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TIIVISTELMA

Pieni, runsashumuksinen Mekkojarvi Etel&Suomessa rikastettiin kolme kertaa NaH™®COs
bikarbonaatilla kevaalld, kesalla ja syksylla 2005. Rikastuksen tarkoituksena oli tutkia
petoselkérangattomien asemaa ravintoketjussa ja *C hiilen kiertoa litoraalivydhykkeessi
kayttden apuna vakaita isotooppeja ja arvioida onko Daphnia longispina ravinnonléhde
petoselkdrangattomille. Tarkoituksena oli myos tutkia mitéa Daphnia tuotannolle tapahtuu
kun normaalisti elainplanktonia kuluttavat kalat puuttuvat ekosysteemistd. Kolmen
koekerran aikana lisatty NaH'3COs; kasvatti nopeasti pintaveden DIC §*3C pitoisuutta.
Liuenneen epdorgaanisen hiilen **C-rikastus sirtyi aikuisiin ja nuoriin Daphnia -
vesikirppuihin, joiden 8C arvo rikastui noin 10%. alkutilanteeseen verrattuna.
Sudenkorennon toukat eivét kuluttaneet Daphnia -vesikirppuja, mutta Notonecta spp. voi
olla yksi veskirppuja saalistava petoselkérangaton Mekkojarvessa. Ainoatakaan
Chaoborus-toukkaa e saatu pyydystettyd, joten yks ravintoverkon térkea osa jéi
puuttumaan.
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ABSTRACT

Small, polyhumic lake Mekkojarvi in southern Finland was enriched three times with
NaH'3CO; in spring, summer and autumn in 2005 to examine the trophic positions of
invertebrate predators and the carbon pathways in the littoral food web using stable isotope
methods and specifically to evaluate if Daphnia longispina is a food resource for
invertebrate predators. This would provide an answer to the puzzle of what happens to all
the Daphnia production in this lake when there are no planktivorous fish that would
normally consume Daphnia. During the three experimental periods, the added NaH*COs;
quickly increased the epilimnetic DIC §**C. The **C-enrichment of DIC was transmitted to
adult and juvenile Daphnia, which became about 10%. more enriched than their initial §**C
values. Odonates did not consume Daphnia, but Notonecta spp. might have been feeding
on Daphnia. No Chaoborus individuals were caught, so one important part of the food web
was missing. The results indicate that littoral predators do not account for a significant part
of the large secondary production by Daphnia in the lake. Therefore, the question remains
open regarding the fate of the Daphnia production in this fishless lake.
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1. INTRODUCTION

1.1. Limnology of humic lakes and the importance of allochthonous carbon

Lake ecosystems are supported by organic carbon from two distinct sources.
Autochthonous carbon is produced by photosynthesis within an ecosystem by autotrophic
organisms. Allochthonous carbon is produced elsewhere and transported in to the lake.
Consumers may use allochthonous carbon with consequent influences on population
dynamics, predator-prey relationships and ecosystem processes (Polis et al. 1997). Humic
matter in dark stained waters of boreal forest lakes of Scandinavia originates from
catchment areas that contain much humic matter (Meili 1992). Allochthonous input can
provide resources that may enhance consumer abundance beyond levels supported by
within-system primary production (Nakano and Murakami 2001). The organic matter
imported across ecosystem boundaries can affect the metabolic balance of the receiving
system by providing a substrate for microbial respiration in excess of local primary
production (Webster and Mayer 1999).

The humic compounds of DOC are the major factor controlling water colour in lakes
(Pace and Cole 2002). Elevated levels of DOC (> 5 mg/L ™) are typical for many northern
temperate lakes. More than 80% of Finnish lakes have DOC concentration >5 mg/L ™
(Kortelainen, 1993). Light penetration down the water column is also severely restricted
creating an adverse environment for photosynthesis (Jones 1992). However, DOC absorbs
infrared light, which can lead to a shallower and warmer epilimnion and a colder
hypolimnion (Fee et al. 1996). Moreover, the hypolimnia of high-DOC lakes tend to have
lower oxygen levels than clear lakes, making them less accessible to fish. Oxygen levels
are reduced in coloured lakes partly because oxygen-consuming bacterial metabolism is
enhanced by DOC (Hessen and Andersen 1990, Arvola et al. 1996) and also because rapid
warming in the spring causes these lakes to stratify early, before water mixing can
replenish the oxygen levels in the hypolimnion. Usually small forest lakes are also
surrounded by trees, which reduce wind-induced turbulence to the water and promotes
rapid and steep stratification. Hypoxia is restrictive to fish but not so much for many
zooplankton. The hypolimnia of high-DOC lakes can provide refugia for zooplankton
against fish predation because the water is too dark for visually predating fish and too low
in oxygen for fish survival. The same conditions that make high-DOC lakes favourable for
avoiding fish predation also make them better environments for large invertebrate
predators. Planktonic macroinvertebrates, such as larvae of Chaoborus, are voracious
predators of zooplankton. Macroinvertebrates in high-DOC lakes would have the same
refuge from predators as their zooplankton prey in low-oxygen hypolimnia (Wissel et al.
2003), but macroinvertebrates like Odonata, Ephemeroptera etc. do not tolerate severe
hypoxia.

While these connections and subsidies have had a long history of study in stream
ecosystems there has been far less work in lakes. Lakes are examples of ecosystems that
receive large inputs of allochthonous organic matter with inputs often equal to or
exceeding internal primary production (Caraco and Cole 2004). Even though only a small
fraction of this allochthonous material is respired, a consequence for many lakes
nevertheless is that total respiration (R) exceeds gross primary production (GPP), so0 that
net ecosystem production is negative (Cole et al. 2000), implying the metabolism of
exogenous carbon (Cole et al. 2000). Autochthonous production is low, but humic
materials support bacterial metabolism (Hessen 1992) and associated heterotrophic



organisms in the microbial loop (Tranvik 1992). Allochthonous fluxes of DOC are usually
large but difficult to assimilate, in contrast to autochthonous DOC, which is used more
easily (Cyr and Pace 1993, Wetzel 1995). Ecosystem metabolism in lakes suggests that
allochthonous support of food webs could be significant if degradation of terrestrial carbon
is also coupled to consumer production (Cole et al. 2002). Studies of zooplankton using
natural abundances of stable isotopes support this view and indicate that zooplankton
acquire some of their carbon from terrestrial sources. Aquatic bacteria use allochthonous
DOC and consumption of bacteria by predators provides a pathway for transfer into food
webs (Jones et al. 1999, Grey et al. 2001). It is also possible, that some consumers use
allochthonous carbon directly (Kerner et al. 2003, Roditi et al. 2000), but this possible path
is poorly understood.

Terrestrial organic matter may be incorporated into aquatic food webs by several
mechanisms (Cole et al. (2006). Terrestrial dissolved organic carbon (t-DOC) enters lakes
in flowing water and is degraded by bacteria that are consumed by grazers (Hessen 1998,
Tranvik 1998). Terrestrially derived particulate organic carbon (t-POC) enters lakes by
both fluvial and aeolian transport. T-POC may be available to bacteria through
decomposition and to other consumers through direct ingestion (Hessen and Nygaard
1992). Terestrial-prey items (t-prey) include insects, amphibians, small reptiles and
mammals, which both intentionally or accidentally enter lakes and, at least in small lakes,
can be a variable but significant resource for predators (Hodgson and Hansen 2005). A
large fraction, about half, of the DOC acquired by bacteria is of autochthonous rather than
allochthonous origin (Kritzberg et al. 2004, 2005). Terrestrial POC heavily subsidized (22-
75%) zooplankton unless primary production was stimulated by nutrient addition (Cole et
al. 2002, Carpenter et al. 2005). Through consumption of zooplankton their predators, such
as Chaoborus, also derived a significant subsidy from t-POC. T-POC was also the largest
source of organic carbon to benthic invertebrates, but terrestrial prey was a very minor C
input in the study of Cole et al. (2006).

1.2. Basic food web concepts

The structure of a food web critically affects the functions of the ecosystem to which it
belongs. The resilience of an ecosystem to perturbation and how tightly an ecosystem
retains its inorganic nutrients are examples of ecosystem functions dependent on food web
design (Pimm 1982). The movement of food energy from primary producers to herbivores
and ultimately to carnivores is referred to as a food chain. Early workers realized that many
species belong to several food chains and that these chains form food webs (Hardy 1924,
Elton 1927). Since their conception a large amount of theoretical work has been developed
around food webs. However, theoretical, as well as empirical, aspects of food chain theory
are largely based on consumption; that is, most studies presuppose that the only important
interaction between predator and prey is that they actually meet and that the prey is
consumed.

Pimm (1982) recognized the following general characteristics of food webs. Food
chains tend to be short and connectance decreases hyperbolically with the number of
species in the web. Omnivory (feeding on more than one trophic level) is rare and is more
common in food webs dominated by insect-predator-parasitoid interactions. Donor (prey) —
controlled dynamics are expected in some systems such as detrivore webs, and these webs
have complex patterns of omnivory. Loops and oddities, such as predators without prey
and two top predators feeding on same prey, are rare.

There are certain problems among data collection in the field (Paine 1988). Because
all organisms are not easily observed, most food webs tend to be deficient in the inclusion



of “ecologically subtle” species. Species that are observable are often highly mobile, and
as such they may be underrepresented in food web models. These species may affect
trophic relationships significantly. The influence of species that are transient and not
normally part of any local assemblage, and ontogenetic changes in the diets of species that
are common, are often overlooked. General lack of examination of the role of micro-
organisms and the microbial loop in affecting the cycling of nutrients at primary levels in
food webs brings new problems to model food webs.

Conceptualization of niche as an n-dimensional hypervolume (Hutchinson, 1957)
was a crucial foundation and since then ecologists have tried to understand the
development of community structure. Occupied niche space implies resource use. Niche
parameters can respond very rapidly to changes in intraspecific and interspecific
competition as well as prey abundance. Trophic niche width, often assessed using dietary
diversity, is the most tractable and frequently studied component of niche space. Before
temporal integration of dietary information trophic niche width was often difficult to
quantify, because many dietary studies were snapshots of diet at a point of time. If
population appears to show a large dietary niche, it is important to know whether it is
composed of generalist individuals all taking a wide range of food types or individuals
each specializing on a different but narrow range of food types (Van Valen, 1965; Grant et
al. 1976).

1.3. Daphnia and invertebrates predators

In fishless lakes and ponds, where invertebrate predators are more important, large
zooplankton species dominate (Mazumder 1994). The scarcity of small zooplankton
species has been explained by size-selective predation on small zoolankton species by
invertebragte predators (Vanni 1988, Arnott and Vanni 1993). Another possibility,
according to the size-efficiency hypothesesis, is competitive suppression of small
zooplankton by large, more efficient, filter feeding species, particularly daphnids
(Carpenter 1988, Arnott and Vanni 1993). Some large invertebrate species can consume
the same sizes of zooplankton that fish eat, but these prey are not preferred (Pastorok
1981). Invertebrate predators mostly consume small- to medium-sized prey and
zooplankton communities subjected to heavy invertebrate predation are commonly
dominated by large-bodied species (Riessen et al. 1988). Increased water colour can shift
the balance between fish and Chaoborus as a planktivorous predator, leading to the
dominance of large zooplankton species in brown-water lakes (Wissel et al. 2003). Most
invertebrate predators are tactile, not visual, hunters and so do not rely on light to detect
prey (Giguere 1980). Fishless ponds have usually more diverse insect fauna than ponds
containing fish.

In this study of Mekkojarvi the main invertebrate predators of interest were
Notonecta (Hemiptera), Chaoborus (Diptera) and Odonata, which all have different
strategies and occupy different habitats. Chaoborus, or phantom midge larvae, occupy the
pelagic zone and show strong vertical migrations, feeding on zooplankton in the
epilimnion by night, but moving to the anoxic hypolimnia in the day. Odonata, dragonfly,
larvae live among water plants and sphagnum mats in the littoral zone, and are sit-and-wait
predators. Notonecta, water-boatman, is a large active organism susceptible to fish
predation and hence generally restricted to the littoral zone; however, in fishless
Mekkojarvi notonectids are able to forage widely in the open water. Daphnia longispina is
the most abundant crustacean zooplankton in the lake, where planktivorous fish are absent,
and the main invertebrate predators are thought to be Chaoborus larvae and Notonecta spp.



Dragonfly nymphs are a very conspicuous component of the fauna of many
freshwater habitats, especially permanent lakes, ponds and marshes. In permanent
waterbodies at high latitude, life cycles may take as long as five years or even more,
depending on the species and habitat. Emergence from the last nymphal stages to the adult
usually takes place after the nymph has climbed above the water surface on an emergent
plant or rock. Odonata larvae have become specialized so that different species occupy a
wide range of habitats, and a diversity of microhabitats, within a single body of water.
Their unvarying possession of an extensible, prehensile labium indicates that all Odonata
larvae are predatory, being appropriately classified as swallowers (Cummins 1973). The
free-living dragonfly larva requires anima food for maintenance and growth. Normally
prey is detected by its movement and caught alive, but larvae of Zygoptera and Anisoptera
sometimes eat dead or immobile prey that they recognize visually by its shape or by
chemical cues. A larva captures living prey by remaining cryptic and almost immobile
until the prey comes within range of the extended labium (the ambush or sit and wait
mode), or by walking, often at night, to search for prey (the hunting or active mode)
(Janetos 1982). Most species use both modes at different times. Choice and frequency are
characteristic of a species and being influenced by exogenous factors such as the kind and
density of prey and the presence of predators, usualy fish.

Odonate larvae diets (e.g. Thompson 1978a) in nature consist mainly of other
macroinvertebrates, larvae of Diptera and planktonic animals. Larval odonates can catch
animals above the water surface, for example water striders (Gerris spp.) (Spence 1986) or
terrestrial and ovipositing insects (Johnson 1968, Godfrey and Thompson 1987). Mature
gastropods and larval amphibians are eaten by Aeshna (Belyshev and Belyshev 1976,
Crump 1984). It can be assumed that, depending on their availability, all taxa of freshwater
invertebrates, as well as fishes and amphibians, serve as prey for odonate larvae, as do
other odonates. Previous studies of odonate larvae diets are based on analysis of the
contents of faecal pellets. This method needs no dissection and larvae can be returned alive
to nature, but it is rather ineffective, because prey has been usually crushed by the
mandibles. These problems might nowadays be overcome using stable isotope analysis.

According to Ward (1992) Hemipterans are members of truly aguatic families and
leave the water only during migratory dispersal flights. All aquatic Hemiptera bugs, expect
a few species with plastron respiration, must periodically surface to renew their air supply.
The general Hemipteran life cycle in the temperate zone involves egg laying in the spring,
nymphal development during summer, adults appearing in July/August/September, and
over-wintering as an adult (Damgaard 1997; Kurzatkowska 1993). The Notonectidae, or
backswimmers/water-boatman are distributed worldwide (Schuh and Slater 1995). They
are frequent components of the fauna of fishless ponds, where they are located at the top of
pelagic food webs (Bronmark and Hansson 1998). All Notonectidae are aguatic predators
as nymphs (all the five instars) and adults, which detect their prey both visualy and
through mechanoreceptors (Cooper et a. 1985). They feed upon zooplanktonic organisms
and other prey from the water column, such as insect pupae, which swim towards the water
surface and to a lesser extent on dead aerial insects floating at the water surface (Gilbert
and Burns 1999). Large individuals can also kill smaller individuals of same species.
Hemipterans do not ingest their prey but kill them by poison injected through their piercing
mouthparts after which they suck out the prey juices. Svensson et al. (2000) found that N.
glauca was present in 63 out of the 72 Notonecta inhabited waters and in all habitat types,
strongly indicating a generalistic mode of life, as suggested also by Damgaard (1997) and
Kurzakowska (1993). Since nymphs do not have wings, they have to feed in the ecosystem



where they hatched. They may therefore integrate all the possible changes occurring at
lower levels of the food web.

Chaoborus larvae (Chaoboridae, Diptera) are normally regarded as the only
planktonic insects. Because they are relatively large and motile, chaoborids could be
categorized as nektoplankton. Chaoborus occur in the deepest parts of lakes and they
migrate vertically to the upper water column at night to feed. In larval Chaoborus the
tracheal system is reduced to two kidney-shaped air sacs, functioning solely as hydrostatic
organs (Saether 1972). Chaoborus are predators on zooplankton and can be as important
predators as fishes for zooplankton population dynamics (Ramcharan et al. 2001a, b).
Phantom midges generally consume young Daphnia, preferring individuals of certain sizes
and shapes (Dodson 1989).

Usually Chaoboridae uses the dark parts of water column as a refuge from fish
predation. Light plays a major role in the diel vertical migration. Pope et al. (1973) found
out in fishless ponds phantom midges may have reduced vertical migration and remain
within the epilimnion during day. Some investigations have also reported additional
migration from pelagic to the littoral zone during spring (Wood 1956, Roth 1968). Such
movements may be adaptations enabling mature larvae to be exposed to warmer water
prior to pupation and emergence as an adult (Borutsky 1939). Using a sonar system, a
horizontal component in the diel migration has also been documented (Franke 1987). The
first larval instars are nonmigratory and remain near the surface. As larvae mature, they
tend to move progressively deeper during the day (Swift and Forward 1980).

In recent years it has become apparent that planktonic Daphnia, a typical and
important member of the pelagic food web (Scheffer 1998), exhibits diel horizontal
migration behavior (DHM) between the pelagic and the littoral (Kvam and Kleiven 1995,
Lauridsen and Buenk 1996). DHM seems primarily an anti-predation strategy, driven by
the presence of pelagic predators (Burks et a. 2002). Migrating to the littoral, however,
may impose a new threat: mortality due to littoral predators. The possible influence of
littoral predators on Daphnia and their DHM has repeatedly been stressed, but relevant
empirical data are scarce. There are at least two sudies that strongly suggested a negative
effect of littoral odonates on Daphnia densities in the field (Blois 1985, Burks et al.
2001b), indicative of a direct pelagic - littoral link. As such, it is not known whether
Daphnia recognizes the presence of littoral predators and responds with adaptive anti-
predation strategies. Induced anti-predation behavior may influence the impact of littoral
predators and may impact the DHM itself. No studies have yet focused on this behavioral
link between pelagic prey and littoral predators.

Ecologists commonly characterize Daphnia as pelagic zooplankters, but recent
studies suggest that daphnids also occur in littoral habitats (Lauridsen and Buenk 1996).
Littoral—pelagic links may be important structural forces in aguatic food webs in smaller
shallow lakes. Daphnids are keystone grazers (sensu Power et al. 1996) in lakes because
they control algal populations (Scheffer 1998). However, because of their size, daphnids
are also the preferred food of planktivorous fish in the pelagic zone. Recent research
suggests that daphnids adaptively seek refuge in macrophytes when they perceive a
predation threat from pelagic planktivorous fishes (Lauridsen and Lodge 1996, Burks et al.
2001a), although the degree of migration depends on plant density and distribution and
abundance of the fish (Jeppesen et al. 1998). Horizontal migration to escape pelagic fish or
pelagic predatory invertebrates (Kvam and Kleiven 1995), however, forces daphnids into
the domain of other predators associated with littoral vegetation and sediment. Only one
previous field study strongly linked pelagic zooplankton as prey to predatory odonates



10

(Blois 1985). Three different species of dragonflies (Anax imperator, Aeshna cyanea, and
Libellula depressa) all readily consumed Daphnia (based on availability) in a small,
vegetated pond in France (Blois 1985). Burks et a (2001b) suggested that, in some
situations, daphnids occupying the littora zone can suffer high mortality from odonate
predation. Body size of prey in their field experiment may explain why odonate predation
significantly reduced daphnids, but not ceriodaphnids, at low macrophyte densities. Size-
selective foraging theory suggests that predators will preferentially consume the largest
prey (Brooks and Dodson 1965). Odonates easily consume large (>2 mm) daphnids in
laboratory studies (Thompson and Pickup 1984, Wissinger 1988). In addition, jerky
swimming movements of large Daphnia probably attracted the attention of sit-and-wait
odonate nymphs.

Although invertebrates generally are considered to be less efficient predators than
fish, they may also cause substantial reductions of zooplankton prey species. This has been
shown for backswimmers (Notonecta), phantom midge larvae (Chaoborus) and calanoid
and cyclopoid copepods (Murdoch et a. 1984, Brett 1992, Arnott and Vanni 1993). Many
invertebrate predators (e.g. Chaoborus) prefer small size classes of prey that are easier to
handle and ingest (Swift and Federenko1975, Black and Hairston 1988). In contrast, early
instar backswimmers selectively prey on the largest size classes of zooplankton. Members
of the genus Notonecta are capable of co-existing with, as well as eliminating, daphnids
under natural condition (Scott and Murdoch 1983, Murdoch et al 1984). In the absence of
fish, macroinvertebrate predators may significantly reduce densities and change the size
distribution of zooplankton, which may have repercussions on lower and/or higher trophic
levels (Murdoch et al. 1984, Black and Hairston 1988, Brett 1992). Notonecta selectively
preyed on Daphnia and the intense predation reduced the Daphnia populations to
extinction within 4 weeks in a rock-pools-like experiment, only one adult Notonecta were
presented to Daphnia and all daphnids were gone in the laboratory after few days (Arnér et
al 1998).

Spatial avoidance behaviour has been particularly well documented in cladocerans
of the genus Daphnia and can include both vertical migration (Boersma et al. 1998, De
Meester et al. 1999) and horizontal migration (Lauridsen and Buenk 1996, Burks et al.
2002). Several invertebrate predators with contrasting habitat use have been shown to
induce vertical migration in Daphnia. In the presence of only larval Chaoborus predators
and only adult Notonecta predators and their chemical cues, upward and downward
movements of Daphnia have generally been reported, respectively (reviewed by De
Meester et al. 1999) So far, only Neshitt et al. (1996) confronted Daphnia with both types
of predators. In the presence of both Chaoborus and Notonecta, the upward migration
response to the presence of Chaoborus was modifed in the daytime (but not at night) to a
simultaneous avoidance of areas occupied by each predator.

Several invertebrate predators have striking horizontal patterns of distributions in
ponds (Marklund et a. 2001; Hampton 2004) and may have a large predation impact on
cladoceran communities, especially in fish-free habitats (Wissel et al. 2000, Blumenshine
and Hambright 2003). Van de Meutter et a. (2005) showed that the horizontal distribution
of Daphnia in an environment consisting of an open water zone and a vegetated zone was
affected by the presence of damselfly larvae and Chaoborus, by quantifying the predation
impact of these invertebrate predators on Daphnia in open water and a vegetated
environment. It is expected that these results apply mainly to small and shallow lakes,
where open water and vegetated areas are closely connected, and where Daphnia,
Chaoborus and Ischnura are especially likely to interact with each other.
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1.4. Stableisotope analysis

Natural abundance stable isotopes have become an important tool for determining
element fluxes and cycling in avariety of systems. Carbon (**C/*C) and nitrogen (*>N/**N)
are the most frequently used isotopes in food web and ecosystem studies. Stable Isotope
Analysis (SIA) is based on predictable changes in isotopic ratios, known as fractionation,
as elements move in food chains (Peterson and Fry 1987). The isotope ratios from samples
are referred to international standards and the differences are given parts per thousand (%o)
delta values (8*3C). Isotope fractionation is defined by O’ Leary (1988) as:

AS=[8* X (A)— 5* X (B)]
1+5 * X (A) / 1000

where A is the change in the isotope ratio that occurs in the reaction from substrate A to
product B, and * X(A) and X(B) are the corresponding stable isotope ratios.

The utility of isotopes lies in the fact that stable isotope ratios in the proteins of
consumers reflect those of the proteinsin their diet in predictable manner (Hobson, 1999a).
The ratio of *3C to **C exhibits a stepwise enrichment (increase in the value §*°C) at each
trophic level and consequently the §*3C values in the tissues of consumers tend to be in the
order of 1%0 higher than those of their food (DeNiro and Epstein 1978, Fry and Sherr
1984). The carbon isotopic composition of consumer tissues are thus a function of
increases in the enrichment value (5*3C), the relative proportions of each prey species
assimilated, the isotopic fractionation associated with converting prey tissues into
consumers tissues and in certain instances foraging location. The stable isotope signatures
of tissues generally reflect the diets over the period during which the tissue was
synthesized (Bearhop et a. 2002).

Before SIA, food web studies were based on snapshot samples of organism diets, and
studied gut samples have included particles that are unidentified or do not really belong to
the diet. SIA also incorporates omnivory and therefore traditional discrete trophic levels
can be viewed more accurately as a continuous scale. Stable isotope ratios in animal tissues
can be used to reconstruct diets, to trace movements, to assess physiological condition and
to determine the fate of assimilated nutrients within an animal. Using the isotopic signal in
an animal’ s tissues to determine the relative contribution of different food items to its diet
relies on a very important assumption, that the isotopic composition of an animal’s tissues
equals the weighted average of the isotopic composition of the constituents of its diet.
However, in practice this assumption is rarely valid, because 1) animals assimilate dietary
components with varying efficiencies, 2) animal tissues fractionate the isotopes in their
diet and 3) animals allocate nutrients in their diet differentially to specific tissues (Gannes
et a. 1997).

Traditionally, food web studies using stable isotopes have provided qualitative
depictions of trophic structure of single systems. Yet mgjor advances in the use of stable
isotopes have involved quantitative estimates of food web parameters, allowing
examination of food web patterns and treatment of applied problems. Such quantitative
applications require assumptions about the behaviour of the isotopic tracer, and in
particular the change in §*3C and 8*°N values from prey to predator. Provided A8*°N and
A8"C are known, variables such as omnivory, trophic position, food chain length, and
energy flows and sources can be calculated (Vander Zanden 2001).
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Bearhop et al. (2004) made assumptions for use of stable isotope techniques as a
measure of food niche width. First, prey species must differ isotopically. This can be
assessed by isotopic characterization of potential prey items. If variation doesn’t exist, then
this assumption would be invalid. Second, the isotope signatures at the base of the food-
web and the diets of prey species remain relatively invariant over time. Baseline isotope
signatures can change over time as a consequence of primary production shifts or nutrient
inputs, and dietary preferences of prey may also change. Third, the tissue analysed reflects
the period over which the niche width is expressed. In a population of generalists,
variability in diet among individuals will tend to exist at only shorter temporal scales, and
this variation is likely to become lost through averaging of the stable isotope signature over
longer periods.

Stable isotopes of carbon can help to distinguish organic matter sources (Peterson et
al. 1985), but often isotopic differences between autochthonous and allochthonous
materials are not distinct. If there is a suffucient contrast between the 5'°C of terrestrial and
aguatic primary production, it is possible to relate components of the food web to these two
extremes (Meili et al. 1996, France et al. 1997, Jones et al. 1999). However, in many cases
this contrast is small and one cannot easily resolve alternative sources to the food web
(Schiff et a. 1990, Cole et al. 2002). One approach is to construct a model of the lake food
web and follow the paths of autochthonous and allochthonous carbon, but calibration and
validation of such amodel is difficult.

Cole et al. (2002) worked in softwater, humic lakes where the DOC and POC have
isotopic 5'3C signatures of (-26%o to -29%o), which overlap values of terrestrial inputs.
They reasoned that by manipulating the §*3C of dissolved inorganic carbon (DIC) in the
lake, the autochthonous primary production would acquire a distinctive isotopic signature.
Coupled with measurements of total C pools and most of the relevant C transformations,
the **C manipulation should create an ideal condition under which to test how °C is
fractionated during initial fixation under field conditions, subsequently moves through the
food web and is diluted by the utilization of allochthonous C.

Pace et al. (2004) added NaH*CO; to enrich the **C content of dissolved inorganic
carbon, and subsequently of particulate organic carbon, zooplankton and fish. Carbon
assimilated by Daphnia was transferred up the food web because Daphnia is a key prey for
macroinvertebrate predators and fish. Daphnia fed primarily in the surface layer and not on
sources from deeper layers including methanotrophic bacteria (Jones et al. 1999, Pace et al.
2004). POC turns over within 1-10 d through respiration, conversion to DOC, consumption
or sinking (Cole et al. 2002) and new inputs must replace the continuous losses of POC.
The **C additions indicated that about half of this carbon came from sources other than
autochthonous primary production, had a 5'C value consistent with that of terrestrial
plants, was assimilated by animals and was passed up the food web (Pace et a. 2004). Ina
later study by Cole et al. (2006), the addition of **C resulted in a large increase in the **C
content of the DIC in the lakes, primary producers and consumers. In all cases primary
producers became highly labelled but the degree of labelling in the consumers, relative to
the primary producers, was quite different among the lakes and type of consumer. Cole et
al. (2006) suggested that an alternative food source such as unlabelled terrestrial carbon
was supporting some consumers.
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1.5. Objectivesof this study

The objective of this study was to examine the trophic positions of invertebrate
predators and the carbon pathways in the littoral food web using stable isotope methods
and to evaluate if Daphnia longispina is an important food resource for invertebrate
predators in small forest lakes. One question to answer is what happens to all the Daphnia
production when there are no planktivorous fish that would normally consume Daphnia.
Mekkojéarvi is a very humic lake lacking the planktivorous fish which are normally
considered as top predators. There are only a few small pike that mainly consume
invertebrate prey such as dragonfly larvae (Syvaranta 2004). Thus it must be assumed that
invertebrate predators are the highest predatorsin the lake.

My study was conducted at the same time as Taipale and others (2007) did whole-
lake DI*C additions to reveal seasonal shifts between multiple food source contributions
to zooplankton diet. Experimental manipulation of the §**C of the autochthonous organic
matter produced within the lake by addition of **C-enriched inorganic carbon
(bicarbonate), which will lead to increased §*3C of primary producers utilizing the enriched
carbon in their photosynthesis. The relative importance of different carbon sources to lake
food webs may actually be seasonally highly variable. If there is achange in Daphnia °C
values, then there should also be a change in predator §*3C values, if invertebrate predators
consume Daphnia. It was also expected that the isotope signatures in Daphnia and
invertebrate predators would change during the year, based on the fact that chaoborids,
notonectids and odonates can all use zooplankton as a food resource and that there are no
vertebrate predatorsto limit invertebrate predation and foraging for prey.

2. MATERIALSAND METHODS
2.1. Lake M ekkojarvi

Mekkojarvi (61°13'N 25°3’E) is a small (0.0035 km2) headwater pond in southern
Finland with a high concentration of allochthonous humic matter (water colour 300-800
mg Pt L™) and arather high acidity (pH 4.6-6.2). The maximum and mean depths of the
pond are 4.3 m and 2.0 m, respectively. It exhibits steep thermal and chemical
stratification; in summer its thermocline lies at depths of 0.5-1.0 m and total anoxia with
waters rich in hydrogen sulphide prevails below about 1.0 m. During ice cover, from mid-
November to the beginning of May, Mekkojarvi becomes completely anoxic, which
prohibits maintenance of a planktivorous fish population. Because of the dark water and
the sheltered location the surface water temperature may reach nearly 30°C during sunny
summer days. The oxygenated epilimnion of Mekkojérvi is only 50 cm deep and under this
is an anoxic hypolimnia. Methanotrophic bacteria are found at anoxic/oxic interfaces. Due
to its small size and hence absence of wave action, there is no traditional littoral, but the
pond is surrounded by a floating Sphagnum and Warnstorfia moss mat. In addition to the
high load of terrestrial organic matter, one of the most characteristic features of the pond is
its very dense population of a large cladoceran Daphnia longispina (O. F. Miller) that
almost exclusively contributes to the biomass of the summer zooplankton (Salonen &
Lehtovaara 1992). Its abundance is largely explained by the absence of planktivorous fish.
The lake is ice-free usually from the beginning of May to mid-November, and the whole
water column turns over in autumn but only partially in spring. During summer the
uplpermost 1-m layer is oxic. The concentration of dissolved inorganic carbon is 3-12 mg C
L™



14

2.2. 3C enrichment and data collection

Three separate whole-lake **C-addition experiments were made during spring (16
May-3 June), summer (11 July-1 August) and autumn (19 September — 3 October) in 2005.
For each experiment, initially a stock solution containing 0.24 mmol of NaH*CO; (99
atom%, CK Gas Products Ltd.), and subsequently 0.18 mmol of NaH®CO; was first
diluted in 80 L of lake water and then spread into the epilimnion from a watering can while
rowing around the lake. Additions were made three times per week and represented an
increase in absolute epilimnetic DIC concentration of just 0.003% per day during each
addition period. After enrichment, Daphnia and macroinvertebrates were collected from
the lake with nets (total number of invertebrates in spring 16, summer 77, autumn 41).
Collection was approximately standardised by using the same time in the same place when
collecting samples. Samples were sorted taxonomically and the largest were placed
individually in tap water tubes for 24 hours to evacuate their guts. All odonates and
notonectids were analysed separately, but spiders, damselflies, corixids, caddisflies and
ephemeropterans were dried and analysed as several individuals together. Samples were
dried in the oven (~60 °C) and then weighed to get dry weight for division of size classes.
All samples were ground to fine powder with a pestle in a glass vial and stored in a
desiccator before stable isotope analyses. Several insects from the same taxa were used as
replicates and same sized animals were treated as blocks to decrease treatment effects.

Samples were analysed in the Ingtitute for Environmental Research, University of
Jyvaskyla. Samples were analysed in three parts during winter 2005-2006. For each sample
a small amount of ground powder were weighed to tin cups, wrapped with tweezers to a
small ball and analysed with continuous flow isotope mass spectrometry. Results are
expressed with ¢ values. Carbon and nitrogen stable isotope ratios were expressed as parts
per thousand (%.) delta values (5*°C and 8*°N) referred to international standard. Standard
reference materials are carbon in the PeeDee limestone and nitrogen gas in the atmosphere
(Peterson and Fry 1987). These delta values were calculated using the following formula:

813C=[ ( Xsample / Xstandard ) — 1] x 1000
where X = ¥C/*2C. The same equation is used with nitrogen values, expect X= "N/*N.

2.3. Data analyss

Trophic positions of organisms were assessed after stable isotope analysis from 5*3C
and 3"°N scatter plots with Microsoft Excel. All Libellula sp. dryweights were plotted
against 5'°C and 5™°N values to test for size-related changes. Sizeclasses were divided to
three groups (Small = < 0.0009; Medium = 0.001-0.009; Large = >0.01 g dry weight) and
tested with ANOVA and 2-ANOVA with SPSS 14.0 to test for differences between
sizeclasses in carbon/nitrogen values during summer.

3. RESULTS

During spring 2005 (Figure 1) all observed odonata values were clearly separated
from Daphnia values. Odonates were not sorted further to families. Only one individual
Asellus was caught in spring, but this taxon is one possible food resource for odonates.
Tadpoles and water striders could be easy targets for predators and have been suggested in
the literature to be a food resource for odonates, but stable isotope analysis shows clearly
that odonates had not been feeding on tadpoles in Mekkojérvi. Similarly, odonates had not
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been feeding on Gerris sp. in spring in Mekkojarvi. All individuals were sampled at the
same time but odonate values reflect their diet during the preceeding weeks.

® Gerris sp.
® Daphnia 6.6.2005

® Tadpoles
Odonata: n
} ° Corqldae

® Asellus

-40 -35 -30 -25 -20

§5°C(%o)

Figure 1. Stable isotope §°N-3"*C biplot representing part of the littoral food web in Mekkojérvi in
June. All observations are mean values, bars for Odonata show standard deviations.

In July (Figure 2) Daphnia 5*C values were lower than in spring. The results
suggest that Notonectidae might have been feeding extensively on Daphnia because
carbon fractionates about 0.5 %0 between food and consumers.The data also indicate that
Daphnia may have been an important component of the diet of Aeshnidae at thistime, but
this does not appear to have been the case for Libellulidae.

In September (Figure 3), daphnids were even more highly depleted in 8*3C and
separation between them and odonata in carbon values was about 16 %o, and also clearly
shows that odonata did not consume Daphnia. Instead Ephemeroptera, Trichoptera and
Asellus are possible food resources for odonates. Unfortunately no Chaoborus were caught
during summer and so a potentially critical part of the food web is missing.
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Figure 2. Stable isotope §°N-3"*C biplot representing part of the littoral food web in Mekkojérvi in
July 2005. All observations expect daphnids are mean values with standard deviations indicated by
bars. Odonates are also divided to two different families. Daphnia is represented with two dates to

show how the isotopic value changes within two weeks.
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Figure 3. Stable isotope §°N-3"*C biplot representing part of the littoral food web in Mekkojérvi in
September.
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All Libellula sp. (Odonata) individual §*3C and 5N values were plotted against dry
weights (Fig 4.), and it can be clearly seen that larger individuals were feeding on more
13C. depleted food resources in autumn (r?= 0.525), but in summer the relationship is less

strong (r*=0.145).

O  Summer

-21
® Autum

Linear (Summer)

-23
— — Linear (Autumn)

-25

-27

33C (%o)

-29

-31

-33

-35 T T T T T T T T T T T T T T
0,000 0,002 0,004 0,006 0,008 0,010 0,012 0,014 0,016 0,018 0,020 0,022 0,024 0,026 0,028 0,030

Dryweight (g)

Figure 4. Dependence of individual Libellula sp. 5'°C on dry weight in July and September 2005.
Summer linear regression analysis r* = 0.145; y= -26.73 — 35.66x; p= 0.006. Autumn linear
regression analysis r* = 0.525; y=-25.67 — 152.01x; p< 0.001. The four largest individuals
(dry weights 0.059-0.143 g) are excluded from the figure but were included in the analysis.

There was also a quite strong relationship between §°N and dryweight (Fig.5). The
relationship was stronger in July than in September.

4,5
O  Summer
® Autum
4,0 o Linear (Summer)
(e}
— — Linear (Autumn)

3N (%)

15® T T T T T T T T T T T T T T
0,000 0,002 0,004 0,006 0,008 0,010 0,012 0,014 0,016 0,018 0,020 0,022 0,024 0,026 0,028 0,030

Dryweight (g)

Figure 5. Dependence of individual Libellula sp. 3°N on dry weight in July and September 2005.
Summer linear regression analysis r* = 0.562; y= 2.9 + 17.2x; p< 0.001. Autumn linear regression
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analysis r*= 0.284, y= 2.25 + 180. 07x, p< 0.001. The four largest individuals (dry weights 0.059-

0.143 g) are excluded from the figure but were included in the analysis

Table 1. SPSS 14.0 for Windows 2-Anova results of '°C carbon and "N nitrogen values and post
hoc tests between the three size classes of Libellula sp.

ANOVA
Sum of
Squares df Mean Square F p
3"C  Between Groups 250.339 2 125.170 16.523 <0.001
Within Groups 643.923 85 7.576
Total 894.262 87
3N Between Groups 16.632 2 8.316 29.470 <0.001
Within Groups 23.985 85 0.282
Total 40.616 87
Multiple Comparisons
Tukey HSD
Depen
dent Mean
Variab (1) J Difference
le Sizeclass Sizeclass (1-J) Std. Error p 95% Confidence Interval
Lower
Bound Upper Bound
3°C  small medium 2.54835(*) 0.73482  =0.002 0.7955 4.3012
large 4.94341(*) 0.85995  <0.001 2.8920 6.9948
medium  small -2.54835(*) 0.73482  =0.002 -4.3012 -0.7955
large 2.39506(*) 0.72244  =0.004 0.6717 4.1184
large small -4.94341(*) 0.85995  <0.001 -6.9948 -2.8920
medium -2.39506(*) 0.72244  =0.004 -4.1184 -0.6717
3N small medium -0.61226(*) 0.14182  <0.001 -0.9506 -0.2740
large -1.27286(*) 0.16597  <0.001 -1.6688 -0.8770
medium  small 0.61226(*) 0.14182  <0.001 0.2740 0.9506
large -0.66061(*) 0.13943  <0.001 -0.9932 -0.3280
large small 1.27286(*) 0.16597  <0.001 0.8770 1.6688
medium 0.66061(*) 0.13943  <0.001 0.3280 0.9932

All odonate individuals were divided to three size classes based on their dry weights
and tested with ANOVA and 2-ANOVA for difference between size classes and time of
year in *C and 8N values. Most individuals belonged to sizeclass M (n=47) while

sizeclasses S (n=20) and L (n=21) contained fewer but about equal numbers individuals.

The difference between size classes was highly significant (Table 1) with both §*3C
values (Fig. 6) (ANOVA, F= 16.523, p< 0.001) and 5N values (Fig. 7) (ANOVA, F=
29.470, p< 0.001). There is an interaction between date and size class: both time of year
and size class influence 8*°C value (2-ANOVA, F= 5.007, p= 0.009), and 8*°N value (2-
ANOVA, F= 4.401, p=0.015).



21 4

23

5°C (%9

27 4

-29 |

-31 A

25

BS
oM
EL

\\\\\\\\\\\\\\\§

Sizeclass

19

Figure 6. Differences in '°C values between odonate size classes based on dry weight. Vertical
lines present the standard error. All differences between size classes are statistically
significant (p< 0.005). Small individuals have more enriched values than medium sized
and large individuals. The largest are feeding on more depleted food resources. In size
classSn=20, inM n=47, and in L n=21.
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Figure 7. Differences in 8"°N values between odonate size classes based on dry weight. Vertical
lines present the standard error. All differences size class N values are statistically
significant (p< 0.001). In size class Sn=20, in M n=47, and in L n=21.
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Values for each size class are means of multiple replicates, with associated standard errors.
However, it should be noted that in some cases an individual analysis comprised several
pooled individual odonatesto provide sufficient material for stable isotope analysis.

4. DISCUSSION

During the spring, summer and autumn periods, the added NaH3COs; quickly
increased the epilimnetic DIC 8*3C, but had negligible influence on DIC in the meta- and
hypolimnion. The **C-enrichment of DIC was quickly transmitted onwards to POM and to
adult and juvenile Daphnia, which became about 10%. more enriched than initial §*3C
values (Taipale et al. 2007, in press). Odonate stable isotope values changed during
summer, as hypothesized, but all observed odonate values were clearly separated from
Daphnia values. In July the difference in '*C values between odonates and Daphnia
began to grow, as Daphnia evidently changed its food resource to include more °C-
depleted methanotrophic bacteria (Taipale et al. 20071, 2007b). In September, daphnids
were highly **C-depleted and the distinction between them and odonata was over 16%o. At
the same time, odonate 5*°C values actually increased from spring to summer. This shows quite
clearly that odonates in Mekkojérvi did not consume Daphnia, to any significant extent. In
contrast, Ephemeroptera, Trichoptera and Asellus are all possible food resources for
odonates in Mekkojarvi. With the samples collected it can be concluded that, contrary to
initial expectation, Daphnia is not a significant food resource for odonate predators in
Mekkojarvi.

In some scatterplot stable isotope biplots, Daphnia would even appear to be at a
higher trophic level than odonates according to 6N values, if the commonly accepted
3.4%o increase in 3N per trophic level is applied (Minagawa and Wada 1984, Vander Zanden
2001). However, this is clearly impossible and is due to two different food chains. The
reason why odonates do not consume Daphnia and why they are in different food chains
might be that large bodied daphnids and odonates do not meet because of Daphnia
different diel migrations between pelagic/littora zones and if odonates move only during
night. One possible explanation, that Daphnia in Mekkojarvi are too big for the odonate
larvae labium, is not consistent with the theory based on stable isotope analysis, that
odonates are feeding on much more larger ephemeropterans, Asellus etc. Spence (1986)
suggested that odonates feed on Gerris sp., but in my data there were no signs of this kind
of interaction. Also the literature includes many references to amphibian-odonata
relationship (e.g. Thompson 1978a), but in spring when tadpoles were found in
Mekkojarvi, there was no evidence that they were afood resource exploited by odonates.

Other zooplankton species were not sampled, but littoral zooplankton species such as
Polyphemus pediculus (L.) might be a possible food resource for odonata. In July there is
good evidence that Notonecta sp. might be feeding on Daphnia. As Brénmark and Hanson
(1998) argued, notonectids are a good aternative to be the top predators of zooplankton in
lakes and ponds. Thisis likely also in Mekkojarvi. Since no Chaoborus were caught during
summer this potentially critical part of the food web is missing.

In regression analyses the significance of the relation between dry weight and §*3C
was higher in autumn after the growing season. When comparing size classes with carbon
isotope values the mean values become more depleted as the size of animal increases. With
nitrogen the mean value increases as the animals grow. This shows that bigger individuals
feed on different food resources than smaller individuals. Also bigger odonates apparently
lie a a higher trophic level than small individuals. In July the interaction between
notonectids and Daphnia shows that at least part of the Daphnia population is consumed
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by notonectids. However, it is hard to draw any specific conclusions about notonectids,
which might be feeding on Daphnia in the lake, although the low abundance of notonectids
probably means they cannot account for much loss from the dense Daphnia population.
Thus the problem of what happens to all the Daphnia production in this lake still remains.

As Paine (1988) suggested, the data collection might be difficult because of highly
mobile organisms. Especially water-boatmen and water striders are fast movers and hard to
catch. In this study no Chaoborids were caught, even though Chaoborus larvae have
previously appeared abundant in Mekkojarvi. It is clear that the provisonal food web
structure based on these observations constrains many assumptions and speculation. It is
hard to draw any conclusion about omnivory, and it is also unclear how odonates locate in
their own food web between primary producers and the top predator, pike, which is known
to consume many odonates in Mekkojarvi (Syvéaranta 2004).

Van de Meutter and others (2004) strongly suggested open water to be a safer place
than macrophytes for Daphnia with regard to the odonate Ischnura. Nesbitt et al. (1996)
showed that Daphnia responds with different diel vertical migration behaviour in the
presence of Notonecta than in the presence of Chaoborus. This suggests that Daphnia can
distinguish between different macroinvertebrate predators and exhibit differential and
adaptive anti-predation behaviour, although studies towards the chemical nature and
characteristics of these macroinvertebrate kairomones, predator chemical cues, are scarce
(Pargiko and Dodson 1990). Macrophytes themselves can also have a strong repellent
effect on Daphnia (Pennak 1973, Dorgelo and Heykoop 1985, Van de Meutter et al 2004),
based on both structural and chemical characteristics of macrophytes (Lauridsen and
Lodge 1996, Burks et a. 20014a).

In laboratory experiments, Burks et a (2001a) confirmed that daphnids greatly
increased their use of macrophyte habitat only in the presence of fish, regardless of fish
species. The pelagic zooplankter D. magna in both experiments (Burks et al. 2001a,
Lauridsen and Lodge 1996) confirmed earlier findings that macrophytes repel zooplankton
(Pennak 1973). Furthermore, results also provide strong support for the suggestion by
Pennak (1973) that the zooplankton response to macrophytes is in part chemically
mediated. Chemical repellence might differ among macrophyte species (Pennak 1973), but
the identity of active compounds and differences in activity among macrophyte species are
unknown (Lauridsen and L odge 1996).

Traditional limnology categorizes Daphnia as pelagic prey and odonates as benthic
and littoral predators, implying that this predator is unlikely to encounter that prey.
However, in shallow lakes, daphnids undergoing DHM create a link between pelagic and
littoral zones (Lodge et al. 1988). Most field studies document the impact of odonates on
zooplankton by analyzing gut content or fecal pellet composition. Multiple studies have
shown that larval odonates feed extensively on littoral-associated cladocerans (Pritchard
1964, Mahato and Johnson 1991, Koperski 1998a), and in some cases odonate diets
include a substantial portion of typically pelagic zooplankton (Blois 1985). Even with this
corroborative evidence, however, few field studies have directly tested the impact of
odonate predation on pelagic zooplankton. Dragonflies consumed nearly every available
daphnid in the laboratory experiments of Burks et a (2001b), despite high densities of
vegetation. Daphnids increased in enclosures without odonates in the field experiment with
low macrophyte densities, but declined in enclosures where damselflies and dragonflies
were added. Their studies, therefore, provide direct evidence that littoral predators may
strongly impact pelagic prey. (Burks et al 2001b). According to those studies it is even
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more perplexing that in Mekkojérvi the difference between odonate and Daphnia stable
isotope values was so significant.

Most odonate species are generalist feeders (Koperski 1998b), and will eat large
cladocerans given the chance, although some odonate groups and ages may be more
effective than others at consuming cladocerans (Westfall and Tennessen 1996).
Libellulidae and Corduliidae species may be better suited for catching cladocerans than
other dragonfly families because of cage-like mouthparts (Pritchard 1964), but in my study
there was apparently no interaction between Libellulidae and Daphnia. Family Corduliidae
commonly occur among littoral sediment and vegetation. These odonates are described as
‘burrowers’ or ‘climbers (Westfall and Tennessen 1996) and thus represent a potential
littoral-zone predator of pelagic zooplankton. Migrating into the littoral zone introduces
daphnids to an entirely different predator assemblage. Daphnids may undergo DHM to
lower predation from pelagic predators, but Burks et al (2001b) suggest that mortality from
littoral predators can be substantial. Therefore, the net benefit of DHM may differ among
lakes as a function of the relative threat of pelagic and littoral predators. (Burks et al
2001b).

Strongly depleted zooplankton carbon isotope values in autumn must reflect
consumption on methanotrophic bacteria and other chemoautotrophic bacteria (Taipale et
a. 2007, in press), and not phytoplankton that have utilized **C-depleted respiratory
carbon for their photosynthesis as proposed by Lennon and others (2006). DOC in
Mekkojarvi is overwhelmingly dominated by allochthonous material (Taipale et al. 2007),
because DOC $"°C remainde all year around -27.5%o, which is typical of terrestrial Cs
plant detritus (Peterson and Fry 1987). Allochthonous carbon was the principal carbon
source for Daphnia in anoxic layers, while autochthonous carbon was more important in
the oxic epilimnion where primary production was highest.

High biomass and production of Daphnia in Mekkojarvi in the absence of
planktivorous fish is evidently not strongly reduced by macroinvertebrate predators,
because the amount of predators was not high enough to support this theory.
Macroinvertebrates consume part of Daphnia population, but daphnids may use vertical
and horizontal migration and the anoxic hypolimnion to escape predators. | did not
examine if Daphnia migrates to the littoral zone where odonates sit and wait in the
Sphagnum. At least this theory was not supported by the stable isotope values. Chaoborus
and Notonecta together might be the most effective predators of Daphnia, but something
was apparently restricting the Chaoborus population in summer 2005, because no
individuals were caught. There are various possibilities for where the Daphnia production
might go in Mekkojarvi, but a least the abundant odonate population is not feeding on
Daphnia. Maybe the reason is simply that odonate larvae just do not encounter enough
Daphnia. It might even be that Daphnia actively avoid the floating Sphagnum and
Warntorfia mosses because of chemical cues from odonates or that the mosses have some
repellent effect on cladocerans. In the future it would be interesting to investigate the
horizontal migration of Daphnia in Mekkojarvi.
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