario of changing ecological conditions since they
are the first component to respond to C and nutrient stoichiometry. In this context, the car-
bon:silicate may also have some degree of regulatory significance on PUFAs rich diatoms
dominated ecosystem and needs further research. On the other hand, for commercially pro-
ductive practices, the general belief of ‘high energy input for high production’ requires a turn
towards sustainable energy management not only in extraneous energy supply rates but also
at the level of eligibility of trophic levels for efficient energy transfer. Effects of other ecological
factors like light and temperature on food chain too, need extensive research priority under
prevalent scenario of climate change and global warming.
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